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KEYQuE~~ONSINTHISCH~P~ER 

1 Whatare theclosest livrnqrelat~vesofwrtebrates~ 
2 When d ~ d  deuterostomes and chordates onglnatev 
3 What are thekey characters ofchordatm' 
a HDW do extraordinary m foss~l d~scowri~ from 

INTRDDUCTlDU crosn-sect~On 

Vertchr~tesarezll rhranrmal5 w ~ t h  backhones, thetish- 
es, amphihian$, wptilm, birds, and mamm~ls. Thesr 
animals ha* ra t t r~ t l cd  a great deal of study. Theefforts 
of generatmns of vertebrate palaeonto1~ists haw: 
h reps~d bv the discovery of mundcss spectacular 
fossil\ rhr heavily armourd fishes of the slluro- 

scwn- dlld eight-taed amphibuns, sail- 
ammal-likereptks.earlybirdsanddinosaUrS fi-l.1 Jhe'~nimnalT~ofL~rC:thecommoniy~ 
wrs, giam rhin-S~S, roden& with horns, v i P w o f m c * ~ ~ ~ h l P s ~ f ~ ~ t g 4 1 s m r ~ ~ ~ h c ~ a c a r i o n o f  - 

'hmals:a mmotwg1n rhc Im,dox toplantgad ~" , ,g i  np, fllghtlm birds, and sabre-toothed mts. 
(s, )urm) 

ere the living vertebrates haw - 
show US glimpses of  different 
mrre that they would defy the wer that fundamental sp!~ts in the t re  

. . . . - b s n . Y - - - . ~ ~ - . - - ~  ~ ~ ~ ~ ~ f i ~ ~ o n w r i t e r  Wpiteall ofthis ~ f I ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
Over Past 200 groups Bacteria and Archaea, hmillar pbnts, ani- 

r*)up i s  hotly debated. 
14qu,,,L 

~ 1 1 1 4 m m ~ ~ l w , ~ b ~ ~ n t ~ r n a l  a n a l n m t r ~ d c m s  ~ ~ o " o f ~ n ~ d u ' ~ ~ ~ c ' ' u ' m m l n ~ l u l a ~ r d )  

malmow~~slng~,,m \~&kdfrom ~ f i m l c ~  19x6 rndulhm wurLml * 

1.1 SEA S a Y I I T S  IHD fHE L A M E L E T  a t  the top The Wv is firmly b e d  t o  a hard 
substrare. 

two barn] of Ilvlngc-ho(datrs, the sea The jnterna' structure is 
l h ~ i  r un~~ lon l t he len&o f  1hr M y  down p ~ s ~ n g  t h e  d h  ~ ~ ~ h a h  (brxhloadr. squlns and the ceFhalochordatce (amphio.iur). ~ m -  

I .2ib)).A l a r ~ e p h a ~ ~  fiIIqmo'tnrlhe1nternalspace3 

thebacL.n~notochordrnI~~n$~ho~ate~~~genera~ly phnn,nids, annelids, mlrllurcs minor ph,nvlls cenninlv ruFrhrlally firh.tlkc, buq the andtrswallsarcperforatedb> hundrcdsof~illslitreach 
made from 3.: ~ulcrshcalh rrCcoilagen, * tough filmus groupjj, F*-dpozoa ncma,odes> adult rqulrts hardlvlook l ikplers llk;rlv rela of which heam a fringe of cillm, fine like 'lbratrle 

connectl" cncl~scs tu%~d flujd-filled pullds and m m ~  minor struaurm. Seawater IS pumped ~ h r o u ~ h  the Inhalant 
group$) and ~~~~~~~~~~j~ ~IVE. of rhe vertebrate,' 

*Cdces Chord~ tw a'so have V-sha~ed mustle b h c h  Irchtnadcrms, hemicho&ter and chadaasl, The siphon lnm the 
br beating ~ O v m e n b  of the 

'*"g the lcnvh bod)' The orrgin of wrtebratcshar Iongbcena mysterl, 
cilia,and the water is  then p d  thmugh a surmund- 

lion about tf;? f l r l ~ l n  ofwrtebrsm thcn broadens out but rmwsomc clarity emerging, 
ingcavlty, thr strium, and qmed through theexhalant 

to focus on 1hc ongln uf chordates. 1.1.1 ~~mchurdat= ~a quirts 
The purpose of this ~haptcr is to ~xplnmrh~ various r i p h n ~ . ~ h e p h a r y n x ~ m ~ ~ ~ ~ ~ ~ ~ ~ ~ r l l r e f n o d  par- 

morctrideT~~vertebrates are a rnlnor twig lines nf widenrp that can h wd to maquirt,ormnImtc,ir Ciona(Fiyw ].2{+)), tidm fmm the streamofseawtathat 
On Tse  life' Ihwn 1.11. M O ~ K U ~  ston of the w i n  of fir t k  ndr of to raEb in amund the world. The =water la drawn Inlo a 'Iter bag of 
mdicsIhroueh the 1 9 9 0 r ( e . g . w m , 2 ~ ;  W O I ~ ~ ~ Q L ,  modern animals rh.t aw r e d r a t r - l h  in fa- a a 1m150 mm ra~l  bag-%h+ organism w i t h  a i s ~ ~ u c ~ i n ' ~ ~ ~ ~ p ~ ~ ~  'landknownasthe 
'w2' pmiov. mnuptlons of ifw 

the nudyof'moleollar rcIafiO&iPpand fWSi~s, tan51umnt oukr &,,, wnlc) and trro openings, or m&qle. During feed'ng' th'sghnd mntinuousbw 
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cludrs Lro l u p h i i d l ~ ~ ~ ~  d~fferent kindrof marine 
cu rmt ,  and f r d  pahcles an capturd bv mucus on 

~ n i m a ~ . ~ m b r ~ . t b p i ~ ~ b r r n ~ h ~ ~ ~ ~ ~ ~ ~ a s ~ p h n I ~ ~ s -  ~ h ~ a r m s , ~ ~ l ~ ~ t e ~ ~ u m ~ ~ t ~ f t h c ~ h a ~ n ~ t h m u g h  
cu5(~igYn ~.~(a,b)haw~malIan~mmtd" livein l o s e  the gll slits. The animal lives m or m-ourul a group d 
ca~onl~onthem-~inthe~a~fhernhem~phm.nd h n r n y ~ b n  that t h c c o l o ~  has w n s t ~ u a d ,  and it I- 
in quatorial wan.. ~ 1 ~ 1 0 d t m h a s  a pIate-Iike hmd iathes i t d f  inside lhrw t ubn  by tYlMN of a suchr orb 

shield, a 4 t h  five to ]line pairs of feeding arms, theendof thestalk- 

a uc-itke trunk by a pair of gill slitsand Themon! hemi&ord.te p u p ,  the amm worms, 

,,.,:,;nn ,hPmlt eonah, and thebody ends in a or cntmpnw~ls, such S ~CED~IOSSIY B W  ~ r m - l i k e  

n r c ~ l e  , , ,  . . d u e  a f e n  aninds  varying in length from 2Ornrn to 1. l  m. T ~ w  
I 

m. 7.3 hmphi~xus, accphafochordatc 
(a) modcsoflift, lncllldin~swimmingand 

$ m a '  cirri burrtmin~ into and for P.rrtectinn:ibl 

cretes mucus into the oes~phagus, togethcr with the Bmnchiosgma, a nprc~ntatiw of  the %halochor- I head % rood particlesthat it has f i l t e d  from the seawater,and 
data (or Acraniata). f h e  adult amphioxus is convinc- the f w d  is pasted to thesrornech for digestion. .." . -. - .- ingly chordate-like, beinrr a 50 mm l o n ~  r i - r - ~ h a d  " --'P --- YI."rLu wny ES  ram ~deatthed as a chordate? Thc pharynx animal which Iwkslikpa ).oungLamprgrorrel, yetlad- 

and other srtuctures are in fact very Lt ?how of the ing a had. Amphim$  nnms free1y by undulating its 
ccphdochordat~ and Tarnprey larvae, but further mi- whole body from side to side,and it hurrtnv~ in r h ~  d. . , r  .. . .  - .. ...-- " 

I 
aencers wlouna In the land stage, when the sea iment on thesea-floor (Figure 1 . 3 1 ~ ) ) .  . . . c . 
qm 1s a tiny m - s w l m m ~ n g  tadpole-shaped animal Amphimus k d s  by fiitering f d  panicla out of 
with a hcad and a tail. The larval sea squin (Figure the seawater. Water is pumped Into the mouth and 
1.21clI hesanorochodthat runsalnng thetai1,and this 

r h m u ~ b  the phnrfm by ci l~aor  the gill .rlits, and food ik"'" it a cho~dale. T h m  are nusck ,  on eaher panicfcq arcought up in 1 bagof murvl l&vad by 
ddcofthe notochord that contract a l a r n a ~ c ~ y . c l ~ ~ s ~ n R  

thc~nJostylr, the Ldingqxtem scco a l w , ~ ~ ~  tvnicatrz 
thetail to heal from side tosidr.and thrsdriver theani- and in the larvae the !~mn-  n- mmmr..* --:rL A- . *  - . - - . - 'r . - I .  ..'. ."Y.YI R,,', 1tJ 
me! tonuard ~n the water. 'The larva ha? a dorsal nerve 

wotaincdFMd p a i t ~ c l e s i s ~ u l l e d i n t o ~ h ~ ~ t f ~ ~ d i ~ ~ ~ -  
mrd, mnnlng along the tail ~ U V  a h  the nomhord. 

tion. w h o r u  the p.nm paues t h m ~ h  the slits and thrs expands at  thc front into a wry simple brain 
into theatr~um. Oxygen isalw ~x tmc ted ,~nd  thewasre 

which includes a iighr srnsor (an  'eye'] and a nlt 
watertheoehitr thmuRhrhe*triopore. drttiesrur. 

The anatomy vt amph~oxur. w ~ t h  its p h a r ~ w .  
The !m thrn vttIe5 nn a sr~itahle surface. It up- notochord. d . 3 ~ 1  newe cord, m p h m m  and 

end- on to th. tip ni  ~ t s  knout' and attaches itself by 
e n h t y k  lrigvre 1.3fblI. i s  rpialb chordat& 

mwn~oEadhcs~rc suckers IF~gure 1.2tdl). The noro- 
Swimming and burrwing are by mcans of  lateral L ,  c 

rail portion wathcr may, and thc pharvnx contractions nf the myomere5 acting agatna the stiff ano~.urcxpandto fill up?helwdyc~ultv.Thisextmord~- rod-I~kcnotochord. 
na? rncramorphosis occurs rapidly ru allow rhr adult 
to stanfedingin its newwdyassoon aspmihle. 1.2 PHYLUM HEMICHOROATA: 

u 
I mrn stafk 
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in h m ~ + ~ -  on the shore in Europe and P I X -  Ewntunllv a h o l l o ~  hl! of cells is pducd, the mouth is a =rnndary pedoratiun. Such a dramtic T .4 CHORDATE OR~G~NS 
where ~ ~ g ~ ~ ( F i g u ~  1.4(~)) hasa long muscular blastula stage [Figure 1.5(d)). A pockef of turnaround, a switch from mouth to anus, seuns in- 
pmkls thar  firsinto a fleshy ringorcotlar behind-The move inwa&, k.,, 11,;119 ,he prrmrsor of gut and ~ ~ t ~ ,  howcwr, that many protwtomes &ow There arc many ~utative earl? ~ossil rhordates,and their 
i-110ud-1 is placed brncath this collar. and seawater and othm internal gmaurcs. ~h~ of ,his deep deuterostomy, and this condition may be primitive and numben have grown hu& since 1445, with the I sand arr~umpcd through and ~ f l d  thmugh p k e t  is called the bhpwe.you can ,ma@ne push- $hared by all Bilakfia (Eernisse and Pctcrson,inpress). announcement of remarkable new finds from the 
ananmattht~steriorcnd o f l h ~ b o d ~  The long b o d y  ing in thewalls  fa hollow rllbbm quash ball with your ~ ~ ~ w h ~ l e s s ,  this peculiarity of rmhryo1ogica;zl devel- Chengiiang Formation of China, an b r l y  ~arnbrian 
is pitmd by ZJII~~I holes at the front end. probably thumb to produce a model embrpnic opmenr appears to sorw the question ofthe broader re- deposit (see Bar 1.2). ~ h f f e  new s~ imens ,  combined 
@ d e n t  to the gill slits ~FCephalodlw wa squirts, knowna thegastru~anage(~jgurc -5(P-g) ,. lationshps of chardat=. withstudiesofmodern forms,give cluesabout theearly 
an darn phi om^. Embryolt~~lsts noticed some time ago that animak evolution ofchordatts, but thcrcare many duputes. 

suggested thaf the Prerobanchia and En- MI Into two Iargegmups dPpensing on ,he ori- , teropneusta be as two Wmre.  entation nf the rnuuthand anus. The storlr is fiat 13.2 ~ehtioMhipsofthcDmtrrmtomia 

al cavi Q, a 
anus. Non. 
jt-llfish, ar 
<--A, - L A -  

but doscly-reTatpdb Emups (Peterson, 1P95), although in most invcrtehratrs (rhr -tmomcs), the blasto- 
~olecular work (Winchell rt aL, 2 ~ 2 )  'igure I.j(h)), w h e w  in 

vith morpholqglcal data (smith  eta^, in pm) otl , including Ihc chordates, 
nicbrdata b rndeed a valid pwurn. and thl us I F i ~ u r e  1.5(i)),and the 
~ l y r c l a r d  to echinoderms t hen to chorda tm. 

-. The clo 
chordates an 

m-seaunch 

1.4.1 Divcrsecarlychordates 

The deuterwtomes are the phyla Chordata, Hemichor- 
data and Echinodmata hother minor phylum, the Thee are four main of P s i b Z e  
C h a ~ w a t h a , o ~ m w o r m s , w a s f ~ ~ e r l y  included chordates: possible urocbordatcs, ~ s s i b l e  cepha!o- 

here, but they show mare pmtmtome than dewtern*- rhnrdates, vetulicolians, and m i & .  At one timr, 

Deutemstom 
t Dtutcrosto 
Ie, in  other m . . 

. -- -".-. 
ela- oonl 
the only 

l sea cho~ 
Vert 

Hmicho 1 have a notochord at m y  
bm they fit% as in chordates, and 
n r m  cell COrdofthcrnlIar region th 
probablr similar nmccells in amph 
and ~ r i m l t l ~  mtcbrates. Both ptmbranchs an,' 
teMPnewts sharc morphologirnl chamctrrs idic 
mono~hyly of the Hernichodata. such as the st( 
chord (an anterior buctral tube on the dorsal pan 
pharynx) and meSocoelornic ducts. 

7.3 ~EUTEAOSTOME RELATIOHSHIPS 

led? Che 
~nw gia( 
that I 
lllof imn 

sea major group of living r Idouts, represent& in the tomechara 1 gnerally 

tives a l  the ~ c i  hem~chordatcs art thus , by their taoth efemcnt~, s dubious 
I echinodm ins, star fish. sca lilies, and dam. CDnodonts are now within the 

cucumbers. ebrata,as j aw te~~shaasa~9~meor  me tam from 
Can the statatus of the ria be confirn ngjiang, such as IJaikouicl flokunmin- 

The assumption is tha rnia i s  a ma secChapter3). 
phylaif gmup, or a dad > r k  a p u p  Jrochordates have a patch d Imfatcd 

had a singlecommon ancestor,andmich k lud f f  a miens of sac-like bod~cs, anu LJ urc ~ ~ s s i l r  mark- 

the deKendants o f t b t  ancestor twe p. 31).The mono- ings made ~n oran the sediment by the afiivitifiof mi-  

phrlyofthc~eutmtomiaisconfirmcd bythe bct that mals, have been mnbed to tmiatff. The bat fossils 

thrypwsess uniquecharactcrs~hat are not seen inother a?c small sac-like specimens from Chenuiang, Shank- 

- - 
fossil recow 

were treated : 
placed h t y  

. r . ,  

lrhys and Myi 

=latiomhips of chordates used to be rather pmb. 
hatic, but inten~iw analyses of rnorphologi~ and 
molecular dab have shown a clearer pictuw ( E ~ m i 5 ~  can 
and P e t m ~ n .  in prm; smith tr al ,  in press).  he phY- of s 

Chardata h part of a Iarger clade, the ~ e u t ~ m a ~ .  

in turn is part of  a yrt lnrgcrcladeof all ,he 
bllatenll~ rymmetrical animals, the Dilateria (m p. 2).  
But what exactly diagnosps the Dcutemstom~~? ~h~ 
'lue from embryology, the study of h e  early 
phaulofd~e~~~mcnrin.an~l just out of, t h ~ w .  

-dav mmh b,as [__- _ 
tll 

y fossil m o r  
--> *-""" r-- 

animals (Smith er nL, \n press): a posterior blastopore ouchua, that shwalargc Pedofatd hranchial 

that gcnera]~y komesfie anup.fl $!its (present only bcanchial slits, and an elongate d m r ~ l e  (Chrn f r ~ l . .  

inprecurstlrsofthPe~hin&em) andothrscharacters. 2003). There is  also a posible d ~ n e m t i n g  tail* rug- 

ncrr has htn some dispute over the relationships of gcsring this might be a l a m  that had Ju* d e d  lcf- 
the taxa *thin ~cuterostomia (see Box 1.1 ), althuugh F~gure 1.2(d)). 

this is; nowlargely rcsolwd. The fossil ~ m r d  of cephalachordates is not much 

ne ;hodater all smral unique featurn better. The Cheqiiang ]ocall1v has yielded 

notochdrd,a dorsal hollow nrrvrcord with a a suprrficiallv amphioms-llkr cePhalochordate, 

shared dedopmmtal pattm, an endostyle organ Curhaymy& as well as the Pnnan*-ns, which have 

(equivalent to the thyroid gland of vertebrates), and a also been dentifid 35 cephalochordate5. althou~h 

4 for wimming, lt i s  genera\!y reckoned that othcrs assign them to the Vetu l id ia  (we b d ~ '  

tho~atcs have true tai1s.A tail technically maybe tthc absence of tisues thrw 
dehnd as adislinct rearon extend~np,brhind thevi~er-  wrtebrate chordarcs amnotoftm Preservpd. 

13*1 Emb~10gyandthepsitianofheanus Fig. f .5 Emhrpanlcrlmlopmcnt.~+g)wpocmc.f~~ 
dlvislon in amphimus, from t h c c i d e - c c l l s t . ~  [e).hmugh 
t~bl~ulaaagcld1, lorhegaslndt  stag~lg).th~ htcottht 

hn rrU t"dindc.fint into 
*lls,tho ( a + + a h r ~ d m n d  CI.I~, ~ ~ ~ , m p y % h [ O 1 O O I  bhq '& Ihrn ei8ht ri'tem. and on ( F i w  I.i(s-~)). * n ~ ~ & k ~ N n ~ ~ ~ ; ( h , i ) , ~ f t ~ ~ ~ ~ ~ i ~ ,  

nd in panicular located ;ntiiely behind the 
.chordates, such as i m s .  worms. moll- 
,d sea urchins, do not haw tails. What of the  1-42 v ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~  

IV-IL rw ~utncc? 
Vetulimlia i s  a newly-namd gmup, one of the 

mreordinary finding from the ChengjianE 

I 
.- -- 

4 



1 Ulordate Origins 9 I 

T h r e e s u b s t a ~ ~ a ~ d l f f e r e ~ ~ ~ ~ h e ~ ~ f 0 ~ d 0 ~ ~ ~ ~ ~ t 0 ~ ~ ~ e ~ a t i 0 ~ ~ h l p ~  have been pmposed The'trad~tional'vfpw(~ g. Maisay, 
1986: Peterson, 1 9 5 ,  Dnnwhue alal ,1998, fllustration (a)) was to place Ihe hem~chordater as basal tochordates s i n e  they 
both share ci41atedglllsllt5and giant nerve cells, as Well as other features.wh~ch arenot seen w, echinodem Fntempneusts 
were sornetirns sat6 to becloserrebtives of chord at^ srnce their g ~ l l  slits are simrlar, lhey hawa very shn?dorsal hollow 
nem cord, and a number of other features of the gut not seen In pterobrancns (Peterson. 1995). Most authors regard 
arnphro*usas Me closesf relafive of the Vertebntaonthebasis of 10-1 5 features thatare not seen m tunrcales 

The 'calclchordare' model (Jeffenes, 1986.1997, tllustration (b ) ]  places hemlchordates basal ID echlnoderms and vr+ 
chordakas slster grouplovprl~bratss, based on m i d e m  from embryolow andfoss~ls. 

Thethtrdvtm(rlFustrattwr (c)) IS supported by rnorpholagrcaland molecular dataand 13 nowmde~accepted (Smlth atal, 
mpress).lhel~rst molecularstudres~n whrchthe I B S  rRNAgenffofechmMems, hem~~ordates.andchordahswrecom- 
pared were mcomlvs~ve, but newer work (e.g. Bromham and Degnan. 1993, Cameron eI at. 2000; Peterson and 
2001; Furlong and Holland.2002; Winchell era!. 2002) datln~trwfypairs hem1~hordatesmthech1o0dem$.asths 
bulacrarla, and plaeescephala~hordateschserto chordates than urochordates. See Box3.1 forphylogeny ofVerte 

I Eemisse, 
clade Am- 
hrafa. 

ClWramsshorvlna ke m i o ~ s h l w  ofthe ma~~deulemstmegrou~ (a) 'Irad~t~dnaf'mwd. (b) the'wkachordate' model,and (c) rhe 
h-hufal mcdel Synapomorphw. A DFUTEROWMfk, blaslopare becamsarrus Ounng d n e l o m $  braadirs rnp$ocoel. mesocdom~c 
ducts' 8, stomoehord parred glll sltD C, rnultipl~ pale ofg31 s l i f  pharyngeal shb U.shaped dorsal hollow vervccord. pmralcrharyorgan. 
moulh~t~orandwntraland anuswsfer~arand w~~tralordorsal mvtl~crlratedccllS.U EWORDATR nolochord presentand notapached lo 
uul.Uorsal h a l h  nervecora wrfh neural-plate sfage In development endnstyle organ arrueta~: !r.iedm srvlmmlng E d~gmlawcarcum open 
ca~rllary runctlons,sornlar present, laferal plate msoderm, neuraltubedifle~nlbated rntogrcy and wh11- mane< cerebral verrrfe III hntn 

I 
- -  - . - - -" - -. 

pfolostom~ H sne~lalrr@offactoryareas In bmcalcaufi hind.larlfrrpa0~te. dorsal IDngffudlnal Mnnecled vrfhnotaehord I 
M B ~ U C R A R l l  tnmencarrangementof fhe adun melom.anal complex wm hvdropme brpleureula lam rnm nmfroch I 

Formation. and still highly contrauersial. The  jimtlp senlonr i n  tmnr ,&and behind,a flexible connerrion. 
wasnamed by~hueral . (zn~l  )on t h e b a s i s o f t h r ~ c ~ c n -  There is a large mouth with a strengthened rim. and 
era. Vetuliwh Xi&zoopt and Didmoon (Figute 1.6(a, preserved internal structures include thr guts and a 
b)jTh*r animals look lihuua. balloons, boned poriible endosly*. B o ~ h  parts of the body appear to 
in the middle: t h e  body is in two parts, with bulbous be crowd by transverse ban& o f  tissue. On thc 

[ - I 

The Chengliang fossil stfe m Yunnan Province, south-wsl Chlm, h exciting because it is one of the oldest sourcsof ertcep- 
tionally preserved organisms, falling early in thegreat Cambrian rad~ation of animlsin Mesez The fossils cwne frmdifter- 
ent levels through several hundred metmof mainly f ine-grad sedtrnents. When the sire rn drscovered. tn 1984, it was 
thoughttocorrespond to thealfmdywell-known BurgessShale,aM~ddkCmbrlan W l i  inCanada thathas yrelded nurner- 

( ous exwpllonally p r e s e d  anhropodr and the putative chordate Mia. Chengjiang, howwer, is older, dat~ng from the 
1 mtddln o l the  Eariy Cambr~an, some 525-520 Myrago 

-- 

I I T~~alCheng~lanp toss~ls the vetulicpl~an X , m ( a J ,  and the trasalveP.DrJle MylIokunmfng~a(b), M h c i w  nght. Scak'hars 
m~il~rnetfes Compare withlnIerpretrredrm~ tn Figures 1 6 (3) and 3 1(a) (Counery of Shu Dwan ) cmmved 



I 10 Vmebrnteorigin 

I The ~hengjiang ste rs firich, havfng produced more than t0.m specimens, and the fauna consists of 40 ar m r e  ~ ~ W I - F  
I - ----.--. mainly ofa~hropods (tnlobltsand tribbne-like forms), S W ~ Q ~ S .  brachlopods, worms. andahergroups. includlng p ~ ~ s r b k  

basal derrterostornes, such as the vetulimlransand wnrtanomoas (Figure 1 7), as mil asthefin! fishes (Shun m ~ )  Soma of 

t h e a ~ r o w d s  are Irks Burw- Shaleanlmals. butothafs. sbcll as Me msal deuteroslomes, seem to be unique. ~ m t  ofthe 
an~mals Inred on the boitom of the sekM, filtenng organic m '. I 

tr0m the sedimenl. There were a few floaters and cwim- 1 

I 
- - - .  . rnsrs, and some of the largerarlhmp~ds were c h &  predators, teedrng on th! smaller boRomdwelka. 

Tne Chengl~ang beds are grey manne mudstmes *at prmrre soft Ilssum of many anrmals 13 exqvisih detail. some re- 
placed by p h s p h a t e a n d o ~ h e n ~ ~ n t ~ . S ~ ~ e ~ o f t t i s s ~ e s s u r v i ~ a s t h i n o r g a n ~ c f ~ l m s . ~ h e ~ ~ s e d r r n ~ n l ~ ~ h ~ ~ ~ ~ ~ ~ ~ -  
LBct wfNl the a r  to a light OW or yellow colour. and the foss~ls may also he grsy. or somet~ms reddrsh. ard wlh imemal 

, . shadesolgrey, brom,snd black. I 
I Read mon 

Palen?oidF 
P at h n p ~ ~ a l a e o . g ~ . b r i s . a e e w ~ ~ w 5 I ~ g e ~ b ~ e n ( ~ ~ n g ~ n B / i n d e x M m  and hmhmw.palaeos.comi 

I 
.- - JambrianlChengltan~~MmI 

tions in the p h y k  B-.... , .- (Figure 1.7) 
rc3tomes, as urochwdatcs or as basal r 

mouth-bearing qmutt,  presumably the fmnt Dart nc 

the body, are five ( turcs in a TOH 
hintcrpmteda gill slits. 

The vctulicolia 1 amrdcd t2 

d m e  
Evide 
gill a 
tcrprc 

:irculat stma 
~pharyngedl 
m have beer 
ro~npl t t  - 

nce that wtultcalians are d e u m s t o m ~  
m and the possible endostylr They haw 

r - - -  
1 that have 

1- pi- 
: as basal 
.hordates. 
es are the 
:been in- 
- r  ,-...*., qed as bssal deuterostomes by Shu et ur. ~ L W  11 

bemuse they apparently lark an atrium, the internal 
chamber i n  tunicates into which the gill sl i ts and 
anus opcn. In wtu l~co l ianr  the intestine terminates 
at thc end of the b d v ,  and the gill slits presumably 
opcncd directly to the outride through openings in the . . e m a 1  W y  dl. Them are, however, some general 
rc=rnblances to ~wrnming tunicatu i n  the bulbous 

trearnlined body shape, the thin exrcrnal tunic, and 
re regularlyspaced transverse bands, whiEh mieh~ hc 

critical, since moct adult tunlcates also haw tort this 
rutture. 

Addltional inwnebratechordatcs fmm Chcn~lang,  
G' the yunnanomns Ktnnanozwn and Hniknvelln (Fig- A o v ( ~  sfiemalgrl,~ 'gut ure 1.61c)), haw been interpreted by rival researchers 

= I -  4 . - . . . 

" - - - -  
musclm that ran round thebody inrings(hcalli.2002j. 
T h e  abscn- of a notochnrd in wtulicolians is not 

st1 

-P I f l - 1  deutcmma: (a, b) (ht wid~rcliam  id- b r h  upwards and downwards in theschemed things 

I 
(a and xgnUlon ~ b ~ , s h m i n B ~ ~ t ~ k d I Y I d ~  (Figure 1.7). One tcam idrntificd these mi& first as 
KT~IOM tbtn~b, , ,cd&a nmjblrmn-; (c) H . ~ ~ ~ K I I B .  p i b l e  rcphalochordatcs (Chen aaL, lS95),and then 
/hrkqvofShu w.1 

upwardsas vertebrate (Chm ctal,  1949;Horland and 
Chen, 2M) I; Mallatr and Chm, 2003). The other team 

< .  p r r r e m  to regard the yunnanozoons firs1 as hemi- 

chordates (Sha t/ aL, 19%). and then dormwards a3 
yunnanomons andrhevctdimli  a n d 4  them 

barsl deutcmstomes Jlied ta   he vaulicolians (Shu 
down from the krnichordrtrs to a basal p i t i o n .  

et aL, 2033b). The pmblems rwoh around d i f f m t  
among deuterostomes (Figure 1.7): h ~ w u l d  s t e  no 

inte,tations of colrmred blob Iinn,and sqviggln 
widem of a notochord a 1- btain, lateral or 

in thc fossils. Thcre arc plenty of fossils-l~terally 
anyofthcothcrchordatef~turapmio~l~~ported. 

[housands-but anatomical~nterpretation iscritical. 
HasllolrelJn and Ywnnanorwn are 2 M O  rnm long, 

~ndnr f r r rvedas flaftened bluish-grey to black films on I .e:f -ids 
r . -  

ther~k.ChrrgrloL(1995) wcrcablctomanotochord, 
a filtrr-feeding p h a r v x  with an endost$e. q m e n t e d  
musculaturc,and branchiialrhes,dl chordatecharac- 
tern. Chcn et  a!. (1949) and Mallatt and Chen (20031 
went further, identifying an enkrgcd. possibly three- 
Tart, brain and paircd lateral eyes In Haikorrelb hence 
indicating rr might have had a d~stinctivc, enlarged 
h.ead, a kry fealurc of wtebrates. Shu el a!. 119961 
argued, however, that there is n o  notcxhod, and that 
t h l ~  rubular structure is actually the gut. i n  addition, 
they suggested that the segmcntd musculature was 
wmngEy ~dent~l ied. In wntast.thqclnimed to S e e  ktr. 
hemlchnrdate featurn in Yunnanman and especially- 
char rhc My k dividd mto thrcc pam from front to 
back. a probossis, a collar, and a trunk that is divided 
into a branchial and a gut region, just as in the livlng 
acorn worm (Figure 1.4(c)). Shu (2M3) and Shu et aL 
(2Ml3b) subsequendy nored similaritits b m n  the 

n c  fourth p u p  of putative h i 1  chordatcr i s  much 
mom diverse. Thr carpoids. s o m e t i m ~  cafled sty- 
lophorans or calcichordat~ are a group of  about 60 
species of asymmetrical organisms that had a calcitic 
t calcium carbonate) outer skelcton of a panlcular kind 
in which the mineral is p l e d  by numerous small 
holes T h q  date fmm the Middle Cambrian to Mlddle 
Devonian (516370 Myr). Thcy consist of two parts 
IFigute 1.8). a compact M y  portion and a long scg- 
menled appendage. Most authors haw interprrted the 
carpoids as aberrant c c h i n o d c r ~ ,  but jefferies 11916. 
1997)argucdstron&that theyarea mixnfbasal~hin-  
derms, cephahhndater, sca wuirh and vertebrates. 
There arefourcritidsmofJeFFcr~es'[ 1984,1947Eblci- 
chordate'hypothesie 
1 ~orphological and molecular phylogenetic an* 
agree on a Lice of kiVhg Forms /Ron 1.1) that doeS not  
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4 The arpoids havc hem determined as a mono- 
P ~ Y I P ~ I C B ~ ~ P  (Ruta, 1W9).sharingfihcBattend'bag- 

I 
BOX 1.3  GEHES AND BRAlRS 

Ilke'shape, the appencfaple, and numerous d ~ a &  orthe 
plat- that cover thehody,and the vannu5 opming, ~f - 
the P U P  is m[)nophvlerrc, and that i s  dhatni, it 

wrk amphawus has Om ,juesab&the ~r igrn oiverlebmte ~ h a r a d e r s ~ v a ~ ~ l a * ~ ~  head Amph'oxus,theclas- 
not be dlsrributed in  different plaw aH rhmugh the 

slcoephalochPrdate (Fi~UR 1 g) looks svpwficml~ 
a r a i ~ r  slmpk ~lsh, but it lacksthe~rteb~tefialImarksoi a Irue hd 

pby~~nvofdeutemtomes. Mntb welldeftfled proansand the thm-parl 
bmln (see seclrnn 1 5)  $0 how mu~+he head and !fie sense Organs and 

~ s r u l a t r d  presence of  pill slitf in carpoi& ,he threeqafi bran have artsen f r m  the basalchodates7 
(Jefiries, 19% 1w7) is  ptcnt~aUy I n t m t i n g ,  as Anatomrstg haw,0r a long time sought~ldence forhomo~ogles b e w e n  the c e ~ b ~ l w ~ ~ l e o l a m ~ l o ~ u ~ ~ ~ ~ ~ ~ ~ ~ ~  
thew could then be spen as a drutemstome character palt 

or vefiebr&, the frontal eye of amphioxus and the palred Ws0fmebm*andother 
that was s*bsequently lost in rhe echinderms. lffien is thw dwelopmenfdl bwlwt*, Moralher ~ ~ f u s ~ n g b s h a r e  t h t  hOmOhoussumameof 

we are not d~scendpll from mrpo~ds, where did the Fl,cholas Holland ,both the Scnpps ln*tute 01 Oceanography Sari Dlego) and peter~olland (at lhe Unwarslbaf Odord)-- 

~hordarcscomc from? haw amphraxus hornorglues ddevelopmental genes on me bas15 of amrnoacld sequsncs 
res'om 

(shlmeld and Holland, m: Hollandand ~h~~,2001;~ollandandHolland.2001; 
Holbndetal 2W11. ItfUmswll 

apmen,al genes show remhbke consemlon across a wde range of animal seqvence, expmslon and in 

tlon, 
otherwords, #he,, theHolbnds sequence partlcu\ar segmnts of the chmmmmesof  amph1oxus and 

1.4.4 Wopment  ESldvmtebrattari~ 
they same genes, and 

esnas appear to express themse!WS In companble offhe body- hence poinhng 

tentla1 homolqres 
The d m f ~ m m t  of livingurrtcbrares and basal 

% 

dates indicates a great deal about their anc-tj-Y. 
F m b ~  may be s f r d  thln!y on a microtome, rather 

(Courmof 

, ra thalcmnyol 
I rht rop.Scale.3 
Ikmarrl lcfebvt 
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,dm invenebratm,and in particu!ar these Ck-Sihed 
deuterasmrnfi inBarnesetaL(203I ),Niflwn(2001) ' 

or Bruxa and B ~ u S U  (2003) The e m b r ~ o ' ~  and 
1 . 6  FURTHER REhDIHG anatomy of m d c m  vcnebrates is mvered many 

,, ,, ,,,,,a~,, rheg lmnlo los i~a l , emb~-  
~ l ~ l W f c ~ ~ ~ ~ ~  a'Romer and i19'h)'xmt 

olodnl,and molwlulrrdeb abmom ingtheof@in~ 
and Milkc ( I ) P n *  Hidebtand and Gas'0w '2000' 

I 

dmnrdsln and wmbmn in Gee (19%) and papers 
f i h ~  G W ~ ) *  hem er 0' '2m'' and I 

1 

mation on and im- r i n  of current thinking Qn [he r~l~'ionsh'-c '̂ ' h p  

for the of <arpoids in 11nking m3jordadcsofchordates. 

~eadmom~boflam~hioms develovmrm at, hnpIlacadamk.mwrla ~ l l ~ ~ ~ r u ~ M m ~ l , b r m ,  
and the neural c f h t  at h ~ ~ Y f m v w . . l e a ~ h m g - b ~ w n e d . r n a n . ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  and 
h t ~ J ~ n a t ~ m K ~ e d . u ~ s ~ W ~ ~ U a ~ c b ~ m b ~ ~ o ~ o l e s l n m s f . h t m ,  and the song 'tY5 a long my fmmamphioxus', sung to the 
'U~~of ' I t ' sa~ong to~~parary'. with a m  performance,at h t t ~ ~ ~  f l o " ~ d e ~ w m f a m p h ~ ~ ~ ~ , h f ~ ,  

- 

1.5 VERTEBRATES AHD THE HEAD 

make up a true h a d :  well-defined wnsory owns 
wrtebntesu lhC major a r w  of chant to. form (nose,eye.ni) with the nCmsaTY nermU5 mrlnectiOnI, 

the SUbjecl of thir book =nImcs twm the m n i a ~  ncrmand the .lfMornOptlc, and 
termal CTa"id'c5 since all forms, including the hag- w (otic) regions that makc up true bnln, farVal rea 

b 



r KEY QUESTIONS INTHISCHAFTER 1 
1 How do you retahut digglngupa dmmur? 
2 What do you do with the bones when you have them 
back In thelabotatory'' 
3 How do vertebrate palaeontologists reconstruct I ~ f s  
scenes from tossrlird bones and teeth? 
4 How can youu~clueshmanc~entbonesand teethto 
workou2what happenedbewn thedeathof themMl 
and burla! In tho roc+? 
5 How an palaeontohists work out how ancient ani- 
mals used thelr l m b s  and pw? 
6 Howareorganrsmsclassilied, and how dofossikklp 
us workout theshapeof thetree oiltfe? 

3urs in a mov 
tdren are fain 
palaeontolo$ 

Everyone has sepn dinosaur digs on telwis~on, e m  if 
they haw newr partiripat4 In one. It is usually ar, 
sumed !hat the enthusiasts who dig up dinosaurs and 
later study rhem arc paid handsomely by their respk- 
tiwknevotent~nwnments.Thisisrarely the rase. 

nnesnffos~it~ 
sites around 
l y discrrved 
--:".I -.., :- 

Most people a r e  intmduced to wnebr,., ,,.,,,.,. 
ogy at an early age when they seedinos; 
inacolourful boak,oratamuxum.Chi 
iar  with the principtes of vertebrate 

They know that thc bones are prrserwd in the rod-, 
and that ttamq of enthusiasts d ~ g  up the skeletons and 
string them together in  a muwum. They know that 
sklllcd artists work with palacnntologists to produce 
lifelike paintin&* and an~mationr nf life a5 i t  war rnil- 
lionsof~arsago.Thgmaya1so knowa Iitzleabout how 
pilaeontnlog~sts study the phylogenefic relationships 
of the exotic menagerie of the past, how the rocks arc  
dared, how thecontlnentsuscd to bedl~rr~butcd ncrnfs 
the globe, and haw the functions of  extinct nrganlqms 
may he inferred. 

Vrrtrbr.itr paldPr>nt{)l<~grst\ havc to he Lrniliar with 
a hruad rangc:coffkills~ngcul~~yand biologyinnrdertrl 
work cffcc~~vclv. In rhlr chaptcr, an nutlinc is pivcn of 
somc aqpcllts of  held coflecttng, F~FEI I  preparallon, and 
skeleton restoration. In add~tion. the geological topics 
uf taphuntlmy, tlme, conrinentat drift, and palaeocli- 
marts sre outttned, and thc methuds ofphylogeny re- 
con+rruction and funcrional morphology arc 
intduced. 

,I".* C 

for ths 
age an 

f i e y v  
-1. Ti-"" 

it, search 
i l - rocks 
7. lheiri~ 
r r  cprl;m 

I only in sed 
deposited in 
nlertst is fmi 
.n* 1.A Am.n 

b, and in p 
;, r ( ~ r b  or d 
wilE usually in 

y Iocated by F 
d forwards 07 

Icd away by 

tenebra~es h p v e k n  mll&ed from 

the world. New localities are occa- 

by chance, bur maa m r a t i o n  is  
UIJ- WUL places that are already well known 
eir fossils. Collectors Focus on mks of  thc right 
~d oftheright type. If they are seelungdinomurs, 
v i l l  choose to investigate mks dated from Late 
ic to Late Cretacwus!n agc.They wiH,of course, 

imentary mt anicillar 
ancient laker eserts. IF 
lsharks,they> vestigate 

rru..lx...u~~.ur....n inancient u 
Large fossil bones aregenerall bmspect- 

ing. The coll~tcrr walh hack an, /er likely 
arcas of rock that arc king em watc~ or 
wind, pirhrr in 'hadlanrl' a r e x  nr on ma.;&. Fminn i~ 
nKessary to expose fresh remains. Once the collectors 
find bmken and dlcturkd pleccs o f  hone (Figurn ' 
2.1(a]), usually small fragrnenn,theyfollowthem back 
uphill to their wurre. T here may trp a portton of llrnh 
hone nra rrb poking out of  the side olthc slope.Then 
the collectors must f ry  to awes thc nature and slze 
rlfthesptclmena~id how 11 ~<ly~np,rofhat theycan plan 

theexcavation. 
Excavatton of larpc vcrtcbrate skeletons is a lahorl- 

ous and eupcnqive prncesr. Earlier collectors. such as 
the dinosaur and mammal bone huntersof tbc'hcroic' 
period of 188C1910 in North Amerlca, employed 
hordes of lahouren whn extracted hug bones at in- 
credible s ~ e d ,  but with little regard for their context. 
Excavators usually take more care now. T h e  rock 
ovtrlying the skeleton, the omburden, is strippcd off 
using mechanical diggers, power drills, ptcks and ham- 
merr or even explosives and bulldom. Once a level 
just above thcskclcron has becnreached,thec-tors 
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switch to smaller power drills, hammers, and small 
picks (Figure 2. I(b)). Thr sMeton ts exposed from the 
top and the bones are cleaned up with needles and 
brushes, and protected with soluble hardening com- 
pounds. 

Throughout the excavation, thr d i ~ e r s  note the 
arrangmentofthebonerandmyather~iatedfos- 
3s. The whole d ~ g  is ohen record4 on 61m. It t$ also 
useful to ha\ra geologist present who can Interpret the 
sedimentary conten o l  tlteshleton.Once the skeleton 
i s e x p d , i t  ismappedindetail (Figure 2.l(c)). 

The hones must somehow be removed safely from 
the site. The excavaton first iso1atee;ic :h bone, or gr, 

of banes, on an island of &cnt ammd which t h y  
dig trenches. Each block ir covered with wet paper or 
Foil, to a d  as a separator, and then capped with s m r a i  
layers of sack-ctoth (burlap) waked in plaster (Figure 
2.2(a)). Large blocks are strmgtfimed with wooden 
beams Thc excavators burmw underneath thc plaster- 
capped mounds and attempt to b d  through the 
pdatalsbencath thcmbut m l l  below thcboncs.They 
then clcarout the sediment fmrnhhind theboncs,and 
pIastcr wcr the bast. Each kne ,  or p u p  of bones, is 
now entirely enclowd in a plaster shell, and the blocks 
can k m o v d  safely. PI&& blodts maywci&s~veml 

1 6 a n d  they haveto be hau site, often oup tnnn 

Flg. Z.2 hcmungdino~urrm the 
~omr~rcwenruofAlbcn4Canada. (a) 
Lind. Srmngptormswmt tudmrur 
ban- w ~ ~ h b n d a g n w a L r d m ~ l c r  
( d t h c t a ~ l  ~gmrntand h d o ~ l  
ucrtcbral column at thcright):(b) shifting 
drrblockalorrnnspon back tolhc 
bborato~.4Photqgraph6b~.MIE~ 
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20 HoutoStudyFms~l Vprtchmtes 

by haod,unttl thew can be loadd on whlcles for trant- there 1s a risk that mineralif4 t r a m  nC non- 
port to themuseum (Figure Z.S(h)) skletal, firsues m ~ y  bc etched and).. 

h i 1  vertebrates are collecred in many ~t l ier  war s. The b o n e s a r t g e n ~ r ~ l l v s t r e ~ ~ t h ~ ~ ~ i  by co 
For example, fuh spcrmcns are often pmerved on syntheticmmpoundsthatarrread~lysal~hl~i~ 
well-beddad rocksrhatwere lard dnwn in ancient laLrs oralcohol.Thrse conuh~danrr haw replaced tf 
or seas The rocks may be he-gramed, and thev mav cmdogluesand varnrshesthat were used ~n the R - F ~  =I1 
break into large slabs. Collecr~ng in thew cases cons~sts olwhlch ruffcrhm problernsof decayVand tha 
simp?voFNning rIabs,andsavinp those that contain Recemowdread~ly toallowhnherclelningan, 

ratlon.Muchoftheworktna museumlaborat01 
m any small Fosril vcrtebratcs are found only as iso- concerned with mnwrving f ie  fossils tha? w,.. -, 

lated bones and teeth. In CI .ntaT setimp. lectedlongap,and that fallapanasacesult oft 
~keletons are tirmbled toe *ken up. The changm ern theboneandsedimenr. 

bonm and teeth may be I at pt t icuhr  Specimens OF torsif vertebrates phyervd 
levels,ofien ~nsmallchannc. a.-,-mmGas. In ca~ssrrcb are usually p r e p a d  mcchanica31y, and the ? 
as these, palaeontologists whole bone kft an the slshas ~hcxdimentspmndt 
baring layer, and thty may e $pot, pprckin t Sedlrnent with smaB bnes  and tee 
out the ident~hable bones a ley may trans ebraa rcmams, IS processed rn the lahor 
p o r t ~ c k s o f  bone-rich sediment backto the laborator brmysto extract thc fossils. If theenclosil , .-. 

ment IS limestone, t tment is  e fk .  
the sediment is uacc 

and sieving maybe el 
2-I.L Yreparat~on andmnsenrptionofl 2.3(b)). 

RB. 2.3 Back in lhe lahoratq (a1 

prrger ; rcwnnld inosrutsp~~~~~t~he lisplay and dudy 
mre~slonai palawnlology pqar3tor wTF).rrrll ~ u m m u f  Pahn7ntolopr. 

and conservat ~~mhck.~lbrr ta .Gnada.  urlnsa whniquel av31lahk have hkmesofspcctacular new cpeciesof FossiIverthwtes, nr 
advanced en01 n P n r a l d n l l r o m w m ~ ~ ~ ~ ~ m  

Yean. The lmPQnJnt un~ua l ly  complrte specimens, may be prepared for ,hchnrs (bl ~schaelHhil imadlu~an 
nformatlnn 1s lmqt at WT !'l+play The hones arestrung together on metal Frame automated sieving rndchlnc fm PmW'nE 
atlonand preparationwand works or, more frequentlv, carts are mounted with In- dlmcnt contmungrn~cmmt~r*te 
minimize that losf. trrnal supports.  cast^ are made In tough Ilghrwerght ~ m a n ~ d e r p n c d  bv D a d  J Wudln 

~ Ias t e r j acke t sa~  cut off materials, such ar  fibreglarq, fmm moolri\ of the ortgl- ~alnmnrdnp tsbomtory. Un~nrrrrsmof 
Brl,lel. uK. f ~hnragraphs bv HIE 1 lfficult Ph of PWIrat1on JpeclmcnS (Ftgure 2 41~)) .  Most f u ~ l  vcrtehratcs, 

reparation is to remove the how~er ,a rcn~vcrd~s~ l .~v~d ,  but arerwrvcd wl~ly  for 
scdrment from the bone so that they map be stutllcd study Thc speclnwns maw 1 , ~  ,tudlcd clnle hvSclen. 
Cunservatlonindude5 the treatments applied robnnrr rlstr m the ~nstirutiun r h ~ t  dlc{ the c<,llccfinp;. or thry undamagni sFomen, t~epalaeontologist may be able tcbrate sLelctonr are bllateral'~ s~mmetrica'3 and he- 

w that  thevm+' be handled and stnred wlthuut fear nf may hc p~sprvrd rn rhp muscum o ~ l e c t i ~ n ~  F , , ~  laber totest thr thcbonesd,rcctlv.~tisposslhlet~5~~ttfl- caurc mlnv hnna+such as and nbs.occur in 

damage. A rarlety of hand-held chisel$, needles, mc- w o r k  In anv caw, museums ha\p 3 duty R) F U ~ P T Y P  gcther the hones of itkc a thrcc-d~mensional r e ~ a t i n g o r g r a d u ~ l l y ~ ~ ~ ~ g ~ g  5errei. 

chanlcaldrllls, andbrushes may k U W ~  tr~rcrnovc thc the~r  spcc~rnen$ ~n perfcc! condltlon, and lo malntarn j , ~ r a n d ~ o , r s t r ~ ~ l ~ a n C C o f ~ h e ~ ~ ~ ~ ~ t o w m e ~ x t  Mn. fnsqtl skelrrons bnn iompmvd Or 

sediment (Figure 2.3ta)) Airbraswe treatment mny he full documentattnn about thew holding< PaIamnroio- bones toge~herelldwcnd,~lorcnarmallyn bmken up.eltherkfore 
'phv.ricaldamnep' 

a ~ p f i d  a sptern that b 2 m  fine abwiwr  cn a focued grsts Iind uui abour the trcatton of spcrirnens from palar~,n+olYg,n uw m[ormanon from r w r d  w ~ ~ n p l - o r ~ ' ~ '  bur'rd tmm'r=ian of the 

blasrofalratth~specimcn.~fthcb~nesareconhtncd~n pul>I~shed descrrp~ons of iosslls and from various Ipcclmenr in order ro raonatrua the original appear- r o c k  chemicalPffeds).'[he F ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
Itmestone, then the block may be soaked in dilute paper and dcctronic tnhrrnatim services. of un&magedskc]eton, ln m&hlngup k n s ,  %nize thisdamagc,andtrytocormt for bymtorlng 

b u f f -  amtic or formic acid to remow the ~edirnent In studyinga n w  fossil skeleton.the ~lacontoIagist allowanw5 must be for d,ff,=rent sitd animals, mlsmg ~ r f s  bones and making rncasuml 

mtc*niquccan p&ucespectacular resultsas them generally tr~cr, to reconstruct the animal as rt - This dimcult c-sajcdelsmayk made oFm"w- drawing an* mndeLs to remove the efFeas of 

risk of mechanicaldamage tothebncs, although maybeadifficult job. lftherr isa mlatiwlycomplaeand ingbons. F~tensrvc restora~~an is posslblebecausevcr- disto*ron- 
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me BBC series WaIKlng wth  ~tnosaurs,wasthemostsuccesd~l~~~~ documwr@ry Efle@&r ma*: since 1997, flhas ' 

beenseenby over200m1tlion people~nnearly everycountry ln thewodd f t l f l s e r l ~ s o f i ~ x ~ r o ~ ~ m ~ w ~ s c o n c e i v e ~  
Hatnes a lewy~naf te rhe  had seen Steuen~prelbergkJu~wpark(1~31, which a nlm ~ f c ~ p ~ ~ f a n i ~ ~ ~ ~ ~ ~ ~ ~  

gavefheflrstgllmpse of what m~ghtbe ~ m b l e  Olderdlnosaurfilms had used ~hstlcene modelsQrlla*mMcar*- 
board crests stuckon thalr hack ~ a ~ n e s  reasoned that the nm compute? anlma!lon 1echnrques !auld allowhlmto make 
filmsaboutdlnosaurstttat would beso lrtelrke thatthey Wrehkewlfdllfe documerrtarles. 

There wereslx programmes the Lale Tr~assrc of WorthAmer!ca the  ate ~urass~cd~nosau~~ofthe   orris on b ~ t l o n ,  the 
Late Jurassrc manne rept~les ot Europe, the Eariy Cretacwus of Australla. theEady Cretaceous plemsaua ot~razll, and the 
latest Cretacmus of North Arnenca. In each programme there were SIX or seven featured organtsms. Each of these % !dud- 
ied ~n depth by consuttant palawntokqsts and arhsts and a carefully measured clay model (mqwtk) was made This was 
thehas15 lortheanlmat~on Themaquettewasla%rscanned.and turned~ntoa'st~ckmodel .whichcould bemoved ln thecorn- 
putor to srm~late runn~ng. mlking (ump~ng. and other actions All aspects allocornotlon and leedlnswere developed In con- 
sultatlan w~th relevant palaeontalog~sts from all over the world 

Thestoryboard was planned ~ndela~l  for each pmgrammeand, while the models m m n g  bsvefo~ed.BBClllmcm 
went round the world to lrlm the backgI0Und scenery Places were chosen thal hadtha nghl topwnfiy, dlmatlc k~, and 
plank, Where dmosaum splashed lhrough water* or grabbed a branch. the amon (splashIngng m ~ m e n t ~ ~ e b ~ )  hadto 

1 ~ h m  the animated drnosaurs were marw wtth me scenery m the studios of Framesrom, the C m P a Y  that made 
3uterenm mrs 1s hard to do, as shadowlnoand reftenlo* had tob0 addad So thed lnwun Interacted wllh the 
)no$ lithey run lhmughaforest, theyhavetodtupwrbeh~ndtrmsand buslw.. 
Irogrammes were controwrslal Some palaeontolag~sts arguad that the whole mn@Pt - imPr@Wras il mwd 

,,,u.,,,,,ntsand behaviours for which thereastrong foss~l ev~denca Wlth rmaolned colounand Sounds f h ~ w e r e  fight, but 
bormg. MoPtpalaeonfologrstscele$ratedMe accuracy and beauWaf the work andweregladmat2Wmfl Ion peoplebad had 
thechance to see the resultsof the~rlabours. 

find out more at http llurww.bbc co ukld~nosaursl and mv ac- 
counts of how pahcontohg~sts worlred wrlb f~tm prcducers to 
make the sene$, as well as a defence of the whole enterprise, at 
httpltpalaeo gly bns ac.uWd~nosaurMlkmg.html. 

m O ~ s t r u ~ t i ~ n ~  rrr the h a w  of further 2.2 GEOLOGY AND F O ~ ~ , ~  YE ITEIIIITES 
" ~ ~ 7  in vcrtcbrate pa!acontology. The paIamntologiqt 
p"l'il'hcqn d r t a r l ~ d d f ~ r ~ i i l l ~ n  o f d l  thc bnno that are ~o=,$il rersbra,o rmk,, dnd lm. 
' v " i l r h h ~ n n d ~ r a n ~ ~ o n ~ ~ ~ ~ ~ ~ ~ o ~ o f ~ r ~ o r a ~ l l ~ f t h ~  nfii a 

lnrormal,nn - I)r In Ch~le The slrurl rn 

'ke'C'"n C1''lrlvt i l l u " m t ~ ~ ~ a ~ ' ~ p o r u n l .  and p b -  death md burhi  al"nlsms and 
th mvin,n- llShcd d e T c r i p t i n n ~ a p * ~ m ~ a n i e d h ~  ( ~ i g -  mcnts they l"habit&, th,-jr age, md hnnn gee- u'2'4(b)) and p h a n g m ~ h s d l h e  then form the haw gmpbical hlan j-hm arr an d lm,np,ca, fGr more 'rtlstic mnd l t~ons  of the antma1 in 

either study, 
pen sketches (~wkattheexamplesbyl~hn srbblCkIn 

'ha b k ) ,  a7 colour pmntlng, as static and 
~~~h~~~~~ the study of aU the p m  that Drmr a series of stages (Figure 2-51: (1) d e a ~  of the malrls, Or anim.tlonr. The dinouum of =* ~~~b~~~ 

W'*h Dt*osa~n (see Box 2.1 ) loow gd huse of 
hen rht dnth of an organism and rts final state in sues; (2) transport and b=kageof hard trssuexpnd (3) 

tk mck, most -, pmcssres r n s u ~  h a t  the burla1 and rnodificntionof the 
hardtbw-Vcrtebratcs 

Be m m b i n 4 i n ~ u t 0 r ~ ~ k b ~ ~ a ~ a ~ ~ ~ o ~ o g i ~ ~ a n i ~ ~ ,  nc de of b u d  and p...rm60a af our,s, their andan~rnators dad not bur is eaten ar rots  away. are reasonably well reprewnrcd In the 
t e ~ h n o m ~ ,  is important ~n the~r imerpl.etarlon, when a fossil is presd, has passed through cause they ha* hard parts,bon=ad kcth* made 

* 

be filmec 
the corn1 
backgrol 

The l 
-,.,.*+"A 



tite. In rare ca! 
!k preserved 
. . 

apal "when decay ispreventcd,sofi pans 

Vertebrate bodimd~cay as thryarcvaluablesoums 
of hod Tor other organisms. When large animals feed 
on thc flmh of a dead vertebrate, the pmcrss is termed 
wavenglng, and when microbes transform the tissues, 
rbc pruccFs 1.. termed dewy. In terrestr~al settin~s, car- 
c d s a n  mnv he picked over by large scavengpn such as 

h~amdsand vultures,andwhen thcyhaw had theirfill, 
rmnl~cran~m~l~.rucha~meat-eating beetlemay move 
~n.Srmi~atp~cesse~occurunderwater. 

'Ihcstylcnfdcc~v hy ~nicmbesdeprnds on a variety 

II: cl~emual conditla)ns, particularly the auppl? of 
o\xgen, the pH,  the tempcnlure  rid the naturc nfthe 
+>rr.lnic carhtrn in the cnix<lqr. I?ccay may bc slnrred 
c ~ ~ b n  in ~IIC ahsmcer)f oxygen, iorexan~plcon thedecp 
+a-tIuor, nr In a rrink~ng black pond. In such cundl- 
tlons, whole firher and ntheranrmals may hrpwserved 
rz!ar~velv Intact. Acd conditions, as are found in p a r  
hp lor example, mayalu~ prcvcnt dccay. Well-known 
examples t ~ f  wriehratcs p w e r v d  by acid mnd~rrnns 
*re thc farnous'bogbdiec'of northern Eumpe, human 
remans that are preserved in their entirety,evcn i f  rhc 
bones may have L m l w d  and the flesh is somewhat 
Iathery. Mast soft tissues arc made of highly wlat ik  
forms of carbon, in other work materials that decay 

An. 2.5 Taphonornic prrrcrrrcaaKa~ 
a foshil mrbnW.hmdrath, thmugh 
mvcngingand+, Ihmugktrsnspoa 
andburid, to-tual dnmvrr).bys 
pbsontofqta, 

audl 

r in 
are 

readily. less volatile forms of carbon may sudw for 

longer. 
Certain v~rt&ratesamfound in situations afexcep- 

tional fossilization,whcrerarlymineralization hasprr- 
se~~wntbesoftti~uerTpi~1lpthesofttis~uwate 
replactd by pyritc,pbmphate,or calcite. More unu-..-I 
c x a r n p l ~  include prc~rvatiun in amber, in IW, o 
asphalt. Examples of exceptional prwrvations 
described later tn thebook Isle pp. 9,86,269). 

In more normal siluations where scmnging ,,., 
decay hawtakenp~ace,thesunivinghardpansa~usu- 
ally transported by water or wind 10 their final restlng 
place. Transpart p m c m s  (Figure2.5) generally disat- 
ticulateskcletonr rhat is, break them up. Further trans- 
pfin frequently causes fragmentation or breakag,and 
abrasion, when anglesand sharp projections arc worn 
down by physical pro-ses (Figure 2.6). 

After transport, thc swinlen may be huricd. Fur- 
ther damagemaythen occur.suchasmmpartionbythc 
weighr of overlying scdimcnt. Hullow parts m;ry cur- 
lapse, and complex elcments will be disbnpd. After 
burial and mllapw, the organism may Iw affeEacd by 
chemical changes. imolving the hansport ofchemicak 
in solution within the bun& ~dfmcnt .  Miner& 
tend to crystallize out in cavirk within bones. and 
complex sequences of such infilling minerals may be 

-- - 
Weati+mng stage I 

Arlantlc co,~sts OF South America and ~ f r ica  could be 
Abrasw stage 

I I hrted tngetherlikrgiant jig~awpicccs. 

m. 2.6 Ahr~~mn~tagnofshonedcpcndupn ~hcarnuunt*l 
Ir.ln>plrl x d  ph!r~~al ba~tcr~n~.Shsrpcdgesand pmcscraw 

I d .  1lx *(fa* ,* pl~bcd.and rhcheru r%rnbuaTly keornrsa 
b n e  +hlc I S t q r . 1 ~  \\'earhering progress~rely cracks tht' 
surhce laicrrof bnnentf. lLourrnrol LuCo0k.l 

observed In cut xctlons of fowl brine Curnpaclinn 
during upl~it or i r~ldln~ofthe rmksmayfurthertlirtc*rt 
r>r compress forrll,. Thew are examrlcs oldiagcncsis, 
thc phyvcal and chemical p r w f i m  that occur w~ihln 
qedlment or rmk 

2 . ~ 2  Continental drift 

Oneof the most dramatic changes that has taken place 
through geological time (see Box 2.23 is continental 
drift. the movement otcontlncnts and oceans relative 

to tach other. The idea that the present layout oFmnt~- 
nenu had notalways keen thesamewasst~gge*ed in  the 
19th cmtury, when some geographers noted how the 

In I9 12, Alfred Wcgcner marshalled a ~ m t  deal of ! 

peolngrwl and palamntnlogical cvidence in favour of 
runt~nental movements. Hefocused in particularonan . 

ancrent supercontinent called Gondwana :Figure 2.7). 
- 

Palaeontolotjsts had found similar fossil plants,mcm- 
bem of the Glorsoprmis Flora, and reptila. such as the 
dicynodont Lysrrox~~rrw, in r o c k  of Permian and Tri- 

assic am in Africa, South America, I n d i  and Australia. 
Thesrnall frcqhwaterreptile Meosnllnrsfrarn the Early 
Pcrmian was known only from a timited am. on the 
coasts of Brazil and west Africa. The normar cxplana- 1 

tiun at the time was that these plants and animalr had 

beenable to trawl p a t  distanm betweenrlrosesouth- 
ern pans of the wor!d.Moredtffimlt-toexp!ainwashow 
the Late Permian Clo~opterrs FI~ra~could mist both in 

the wuthern hemisphere and across the equator in 
India. ' 

Wegener argued that the southern wntincntr.had 
once kwn united, and the krmo-Tcissic plants and 
animals had more limited geographical ranger He 
rempized a northern supemntlnent dM bury& 
and he showed that Gondwana and Laurasia togcthcr 
formed 'a single global supmnrtnent, Sngaea, 
wh~ch lasted from the late Carhnnifemus to the Late 
Triassic. - .  

Wegencr's idearwere not uniformly welmmd atthe 
time hecaure the driving force for contInentd drift 
could not be identified. Thc rnokor wis discwered 
about 1 Mn, however, asa rtsullof geological investiga- 

tlrrns of dcep ocean floors. Fresh 0cean.c crust was 

foundtnfnrm frommoltcn m~kalon~thernld-ocean~c 
r~dpw. and the ocean floor was rnnving apart slowlv 
and evenly awavfromtheseridges. Eanh'saust~r divid- 
ed into a number of plates. snme malnr on- corre- 
spunding to !he continents and oceans and many 
minorones. 

The rncchanism driving contmental drift i r  termed 
platefectonics.M~Ften mckmagma,circuIatesingreat 
gymbeneath Earth's sol~d crust, moving upwardsand 
leaking out thmugh the mid-oceanic rid* and then 
mwingsidcwap away h r n  the ridges, tcnding rn pull 
the rh~n m n i c  plates apart. The magma circulates 
downwards rlosc te the thi&r continental crust. The 
circulation is driven by conwction of heat From the 
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Rg. 2.7 8emnrtmctionafCcnb~ 
lrwsrrmm fhtLatcCubonifmur~otk 
~ t e T r l a r d c , b a s e d a n I h e w w k ~ f ~ ~ f ~  
W ~ r , s ~ n g h w r t h i s a r m ~  
o~mnt1mntsmakesmscd1he 

G b ~ ~ ~ p t m s a n d  Tru*r~crrpsilm& p 

Lyrtmurmand C m a t b u *  

t~mewl htm 

crntrr of the bT,,,, hncre -nlc .crust mmts conti- o t h e r j e r l u ~ y ~ a s a l o n g t h c ~ ~ ~  Andreasfault'orrheymay 

ncnA margnr the $idrnays mwemmts m y  wntm- 
force ~nto each othe~as with the Himal~,caiard "7 

w, opening ocean hrthtr, or the oceanic Ind~aS contInuow mowment northwards Into the 

may dive down henmth the continental plate, malnkiaticlandmm. 

forcing up moun taia suEh as the Andes. Where ~ontlnmtal drift 1s critical in history ver- 

Eontlnental plates collide, they may mwe past each 
tebratcs.ntgcogra~h~of Earth has nmrbeenstabie' 



and i t  sems that, through time, the mntinrnts have and glaciaf t i l ls, faceted and s r r i a t d  rnltl and dw 
am31g3matcd anddividdxwra! timrs.~mtrs knmn ground up by moving glacirr4 show that mnditions 
about thehrrak-upof Panpmsincc thcTriassic, but i t  is -cold. 
possible to makc good estimates of continental recon- 
structlons hack through the hlawzoic. Continental 
drift hasafictedanimalandplant di~trihutions:r;lnges 
are sundeml at rim- and brought togerhr in unpm- 
dieable ways. Dinosaurswdwd in a world on onesu- 
percontinent, and they muld move freely all wer 
Pangaea. Bv the Cretaceous, h m ,  their mowments 
kine restricted, and local, or endemic faunas are 
found in 5011th America,Africaand India. Duringmost 
o f  the Cenawic. South Amerin war an island, but 3 
million p r s  ago. the lsthmw of Panama was hrmed, 
and a grmt cxchdnge of land an~rnals took place, 
with profound effects both north andsouth (sce pagm 
~ ? L H  

2-22 Ancie~ 

Climates of r he past were my different horn rho* of 
td;ry,andmntinentaldriFt hasplapdamajorpan.For 
examplc, parts of north-wcsi Europe and North 
America that are  now temperatelay south o f  the equa- 
lor in rheearyy Pabeomic, movcd across thcequator in 
the llcvonian and C~rhonifcmus and finally movcd 
O L I ~  of  1rop1ca1 Iafifude~ aftcr the Triaxwc. The piants, 
and animal*, 35 we!! as rhe r ~ b ,  show the major 
changes in climate that rewltd from thffemovcs. On 
land,therewereat t~mcrabund~ntam~hihimsand~- 
tile?, living in lush rrnpic~l rain foreaks.At othcr times, 
var1 descrts covered rht~rc areas. and vepxation was 

sparse. Cr)nl reef< rlr!ged the continentr and exotic 

fisher swam in ~hcrhdliow waters. 
' f i e  evtdencc f(~r ancrent dimat- is derived 

The positionsofthemnt~nentssffe~!ed ancient di. 
mates in moredramatic way. At timcs when them was 
no land at the poIcs climates scem to have k r  - 

uniform worldwide. The pawning is thar lanr 
poles b covered with snow and ice :pm winter. Th 
mlour o f  the iff reflects sunl~ght, and makcs tl 
surFaceewn colder.so the icesurvives through thepolar 
summer, and in faa grows pqrrssiwh, Th 
does notbegin Ifthere isonly nlrwaiernerr I 
Thiswu thecaw during the hlcsozoic,and i t  w 
the tcmpenturc difference from rhr quator to the 
poles was much Ic oday. This m 
dinosaufs were free rer a wide bar 

ss than ir is tl 

to wander or 
ningly did.bc 
r. I...- L-.. 

t rather 
4 at tht 
ewhite 
it land 

e pmm 
the pol= 
~rm that 

eant that 
~d of la t i -  

rcticand . . 
tudes, and they sm museboth A 
Antarctic dinosau~, .,.. ,,,I found. Increastng~y 
thmugh the Ccnou)ic,and today, crimatic bandsdcvel- 
oped, and most plants and animdo are much more re- 
strifled in the zones they can ctccupy. 

2.3 BIOLOGY ARD FOSSIL VERTEBRATES 

It i s  great fun to speculare about how ancient 
aninlals lid. Ir is important rlluugh ro rcmpr this 
urge to sjxculate with the application of methad. 
whercverpwsiblc,so that otherscienristsmy rcpcatan 
analysis. There are now a number of analyticaf 
techniques for stodyng functional morphologl and 

palaeoccnlogy. 

2.3.1 Functional morphology 

fmmdelrild studvdthcrnckrmd bsilsat part~cuiar Thr fint question that pmple ask abut any bail 
sites. Many s d ~ r n r n n r y  nlckr arc n r ~ l l m t  indiutors vertebrate i s  'what did it do!. lust hm* did thr hrrrrly 
ofclimate F~~rexrmpk,bdsofiualindiuke~heformer anmured Dmnian f1qh.5 manage to swim? Why 
existence of lush humicf forestr. Red-colourd end- did mme mammal-libi rryliles have m~q iw ly  thick 
~ t m m  anhudstuncs, shnwing cyck d dmmatjc skulf roofs? What did Skgomtlr~~~ vr in h r k  +trr 
floding. and thin mudmckd 5 u r f ~ ~  ruant far? W h y  dtd sabn - t~hed  cab have such masiw 
that there were monsoonal climates. Irregdar lime- fang? 
stone bod;. In ancient rolls termed calcrctw, Ths. are dl questtons of Functional rnorph0J~,  
1150 ~dintednrnntlumo.~ninhil  and rapid r a p -  the i n tq rmt ion  of fundon horn 1.*01~, h. 
~ration.asam~~lt o f n a o ~ s .  ~ c e ~ ~ ~ a k h c ~ o o  r u c k  s h a ~  and form d m  animal. The main assumption 

behind apytvach is  that structures arc ildaped in 
some way, that they have evolved to bere~mnably e f f ~ -  
dent at doing something. So, an eErphant's trunk has 
euolwd to act ns a grasping and sucbng o w n  to allow 
thchugeanimaltoreach thegtound,andtogatherfd 
and drink A long neck has cwlwd in giralfes SO they 

fcr& higher in t m s  than any othcr living mammd 
(and reach thc gr~l lnd to drink).Tunas have more red 
m ~ c l e  than most other fishes so thq can Swim faster 
and further. 

f i e  h n ~ o f a  fossil skeictun can proidea great deal 
,f informalton  but tunction. The bones themselws 
show directly how much movcmmt was possible at a 
padlc&r joint, and this can be critical in  trylngto re- 
construct how particular wrttbratm could swim or fly. 
' ~ h ~ ~ ~ x i ~ u m a m n u n t  of rotation and hinghgat each 

can kawessed becausethirdependron thrshap 
of the ends of the limb bones. There may 

muscle - 

~ ~ l g  On the wrfacc ot the bone, and parlicular knobs 
and ridges (pmcml. that  s h ~ w h c w  the muscld at- 

tached, and howbigthqwe~c. Musclesize isanmdica- 
- 

tor o[strrngth, and thtskind of obwrvat~on can show 
. 

h w a n  animal moved 
nmeare twomainapproachcsta the~udyof bnc- 

tiema1 morphology (Figure 2.G. First is comparison 
~ t h  living anitnab, If the f a d  f o m  belanp to a 
modern group, perhaps a Miocem depbn!. then this 
pxercise can bp wry useful, ir applied -5th care. The 
palamntoiogist can m m p n  tho Mnn of the fossil 

with those of a modm elephant to work out 
the size and weight of the fossil, wherherit had a trunk 
or not, how it wed itstetth, m d b w  $st if ~ouldnlwc. 
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a uniquecharacter o f  these phyla. 
BOX 2.3 CLksS1FIFATIOH 

Animals amdingtoa system es&~ikhed by Cafolus ~lnnaaus (M UnnQ in 17%. ~ d ~ ~ n g u i s h a b ~ f o r m  is 
given a gmus (plural, genera) and species nam, Such as HWlWsaWs. Tflf lnMuM Mand me wner- 
Ic name Is first, and has a caprtal H e r .  The specific name is second. and lt has a lowercase letter Generic and 'pecific names 
area!waysshownin ~talics,or vndwllned. 

L~~~~ spec,es am defined according to the blolagical w t l ~ m t a a t .  as all the ~ m b e ~ o f d l f f e r e n t ~ p M H l o n s  that 
duralb lnterb&, and produce v~able ( r  8.fertlle) offspdng, In p1?1ctlW8 nf~~m~tamonomis ts  do n'cany Outlntricate 
breedlng experrments, and they appb the mrnpholog~tal g6Zlm tOllce@. w h c h d e f i n ~ a s ~ ~ ~ ~  In termso'un~us char- 
acters, This clrrje to the gblogendic qecles cmcnpl, that a species lsasmall cladnaffl~~n~b~geognphical'rms' 

,he hplc kind. palaeontolog~sts use the rnorphologtcal and P ~ Y I  Wmcspec'es concepts. 
wrthinDeut=mslomia, kauseotheranimals ~a~kthmc relationships ,hat ar Swles are grouped together genera, and each genus may contain one or more species. G e n e ~ a ~ ~ n  gmuped In 

Other features shared by all deuterwmps, D ~ ~ ~ M  <haraft lam,lm, f3milles In orders.and so on Thls partern at ~nclusw hl@rarchlcalgmuplngreflects t h a s p m i ~ ~ e m  oiew'uhon' 

and way thaiwnluilon 1% represented In a ciadogram The basic t a d m o ~ l  clarsscation Of humam's: 

9 em 

Gem 
Character d-wm nn-4 a n a l ~ h  i s  a mmplex and dada):  emmplcs are the phylum Chordi time-wnsumi 'Phe cladisi Famiiy Hornmime 

: Subphylum Vertebra 
Order wmafss soon(seebx2.3) .  

[cast onc derived rha C h  Man~mal~ 

Sllbphylum Vertebra 

Phylum Chwdata , 

A A 4  A 'Supsr~hylurn' O e ~ I m s o m ~  

Kingdom Anlmfia 

Fiw.2.9 C l d d ~ r ~ r n > + h r n ~ ~ n ~ ( ~ ) ~ l  ~ ~ ~ d i ~ i ~ ~ ~ l  clarrificatinnq ofvcnebrates and other the group 'RcPtilia' are only by absPncE of 
m ~ m ~ p ~ h g r n ~ r p t  h l ~  l~rr,jphrlrllr srrfup often include ntJn-mvnophyletic groups, a[- charamrssurhasfeathersandhair. 
Em?' .  'E l  42 pvlvht  I c t ~  Cr{~up..~~~,d Ih,,ugh thrrerhould hearrllded wherc\.er pssible.The The 0 t h  kind of non-mont'ph$Ptic are 
t ~ ~ I * w m t e ~ ~ ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ~ , r l , ,  7~,,~7Ll lL, l~ Eommoncrt eranlper5 are paraphyletic gmupr, which pol~phyletih those that frr'm swcra' ancptorr' 
~ ~ . l r x t c r ~  A a11d >tTi C ~ J V . , ~ ~ ~ ~ A - ~ %  

only the most prlmltivcdescenddnts of a corn- and that a recharac ter id  by aconve~rn t  fe'tum(Fi~- 
C~'rl~cYZ~'nrnn [ w r y  \inl~lariarl ~har.lrlcr 
*~.~nthemnnophylcr1~~fi~~~,( . , j .~11 

ancestor, but Iomc ad%xnced dexcndants urc 2.9(c)l, exarnptcs P"'yphylaic groups of 

SpeFlnha~~arac tc r~ ,  a synr~wrnnrph~ i llgurr i,Ylh,j x t l ~ . ~ o w n  lrnphy~~ic IrOup is vert'hratc. are the 'Nnantid the classic gmuplne of 

~ f r h e  clad?. In the p taphv ldr r  group (h), ClaPSLkPtilia: which cmtainly arow from a fishesandwhal- % ~ h e ~ , ~ ~ ~ ~ ~ ~ ~ ~ y  looksimilar in 
~ ~ ~ s p e c h h a v e l u r r  theymaywnarphy but -hrh criludfi urnr deuendants. .hape and they swim ln the thc'pachydermi. 
A t~*crdnsformar~on 1e.g rhc hatin,,ur the birds an$ ~ 1 1  members ot the para- grnup of thlck-skifind, F W ~ ~  such as 'Ic- 
x d l a o f  ~ t j b  alftranrfurmed inro +,jPtic group one or more derived characters. p h a n t s h i ~ p r n a n d r ~ ~ ~ ~ .  
fcalhmsor haw] In t h ~ p u l ~ p h ~ ] ~ t ~ ~  but organisms, urc~uded horn paraph$etic The sortingofcharacters in ctadhcs into primitive 
W P  (c),hcappsmt shsrcdharacten pup, do toq dthoug, fiey have oth" and d e r i d  is an a r c k t  dcteminin~ 
(LA') a ~ c ~ v e r $ c n c e s a n { l  rheultlrnatr 
common anmmr ofthrn*ocldmlxkr, fmtures. so, for example, all reptjlcs ~ s y  a shc l~~d (as p o l a * i t ~ ~ i n o t h - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  ofewlutlon.ne 
*at tmture. d,, b lrb basa1 but the upper boundsof p o l a r i ~ s h o ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ ~ y ~ ~ ~ f l ~ ~ ~ ~ ~ ~ ~ ~ ~ '  
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and polarityanwuene.dcpmdingon the conten. For as strings of thc letter cudes for !he mmpnrnt nu. which opentr dimfly on the sequences, or functions mmputen. which may now be a n a l ~  data 

~xam~le,intheanal~isofdeut~mst~~~re~ati~~h~p~, ~lmtidesIadenine,c~tosine,~uan~~e,ah~m~~~,u~~~j~j, dcr,M fmm \be xquencw. There are two techniques matrices that have been lar tm 

ah~nceofararlistheprimitivccharacterstate,andpos- such as . . . A G G C U B A G U U C ~ G C C :  . . , fndlvid- large at om time. ~ v e n  sa, i t  m q  lakc days or weeks 
mmmonly uscd 

session pf a tail is thc derived sutr In the context uf aal a r t  idmtified and thrn mmpared fmm nr- Maximum parsimony (w) ,5ana]opusto thr tree- 
of run lime lu u l ~ ~ ~ ~ t t  mmc if a dMa Illatrix Is 

human relationships, however, loss of the tail is one of  gnisrn to organism,~lignments may be mldeh hand finding techniqua gnerally used with m o r p h o ] 4  large or has a great deal of missing data- The exciting 

the s~napomorphies or the Family Horninidat (apes or by the use o f s o b r e  such ar aWtd. once thegenes data lser 2.4.1)- ~h~ wks to I% the pros* for ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g ~ "  and sysrcmtistP Is 

andhumans). have k e n  aligned, the amount of difference may be lreethat implies the f e w 1  pl~lutinnar).chan~es. 
that thrw arc two broad-scale approaches to recon- 

e may be rcpn 
I shm the pa 

fiemare often pmblcms in dhjnguishing jwt what assessed and particular sites where chanRP; 
amshad derrvedcharacte-andwhat are not:theclas- identlhpd, 
sic mlutionarj dih-nma of stparating homlogiea A malprular uce of mq be pm~uced 
from -1-A h0molo$Yisa h u r t  em in dllfcr- from the aligned gentor pmtein wquencabya mr,ay 

cawern the 
~ l e  of k n m  
cs of the his 
only 1% at 

Mimum Itkelihnd [ h f ~ )  choose struaing the me of lde,and thrl mayhcontinualty 

[he trre, or most likely to have produced the ob- cmss-comParrd- 
he rneth4 requires the input of a mode! 
*fore a tree canbesdectd to fit- 

mt or~nisms that is  the same in each-it is anatomi- of rnmhodb ~cwra l  techniqueh use n o f p a r r i m o n y , a a ~ m ~ ~ o d a w ~ i e d ~ ~  2.5 THE( IUk~ITYOfTHEFQSSILREGoR'  
c a l ] ~  and gcneralh' hna iona l l~  equivalent and shmm dirtanrp; between the spccips cnnFlder- ,,,u,,,,,,, ,. morphnlogiral data, is that lhcreisnofli- .c 
midence of derlvahn from a single source-while an ation -the equcnces ofclosely rellaredspeci oluljon parsirnoni~~s. In q"*tions in l'datonmlogy quality 
analogy is a featurn that may look or act in bmdly i lar and hence dimnces benwen them tree may spurious, e s ~ l a U y  with of the fossil r + ~ d -  1s the saml t fossils 
similar in diffPrrnt organism, but which a i m  h e r c a r  unwlstpd species am wparatd by ta, if hasbeen a long 

o fm lu -  enough to judik detailrd studi ,tory of 
~ ~ d ~ ~ o f s e p i r r a t e ~ ~ i g i ~ . ~ . ~ n r * a m p l e o f a h o m o l ~  tanekDis~rcmptbodswekatreethatn aL_ ,n  ,,_ ,r - of the bcanchs. L J P ~ I I ~ O O ~  meth- ~ ~ ~ ~ ~ ~ ~ ~ ' q ~ ~ ~  s~ the 
is the wing and wing of an osrjch. best all the mtati vee depends spdfi that ever lived, or 10%,or mQ6? Lift originated 
Although tl 

~nforrnation ods are c r i r d d  house 1 
ing is not used in fight, its vcitsinthcanal! ,* danw the ~ H X )  miuion F r r ;  agmand counties$ millionsofs~ec~m 

locztioa in t 
'thwdastanc on the model. that was ffi 

t~ detailed strwtureshawthat commodyused. haw mme and gone smce then. Tdav  there may 
it i s  a direct 

model and the tree may ch: 
the ~ n t 3 , a " d  thelatm 1 UPGMA ( ~ t t ~ ~ ~ n r e a ~ a i r ~ r n u ~  m e h d  1 .... _. ,.. , Molecullar phyl%,nics nave - rsllcuhtcd be 1&30 million spocin *n Earth, and nd-one ran 

common an 'ins and ostriches would haw mct ic means) produces a r m  in which 311 the tips are 
had such a jng o f a  robin and the wing equidistant fmm the root of rhe tm, which is equiua. 
of  a f ly  are their detailed ~tl'IIm* lent to assumlng a rnolrmlar d ~ k  (aca+ rate 
shaus that independmd~. cwn though mole~ularchan~e). 
thfy perform slrnr!ar functions- Humlo@m3 then, 2 Neighbour join~ng (NI) 1 ~ h ~ i ~ ~ ~ ~  pair u~ 
ares~na~mor~h ies ,  theclucs that indiutr common apparently similar S P K ~ ~ ,  and @hen makr llnks he- 
ancestrv. 

*cn mcrmorc dist3nhv rcldted clades ~lnti l  the trrc 

$5 c~mplae; the mahod is quick, but nor nmefisnrilv 
re1 ydLcu,,. 

2.4-2 Mo~~~phyhgtnyrewmsttlldion 3 Minimurn evo.olut~on (ME] methods seek to ~nlni- 
the sum of the Ernpth~ of all the hranch- in the 

~ c ~ i s a s ~ n d , h f ~ e l y i n d e p e n d m t . a p p m c h  todis- tw, 

mvenng phyl%enY Molecules record evolution, and nl$tance merhtds a r t  ,,,jdclr in molLxular 
molecular biolo@ have sought to dimver  relation- phy!oge:r.ny rccon<lructil,n because thrv well hy mmparin~ from different o p n -  ertablrchpd an3 lrfrrn quick, and they givc,ust 

bemfnecflinct in  the 
the but the field has expanded rapidly only bin to h0 

$irn the l a te  I 9 R k  wilh the invention of the p l y -  past. 

merase <hain reaction (PCIL) technique for clonin5 nehistoryofliL xmted in manywaF. 
tternof the evolutiofi 

small sampler of nucle~c acids to analysable quantities and 

In there haw ha adwnrpr m thr s p t d  ofvcnebra tes~on~~nt ln formar ionabour  lheir 

effidmcv of trer.findlng programs and desktop m l a l i o n s h i ~ s . t h e g ~ ~ o g ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  ofrncmbersOf 

~ ~ g .  nlr F.ur~rnoll?mlr~raln (31 !hf 
,cr,rhratrs,rh~~ngrhcrrlal~wd~*mll! It assumed tf'at the amount of similarity Thev havebeen crrt ici~d, howmr, fur loslnRinfvrms- 

h o m o l o g o u r m ~ ~ ~ " l e ~ i n d ~ ~ ~ ~ o r ~ n i ~  lion (using drstanccs ignores the rvollrtlnn 
is pmPrtlonaJ t* d~pree of relalionship, or the characters or typf.; of qttc), for producing branch 
time since theydimBed. lenpthr [fiat arc hard to interpret (are t h ~ y  ct,mpulcd 

Thfrrare several t~hn iWes for convening cornpar- rncans ar are they biolqicafly me;lnlngfrl~>~, and 
molecules into ~ h f l o ~ n i -  and these may be for lmng phmetic (rumamlng r- in a prreiy 

applld a n n ~  a f m ~ l c ~ l @ +  curmfll., m a t  mathmatical way, but without rekicnn to phllule. 
on r o m ~ r w m  of ~ g u e n c e ~  of the nnirai~y inbrmatiw thara~fm), f l a d i m  a phio- 
and ~hylogenies (C.R. Pax 1.1Ir)) gcnetic methad, ofmurx, 

are based on differmt M A  mokdts .  Once AS altmatives m the distance mpthods, nolPcu)ar 
the m014u q u m c l d .  they arc remrded t r m  may also be con5tructd [lorn d i m e  m C t h ~ ,  

oi thr mior E m u y r h m u g h ~ l ~ c ~ ~  
mrrrcrrinrrion .ouiIl% f m d r w  wth 
,tdrrj T ~ I ,  ,s siplndlcdlasnm: In which 
Ihemlrcaldurmtern~rrime.and~hc 

hryr~zontal d x i s r c p m l s  rhfdlim=1t).of 
theFoupln th~rcw.lkhon~onlal 
drmmslon as proplrtioml r o h r  n u m b  

u r f a r n r l l a o f c s c h g m u ~ - ~ n ~ ~ ~  
complld b, variousauthon ~n Bmton 
i l s s ~ a ) . ~ a s h e d ~ i n ~ ~ ~ l ~ ~ ~  
M t k i z c d  &t~onshlps.'Agnatha' 
r ~ l u d a  c o d o n l s  (~cchaprw '1- 

- 
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ductinn to a~ ,,f plllaeontolom. you ran rcad Usrful web sit= ~nclude: h l t ~ : l ~ ~ " ~ m  ac.uM 

more dinowurs in an Uustrated ac- h t>s~d- s i t edp~ lmnt l~ ,  the P a h n t I  web Fager, which - 
,,[ hy hnton ( 19~9b),whcreas~uPletaut ( 1987)and have l i n k  to w i e t i m  lnbrmation pges ,  journals, 

Cnlkrt (1468) are wa&h!e accounts ahnul t h e  jobs, and m0*: h~ l imwr tpa lm 'o rg f '  the 

history nf %yrtehra,e palapontolow, expecially the premier international wciet)r For vertebrate 

heroichig-boneexpditions of the past. 
palawntologi~ts: http: l / - .ucmp.bcrkl~ .~u~ 

There am many of lahratov practice in djapsldddinolinks.htmL many links to sites dcta'jin8 

palrmntolw, including himr and May (1944,20043 how dinosaurs are cx~lvated and a h i b i t &  hw:/l 
venebrata, Ailrson and ~~i~~ E 1 9  11 and Lyman www.nat~onalgeographic+c~, ~a lamntn lq fca l  work 

(1994, are intrnduaions 10 taphonomy, and you s p n n m d  hy the SoccieP~i ht~::'www+amnh'orgl - 

,, read more 
a,,out ant, hirtov in ~ t a n l y  (1998). cxhibitions/ew&tiondindfl.html, curmnr expedi- - 

The mpthds of dadistics arc presend by Gtching rd tlons uf the ~mcr l can  !duseum of Hismry; - 
sl ( L498 1, ad paFe alld Holmcs (1 998) give a guud h t t ~ : l / w ~ . ~ a u l ~ r e n o . ~ ~ ~  a r r e n ~  cx@tions by 

overview of molecular phyloscny ,,,~fb~d<, smith ~ a u l  krenn;  h t ~ : l / m d a l l a d i n a o d d ' b i c d  - . 
~t account of cladistics ~ple of one of many 

ch~son questionsotthe q* omtory web sites; 

s do  a number af authors 'aleornap Prnjen ~b 

mim mo]ccul~ contributions to th 

rwy incnmpleu, many 
madc, dinosaur fwsils , 

in the Permian , .,...,.,, human for;sils he 
Miocene, shark fmsils in the Precambrian. doer . 
nor h a w n .  New finds are expected. For example, in 

1985, the oldest rnonotreme mammal fossil came to 
llgbtin the L o ~ ~ r C r e t r c m u s o f ~ u s t r a l i a ( ~ r c h e r ~ t ~ ,  

50" -", 300 
' O 0  ' 19X5). This ~OLSII extended the known r a n g  of 

monntremcs backwards in lime by mare than IOQ mil- 
$19-2.11 lhediuersrhut~nnollirhr~(a1 ~ndletrapods(b), ]Jon Years, but it rncrely filled a ~ s p  that was predicted 
~ ~ ~ ~ n r h r n u m ~ r s u f f ~ m ~ l r r s ~ f ~ ~ ~ h ~ ~ r ~ ~ p t h ~ u g h r ~ ~ ~  from the dadogram. New finds lmprmre our know!- 
rdata ( m m c h a ~ t c ~  in &run. Iwlal. M A X  extinct~on ewn~rars  edge, but they rarely revolutionire it, F o s s ~  dimerim 

since 1967 have plugged nianv gaps,and the quality of 
matchrng between tnail datm and phylogcnies has 
l m p r o d  hv 5% IRcnl~>n and Stnrrs, 1944). Perhaps 

each Of r h e g r ~ u ~ r . a n $  [heir rcI.ltivc rfivcr~ilv throt~gf~ palacrmtologisl-, can rcqt p,l,y,and frcrccly lnlc8rdte thrir fime' infl)rmarloll 1s ~htrwll 11, fmrO w3y5, as d inf~>rmatv>nalml~t~hc~lfcufrhepsrwirh #,eirsrudies 
s~ ind led l~gran i  l ~ l a u r u ~ .  lO).and . I ~ A  pa~rofdivcni- ofmodern orgnirms, 

vPlots(Figtrrr?. 1 I !that h~ghfight timerofr.rpi$diuo- 
5lfimti0n (increases i n  numberr) an$ times of 
extinction (dccfines in nlrmhcm). hlaftrr extinctirjn 2.6 FURTHER R E A Q ~ ~ G  
eventsaw hiRhli&ted. 

Butd* l l ~~ed iagrama inany -yacpr~x~mate lc  ~ h c r e a r e  many useful b ~ k s  that c o w r  bsk palacon- 
truth? i t  be that there are many gaps in the tological, geological, and palacohinlogical principlB, 
msi'rcmrd r h a t t h ~ a ~ e ~ t ~ r e l y m i s ~ a d ~ n g ? ~ t ~ ~ r i t -  Briw and C m h n  (2001) is an -lien+ mmph 

, point tm& by Nocell and P ~ K &  0992). dium ofshort articles on all uwts .fptaaobio]oR, 
Thv-ned that if they mmpared ~ndepcndent evi- and &"ton and Harper ( I  W f  J is a useful short intm 

of. 
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CHAPTER 3 GEmbrianVembmtr~ 39 

- KEYQUESSIONSINTHISCHAPTER - Cambrian of North America. and possibly also the 
sup~rficially amphioxus-lik Piktthria from the Mid- 

1 Whendidtish~arise~and wheredidth~comehm? Cambrian Burgw Shalt of Cmada. New discawries 
P Wha! are the dinerent kinds ol bane and when d i i  frorn -gjiang lMaliy in china l ~ ) ,  
bones and teeth m l v e ?  ttme sourn atso af many cxccptiomlly prcsemd bass1 

Where dotheconodOnaantlotherPalapomiciavlers dtuttrostomcs, haw extended the range of vertebra* 
fishes fit in the scheme of things? back to the Farly Cambrian (Shu,ZOR3). 
4 How did jaws originate? 
5 Why were so many Silurian and Devonian fishes sa MyIIokunmin~ia, 28 mm long, is streamlined in 

heaviuamured? shape(Figure 3.lla)).The head is p r l y  defined,buta 

6 why are many aed sandstone fish so wen possible mouth is seen at the anterior end. Dehind h i s  

arc tiw or six gill pouchcs. Up to ! 5  double-V-shaped 
7 How did the hbefinnedl nshes evofve, and which mprneresarnd along most of thclrngth of thebod!. 
group is closest 10 tetrapods7 Othcr internal organs inctude a possible notochord. a - hean wuity, and a bmad gut. There i s  a low do& fin 

dong the anterior ~o-thirds oftht length of the body, 
and p i b l y  a am-jateral  fin along thc p tc r i o r  
two-thirds. 

Theearliest mainsofFLT not hother vmrbmtc from C' 
show much of theb over; my & now known fmm over 500 
little can be deduced abo e of 1999,2M)3a), i s  asIcnckr,stm 
themare identified asver,Fvlrrrrrvbrrp vll ulr . Y ~ B T -  rnm long ( F i p  3.l(b)). The ,..., -.., ,,,, .,,,. . 
ance and rnicmlrudue apwlc thcrc is a brain surround4 
fossils from the Ordmic m k t i w - r k ~ e s ,  and six pharyngeal 
howcwr, are often prese~ ngabaut one-third of rhc length of 

deal of 6ne anatomical d,,,, ., ,, .,aible to Identify the M y .  T h m  is a notochord. and some spprimens 
nine or ten major fish lineag& in the Orh i t ian ,  show up to ten seprate squarish ekmrnts lyingacmss 
Silurian and Devonbn. Although some of thesc hha  t$c not&&, putative vembmc, which may haw 
would look familiar to ur, mon of them r e r e  very beenmadehmcarrilagein lifc.Tn back half tapers to 

different from modern forms P aslightlymundcdmd,andit isrnarirPdbyamiesofob- 
The kcyepisodm ofarly fish mlution seem to h a  vious, W+shaped myomerrs (rnusde blmks). There are 

taken plare during rhe Ordovician and Silurian tracrsalsoofstrvauresinterpretedasthchcart,gutand 

(443417 Myr), when a11 the major groups appeared, a wriesofgonads(tgg- ossperm-pmducingowns). 
but specimens bccorncabundant only in the ~ w o n i a n  Phylogme?ical!y, hoth Myiiokum~ingia and Huil- 
(4  17-354Myr). During this time, the early dominance ouirhthys are placed lor%. io the tree of vprzcbratcs (see 
of the seas and frctihwaters by heavily annoured forms Bow 3.1 ). Myliokirrtmingki was dercrihed (Shu er aC, 

gave way to thc mudern sharks and bony fishes and, 19991 on the basis of a singlc specimeo. and a xmnd 

mnndly,  the fishes p.axv rise to the land vertebrates. specimensuggerted toHou rta/.(2(102)ihatinhct My/- 
the terrapods. Of courx, terms such as ' f i ~ h ~ :  Enkfmrningia and Haikouichthys are a sinplc species. A 
orteichthyans and sarcop~ry~kans all refer to para- new won. Zlwn~iunichrhy, h. been added (Shu. 
phvlttic gmups because they exclude tmapods. Za03b), a small r c l - l h  animal with possible vertebral 

arches, IWO obvious ~s and possibtc na-t sac4. Shu 
(TIM?) grnlrpa thew t h m  Chcngjiang fishes in lthc 

3.1 lCAMBAlAH YERTEBRRTES Mflokunmingii$& 
The earliest wncbrates with had tissues art known 

Until reantly, theoldest putative vlrtebratcsprwe iso- from the l a t e  Cambrian-mnhna (see senion 

l a d  fragments of  d d  annour fmm h e  U w r  3.33) and isolated pieces of dcnnal armour, most no- 

ish small 
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I O X  3.1 BASAL VERTEBRATE RELATIOHSHIPS 

Therelatlonshipofme basalvertebratcgmu~taeachotherhavebeenmntrowrslal.Foralongtime,mbg~gmupedIha 
lhrlnglamprqrsand haflshestcgetheras~wtornaia The Brdcladist~cstud~es, hCWvK broks~pCycl3stomata,anddrs- ' 
nibuted the varrous clades of jawless fishes b e W n  the twa frv~ng group, ertheras Close ralafives of me nagfishes or of the 
lampreys frwiewed, Janvler. 1984. Makey. 1986: forey and Janvier, 1993). A mmnt mmprehemwe clad~shc amlysls 
(Donoghue efnl .  2000, ~llustratlon) conf~nns that myx~no~ds (hagfishes) am t h  basal vertebrates. Next rn the cbdograrn 
come petromyzomlds (lampreys). and then concdoofs. The pterasp~domorphs (astrasplds, arandasplds and heterostracans) 
come next,ahen the anasp~ds, thelndnnts, a clade of forms w~th a hsavy head shleld (ostmstmcans, galeasprds and plturl- 
asp~ds). and thenthegnathostom Thecladlslrc analysis hrghl~ghts rnanv rnoroholwical characters that me shared W e e n  
IamprPys and gnathostomes and that areabsent In hagfishes 

There IS, hawever, a m j o r  discrepancy berween this result and I liar ~ ~ k .  AMW based on 
rRNA (Mallatt and Sulrin. 1998), nuclear DNA (kraku efal. 1949). a! of genes (Furlong and Holland. 2002; 
Takerak~ eta!, 2W3) strongly s ~ ~ p p o r t C y c l o s t o m a t a a s q u ~ t e d ~ t r n c t l r o m ~ ~ ~ ~ o m a ~ F u t u r e w o r k w ~ l l  focwson mob- 
~ n g  thrs dlserapancy ~n r ~ u k s  IS Cyclostornata ual~d. and hence the morphot~gicalchar wmngly coded, orare 
they nght and thc molecuhr results somet 5' 

8 
s" 

V 

Cladognms shwrngthe pMfulaled reht~omhipspllhe wanlnslshes and lhe Gflath~lamata (yanedlrshes) hedon morphobd 
&aracteR 5e Box 1 7 lor cwnextof Vertebab, see Fqure 3 12 Inr phylopeny of Gnalhostomala SdmEted smpormrph~es horn Donahue 
dal (20W) AVERTEERA~ neural crest. bram, Optic teCtUm lfl Ine bra~n unpalred An supports closeb set patred MaEtorycapulff. at 

ban one Waf Sem#cartular wnak. B mnnsrcaye rnvsculature. w o r  rnnresm~c~rcufar canals. ssnsorl, l r w f e m  wrth neuromasts, 
elecfroreceprm cells g~lls smmefrt~,  open hlood system. arcualia. bralnm !Mhlatenl mlls, sexual dtmo@lm: C. WICIM 
&~ma~$keletgq. D, rers$dbrn, v#fl1al$4nl1crl~uQr Cdnal$lormlnq Ipppi well Wwrafe from MB ulr~cle~trurlk d~rmal &sleton 
E FKTASPIoOMQRPnl owlear-sha~tubercles.f. cancellar hyer m exmkeleton large unpsrred d o M l  and wmml dam1 L ~ W  mhead: 
G patred tins or l~rr folds (r-d m Galeaspida], H.sensory l~neanclnssd m carnlr (shared wth Hetemsmcrj, Operular flaps assacratcd 
w~th plllopenmps [rwe& mGnathostomata arrdtaleasp~da). dorsal Sn Ishand wm Pe~ron-wzont~da] I. hue lateral head ern, 
nsurocmlum snt~rely doseQdomlly andcovenngllw bran, occrput mcloslng m ~ a l  mrues lXand X, perkhontlral bons, globularcalcllisd 
wmbge J.grll openlws and mouth vmfnt~l. msrve  endoskeletal head shield wanng the grlkdorsalb 





achieved a great diversity of forms and sizes in the 
Cambrian to Devonian periods. The main groups QT 
jawless fishes, in order ofacquisition of key cliaracten 
(see Box 3.1). are the living Petrnmymntiformes 
(lampreys) and Myxinoidea (hagfishm), the 
Conodonta, the Ordovician Arandaspida and Astraspl- 
da, the heavily armoured Heterostracr, the Anaspida, 
the poorly armoured Thelodonti, and the amourcd 
Ostmstraci, Galejspida and Pituriaspide. Thc ar- 
moused jawless 6shes from the Early Palaeumic arc 
sometimes grouped loosely as bsttacadcrrns; a term 
with no phylogenetic meaning. 

:roups of ja 
:ids) and the 
ax of the Vet 

Two living dcss fishes, the lampreys 
(Fetromynoni hagfishes (Myxinoidea), lic 
cfose to the b, rebrata and they may share 
more primitive fcatureswiththeir Cambrian forebears 
than the other Palaeomic 5shes. Lamprrys and hag- 
fish- are very diAFPrent from many of the extinct 
jawlcss fish- but ~hty are unique in perhaps showing 
ussomethingofthe Farly Palaeozoicwrld,heforc jaws 

existed. Both grclups haw elongat4 Mi- ,  no bony 9 
arrnnur,nnjawsand no pired fins. 

The 30 or so species of lampreys all spend some of 
their l~fe in freshwaters w h ~ r e  they bred. Most ate 
parasitic, and they feed by attaching themdvcs to 

ofher fishes with their suchc-like mouths (Figwe 
3.4(a)), and rasping at the flesh. The muth and oc- 
sophagware withln a deep funnel, which is  lined with 
small pointed teeth that permit hrm attachment to the 
prcy. There is a fleshy protusible 'tongue: which also 
bears teeth and which is uded in rasping at the flesh. 1 
lrrnprcys (Figure 3.4rbJ) have a single n a d  opening 9 
on top ofthe head that runs into a pouch beneath the ' 

brain, large eyes and two veniml semidrmlar canah 
in the internal ears on tach sidc. Thcrc b a11 internal 

skeleton consisting of a notochord, vertebra-like 
structura an attached cartilaginous skull and gill 
arches,and fin rays, 

The marine hagfishes (Figure 3.4(c)) look superfi- 
cially EikPlampreys. but theyllw in burrows in sohsed- 
iments. Wingon invertebrates and decaying carcwes  
on the sea- bed. Ha&hes have a single nasal opening at '2 
the wry lmnt that connects dimtly to rhr pharynx f 
[Figure 3.4(d)). qu~te  unl~ke the lamprey nmtril. The -L 

ev* SJKLt c *. . . . . , . . 
I I V 

cloaca apeoiogs of g~llexlts 
slime glands 

notochord nampharyngeal duct 

Ibl pharynx teeth on bngue 
Id) 

ng. 8.4 tmngjmkrs ~ e s :  (a) l a m p ~ , ~ i n ~ b ~ a t w h r n e n ~ r n ~  b~myfi%h, end ~ b l  Imgirud~d 6" ofanteriormd ormy: (c) 

~ i f i c b a s t i s h + m e m a ~  lakralvk.volbndy.and (d) hgitvd~nal smlondanterierend ofbndy (Modified from bunE, 194 I, and orf,cr 
SoUKex) 
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eyes are rcduced and often covered w ~ t h  thick &in and 
musclc,and tlxrt isur~l?u~i~wsr~~c~rcularcan~lt~n tach 
side.The mouth is ringed with sixstrung tentacles, and 
!"side it are twopairso~hornr.platesbearingnumerous 
small keratin taothlets that can be pmtrwdcd with the 
mouth lining. This apparatus can bc turned in and 
out, producing a pinchingaction with wh~ch the hag- 
fishcscangraspthefleshoFadcadordyingsnimal.Thpy 
remove a large lump nf flesh by holding it in a firm 
grasp,andty~ngaknotmthetail,passin~itfonvardsto- 
wards the head, and bracing against the sidc of their 

P V .  

One ofthclongesr-lived gmupsofearly vertebrates t hr 
conodontrwerr identifrd withmtaintyas Frshesonly 
in 1983.Conodont element~srnall(0.252mm) tooth- . 
UP sf~ctures made from sprtw, have been known 
slncc tR56, and they arc so abundant in many marine 
rocks from the ZatcCambrian to theendoftheTr~assic 
that they are u d  for stratigraphic dating. hnicular 

mndont specirs, and proups of  spec i s  are charact- 
c r i s t ~  ol' er la in  s t rd t ipph ic  m l l r  dnd theI Cunr~ 

the basis of a worldwide intmnatioml standard of 
relative dd.lng. Over  he p r r  these small phosphatic 
fwilr have been migncd to many croups: annelid or ' 

nemertcan worms, chaetqnaths (arrow worms), 
molluwr. representatiwsof a wpararrphylum, or even 

nine Further 
wrgh rocks(A 
!WQ),aswell 

plants. 
't'he enigma was s o l d  when the first mmpletc 

cooodont. Clydaqnatl~us ws reported fmm the Lower 
Carbontlcrous of Edinbu~gh I R r t g s  81 al. 1983). and 
s111ce then speclrnrns h a w k c n  locatkd in 
the td~nbi Idridge t tn l . .  1993:~hnoghue et 

nl., 1998.2 ssd~ffeerrntcondont rsa  from 
the Upper Ordovician uC Suuth Afrira aml Ihr Luwcr 

Silurian of Wwnsin,USA.lhefin , p i -  
men (Figure3.S[a)) is a 40.5mm~or *NIT 

that appearstoshowxve+ chordatr ~h i f i :  
a head witheyes,a nn!ochordandm~ imcn 
5 (Figure 3.5(b)) provides additional cvidcnce of the 
large eyes, incl~~ding cartilag= t h t  suupportd tht 
eyeballs themelvcs. Behind the'eyes inspecirnetr 1 are 
possible remnants of  the otic capsrlles, structures 

t Edinburgh I 

~g ccl-likqcre 
: spapornor! 
rwmeres.~bec 

Flp. 3.5 Thrionodon~rnimI 
( l~da~r~athrr  fmm the h m  

trbomfcrousCnnton Shrimp Bcdof 
Fd~nhuqh.k&nd: (a) ~petimm I: Ib) 



~mred that t hg . r .mindn l  complex ierdrng ba.Lcts 
dlv~sion Into V-shaw t~sue bl&, or m p m o r .  

More recent work has mralcd mrmwear pattern, on 
(Figun3.5). muwle units that o~nmcied on ilwrnan 

different conadont eImmts,  which demonstrat= 
s idn topmtdea  powerful eel-likr swimmint rnolion. 

thai thry functioned in feeding, in reinng prey 
Conndontr had n a r m  rail 6m a$ r h w n  by t ~ a ~  

u 
10 rnm 
,- - 
w) np 3.1 Thrmndontanund(s>ammP& ---- 

-%----- c n d o n t  a p p r a r u s n f r h r ~ ~ &  by 
S - y d a ~ h r t ~ s h w ~ n g d ~ t ~  clrmsltr 
(RS.andMrvprrl.andfDcaljonofthc 
apparatus: lb) m a r a t ~ o n o f ~ w m  
I~fe,+owinglhrcycsmd thtd-kLktbDdr. 
ICourresyofMarkPurnell.h 
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tmceson either s~dc  in mmrs~imens(Figure3.5(a)). 
Overall. the condont  anlmal looked vcry like a small 
Iamprcy ( F ~ ~ u I P  3.6lb)E. 

Tbr amnitits of mndon t s  have Eongbcen debated, 
and the new whole-body specimens did rmt at first re- 
soIwrheissue.Theconsensusnowisthatcondontsarc 
wrtcbraterand morederived thantheextantlamprcys 
and haghshes (see Box 3.1 ).Chordate synapornorphi~s 
are the notochord.thedorsal nerwcord,the myomeres, 
the tail and the midline tail fin. Verwbntc qmpomor-  
p h i  are the cranium in front of the notochord, the 
paired sense organs, the rxtrtnsic eye musculature (ab- 
sent in hag6Bes) and the caudal fin with radial sup- 
ports.'Ihedrntincandmamelof wnndonts,aswell as 
the with their sclrmtic eye q s u l e ,  presumably 
d e v c l o p R d h n c u r d c ~ e ~ ~ u ~ o f f h c ~ r l y c m b r y o ,  
aclear~en.cbrate feature (we d o n  1.4.4; h o g h u e  
~f LIL, 2000). Conodonu are more derived than living 
tampreys and hagfishes, as they share the prrsrnce of 
bone-like calcihcd tirsue with other wttbrates, and 
t h m  are at least ?m rypcs: dentine and mamel-like 
t i m .  

dentine capped with enamcloidThe tubercles are type- 
cally star-shaped over much of  the body, hence the 
name &:rnsprr ('star shield'). 

Sacabambqis fmm Bolivia (Gagnier, 1993) has a 
head shield (F~gure 3.7(b)) made h m  a large dorsal 
(uppcr) plate that rosc to aslight ridge in the rnidIine, 
and a deep curved ventral [lower) plate. Narrow 
branchial phtm link these two along the sides, and 
wver the gilk a m .  Lon& strap-like mles  rover the 
rest of thc budy behind the head shield. The eyes are 
far Forward and between them are p i b l y  two 
small nostrils, and the mouth is armed with wry thin 
plates. 

The fossils of Sucuhmhph and Artraspis show 
clear cvidencc of a sensory structure that is peculiar to 
all fishes (exccpt haghshes)-the l a t r d  line s).rrpm. 

This iq a Einc of open pores within each of which are 
open 3 that candetect slight movementsin, 

the r .ed for examplc by predators. The 
arrar bese organs in regular Iinclr allows 
the fssn ro aetea me direction and distanm From which 
thed :omlng. 

.. . 
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After theCambrian radiation of basalvertcbrates, with 
and without skeletons. and the conodonts, a diversity 
of groups of fishes appcarcd ill the Ordmician, but 
most are npresentcd only by dcrmal elements. Two 
bgnathan'dadm. the Astrasptda and Arandaspida. are 
known, however, from marc complete specimens in the 
WpperOrdovlcian (Sanwrn aal..2001). 

Astraspids and arandaspids arc small fishes, about 
IWmm Inn& Thw have a mobile tail covered with 
small prntrud~ng pomtd plales and a massive bony 
head shield made From several large plates that cover the 
hcadand moa ofthe M y .  

Asmprshm Nonh America (Sanmm el a!., 1997) 
has an extensive hcad shield corn& of a complex of 
-rate bonv prates that surmund largccyeson either 
side, and a scrie of tighr scparate gill uprrrings in a mw 

(Figure 3.7(1)). The b d y  is oval In --section, and 
mvcrcd with bmdmlappingscaln,butthetipof the 
tail is undear.Thcbon)r plates are corn@ of aspidim 
(see m i o n  3.2) mwnd by tubrrdes cornpod of 

Thc hetemstracans,a large group of some 300spccies, 
radiatcdextensively in thcsilurianand brlykvonian.  
n c l r  hmd shields varytrcmmdouoly in shape amonE 
different ~ p x i e s ,  and they a n  distinguished from the 
zslrasplds and arandaspids by having a single exhalant 
openingon each sidelntowhich thegillsopen.Hete~s- 
tracanc all have in common a broad ornamenred plate 
on top, one or mere plate on etiher sidc OF this,and a 
largc elemcnl cowring the undcrside (Hnlstcad, 1973; 
Hlleck, 1984). Hetrmstracans are groupEd in a clade 
with ~straspida and Arandaspida, the Ptwarp~domor- 
p h ~ ,  ar all share the spanapumorphy of aspidin on thcir 
dermal armour plates (Donoghue el QL, 2000; sce Box 
3.1). 

Thew were four main group of hctcrosh-a~ans, 
rhc cjathaspids, arnphi+s, pvraspids and w m -  
mosteids. The cyarhasp~d~ such as Anglarpis {Frgure 
3.8(a)), ax mmpletdy e n d  in bony plat- and 
=ales The dowL ventral and branchial plam lor 
shields) arc broadly similar in shape m those of 
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.?~brrnrhrcpis and they bear an ornament of namm The p~craspids of the Early and Mid-hwnian are 
. . T b . ~  -.J . cs. Thc bm@ portion IS mvcrcd with large much berter known. with more than 25 genera, which 

rds lihtheslateson the ~ h w  confiderahfr variation in thc $hap or zhc head 
ot house. There Ir na sign of fins or paddles, SO shield.ln Err1wsplrIF1~~rc3.8icj) t f i e r ~ . i ~ < I n r ~ ~ d < , ~ ~ ~ l  

cn>>lr.+i.lns must have swum by rnwing their tails and ventral pfa~cs, the Ilnklng hr.anchia1 plnte,~r wrll as 
n~ ~ l d r  to sidr, a rather cIumsy mode oflwomorion a carnualplate a! thc sidc,an orbital platcarnund the 

' .L-. .-.I sourand theinabil~tvto eye, a mstd plate forming a puintrd 'snrrut: qrvetal 
ectlonof movement. . . small p!ares aruund the mouth, and a dorsal 5plnc 

lletefurion of the head pinr lng backwards The rest of the body 1s covered 
inglecarapam,and the with small Y ~ P E  that look more likcmdcrn 641 rnlcs 
gestedthattheamphi- than the bony plat- of earlier forms. Thc tall is 
emud wheresight was f a n - s h a d  

>.H(b)). a long tube at the h n t  of 
~irh the mouth openir - 
LindoP'snork-" ' ' 

r - -  
ms. such a~ Egfonaspls (Figure The psarnmwteids are much larger than other het- . - 

the carapace ernstracans,sornetimps I .5 rn in width,andthcyarc flat 
ig at the end, pwsibEjused as a (Figure 3.RCd)). They have several rows of small sate- 

a m e n  o u m n g .  plate caIled tessrrse tying betwmn rhe main shields. 

TheJmvless Fishes 49 

-. . - . . . . 
e plate p 

I... , . 
FIq. 3.8 Hrtcroaracaner [a] Aylarpk (b) &~erpLdonalvicwoIhcad shieldand unamracofmouth mbe;(c) rmvarprs; 

[dl Dqunmspir. (After Mey-Thorn d Mila 1971.) 

TncflatteningofthcMyhasp&ed theeyeswellapart 
and turned the mouth upwards. Drepa~sph looks like 
an 'explded' ptenspid-all the major plates are the 
samr, but they have movedapan. 

Feeding in hr~rrvjtlacans has kcn'contwcrsinl: 
did thcy snap up largish prey items, or did they 
plough throush the ua-hed mud? HeteroWacans have 
numerous overlapping h n y  o d  plate  In the bast of 
the mouth, but these do not show wear at the tips su 

they could nor have been used for ploughing. The 
oral  plat^ are also c u \ e d  wlth tinvpointed dentick 
that porn1 c~utwards,and~h~~would prevcnt largafd 
partrc l~ entering the mouth. Purncll i1W2) suggrts 
that moqt hheterostracans swam al>ove the sea-bcd, 
taking In small prey items floating or swimmlng In 

the wdter. 

The anaspids and thelodon& were modest En sim, had 
limited armour, and their effrnities are unclear. In 
recent cladistic analyses (Donoghue pr aL, 2000: 
Donoghue and Smith, 20011, anaspids and (same) 

galeasp~dc and hi~her forms (scc Box 3.1). Anaspids 
are,known frum thc hllurian-and Downtan (Rkom 
er dl. .  2002). P h q n g o k p ~ s  (Figure 3.9(a)) is a crgdr- 
shaped inirn~!i00rnm I~np.  with a terminal rnn i t~ l i ,  
small eyes, a single.dnrral nostril and a covering of 
irrqular rcales and plates in  the head region. 'rhr 
body scales are long and regul~r, and arranged in 
sewral rour. There is a pectoral spine and two pairmi 
fins beneath, and a tall fin on lop of  the downwardly 
bent tall. 

'Thrlrnlamts nrc'known mdinly from iwlard LICIIR 
tn the~rdoviclan,sndabundd~lt scaksand rarer whulc. 
spcclmenqtn Upper Siturlan andhwer D c v o n ~ a n r ~ h  
of varlour p r t s u t ' t h e  world ( M;Imand Rit<tl~c, 1998; 
Dunughue and Smlth, 1U011. Pklclwlrpis (Figure 3.9 
(b,cl; Kitch~e, 19M) i s  70mm long.with a shghtly flat- 

t c n d b n d v , a b r ~ d s n o ~ , s n ~ y e a t n c h  sideand a wide 
rnouth.Thercare lateral flap,a dorral and vcntral'fin' 
near the hack, and along l ow ta i l  6n. Thc h d y  is mm- 
pletelv m v e d  with small sca l~s ,  and tbrre is no sign 
of bone shields in the head region at all. In certain 
thelodonts, t h m  are eight small gill opening beneath 
the lateral fins. 
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stomach, seen also In Titrrnin (nnn~ghup and smith, 
IW1). and this suggests that sume theltdonts at 1- 
mrtdepns~t-feeders, 

and nodules arc usPd to identi5 theldont s p C c l ~  
based on iwfated specirnenr In crnsr-s~ction / ~ i ~  fig. 9-10 Ostmaraons la. bl and 
3.9~f))~thesca~cts~ntukmadcfmmdentlnemund g a b p ~ d s ~ c )  la1 H e m q ~ ~ p l s l n l a d  

an Wen pulp cavity. ;*r fn a tmth, atthough i t  Jack , a d  d o ~ l  v imofhad  &dddd. (b) 
cnamet and ~t shows the typical mrnposirlon ofsca~a ,dmtr-h~dah~cld d~mrity; from 

andtuherclm of manybawl vrrtrbrate<. left to nght. Bormfprr: B m n n ~ r p r *  
~ T S  and Sckmd4 
( , ) g s ~ ~ p d  hcprishdddiwssity;from 

35.6 Osteostncihnd rela1 
kh to ngh?, h g a h p l r ,  %-& 
h g m e n s b n ~ $ p ~ a n d  Hanmnarpk 
[ F i n  (a) sRcr Moy.Tbm=md hfllm. 

Three dades of jawlek fiA4 19:1;(h) h a s ~ d o n G ~ ~ . 1 9 5 1 . ~ ~ )  aft= 

Slon of a massive head sh 
dorsally and ventralry-op 
i.e. the Osteostrad,Galeasp, 

The Ostmstraci, ~ncluding some 300 of pmcesscs ( F ~ ~ ~ ~  3,1(~(<)):  cornua painting jawless formsin lerms~f  dletsana r--nandllngt~h- 
ln  the Ordovic~an, and radiated in the Lao a'hsmmcr-head'rostral spine, and pointed niqufi Jaws allowed pibthr dupt a wde 

D w n i a n  IJanvier, 1996).The wr snout that longer than the head sh~cld I tsclf range of ~ r e d a t o ~  modes of st rlme: only 
tebrates with paired fine They are heavily kme forms elso hew vqlonglatcral spines that may jam an grip a PrcY Iten low it to be 

the head rtgion,and most have a f l a r t cned~u&~~ i -  havt aaed the wingsof a %lid= durlngswimmmg, manipulated, cut ctmnl~, Frounu up. They *'u' 
rircularhead shield A a p d  rathcr like the twofaboot, to maintarn a my p i b o n .  Galeaspids lack allowcficlentsuctlonfeeding.Howdld~~~~~l~~' 

pired fins Galeaspids haw their mouth just beneath 
th shicld,and they haw a slngle nostrd at thetlp of 

OSteDFtracan~ adopted a varrct? of forms, ranging 
Some'ddontcfmm~heEa~~~ Dmnlanofnorth- from an elongate bullet shape in romp mrlvexamplPs. the floor of the braincase. The mend gill arch mlghl 
Canada and a d w e d ,  1998) had a dtep, to rectangular and h-aponal films some ~ , ~ O R ~ G ~ R O F J ~ ~ W S A M D G H A T H Q S T D M E  'arcra''y b o d y s h a ~  (Figure 3.9fd)). The backward-p>r,mt~n~ splneq, o r  comuq and one em RELAT IOMSHlPS Vart of the uwr jaw, and Meckrl'r rartilav. the 
jS d q a n d  gvmmancal. with an u p  and lower with a \on8 rostr snt (Ftpurc-3.lfl(b)] w r e o f t h e ~ ~ t p ~  (mndible) Thethirdalllarch*1s 

lobe- The MY surface bears wvml  d~fferent fie glmspl brkable foss~ls from be fie ~ ~ ~ ~ ~ t ~ ~ ~ a ,  the j a d  wrtebrates (a11 fishes then s u p p o d l ~  mdlf i td Part to provrde a 
bnds of de& and k n  gill opmlngs m d  In an Silurian and ] ' China and Vietnam and than 'agna&an;), am marked by bone and a mandible bone that formed Part af the law 

h e ~ y e . ~ h e  fossils are enough (Janvlcr, 1984, 1 ---,. ......, havp b m d  head ahleldr. the possmioion of jaw a ha- that opened an enor- joint, the hpmandibdar in the skull and the amt0- 
preserved to that these thelodon& had a large b ~ t ~ t h e m s h o w t h c d e w l ~ m ~ ~ ~ ~ f ~ ~  impmiwarray 

mous number of adaptive pathwaF that were closed te h ~ a l  in the lower law. 
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mc most n~tabls fsatwres ol the wphalasp~d head sMeldars to be ssen lnslde Tha b o y  pans sndosed much ofthe bntn 
and$,y,sory organs. aswellas parls of the blwd c~rculato~system and dlgesnve Wm. me bram and rtsassoaaled cranial 
nprves. the malor n e m t h a t  serve the vanous parts of tha head myon, have been recomtmetwl b~ the Swed~sh pataeontol- 
aglst Erik Stensro (I 927) w~th a blr  degree of confidence because ntthe eKtenslw bony envelope (Illustratim (c)) The large 

Certain Of the cephala~ld *eostraans, such as Hemyclasps (Flgure 3 io(a)) and mhakpl$, are edremely well pre- orbrtsand~nnerearregfmareqvReCfear Even Vlesern~c~rcvlatca~lsof the tnnerear,2heorgansofbalanca.~anbeseen The 

semed-andlthasbenpossrbletoedm*a urea1 &I of aoatom~cal and blolaglcal 1flfrJmahnn from thespecmens stem Itself is b t e d  In !he rn~dlm, and rt was made lrom Ihe three maln porllons seen m prlrnlt~ve Snng fishes, the 
me 5urtace ot the head 5hreld bllustramon (a)) shows fwo oval opeorngs lor +he eyes the orblls and a Mrmw medflfla atthe backwhlch leads into the spinal cord. the pons tn the m~ddle, and thetelanwphPIon (forebran] ~n front wlM an 

Ireyhola-'Ike slit In front Of in the midine, the nasohypnphysial apaning Behind and s!rll In rrdllne. trny 
elongate ~pophyslat  sac running fo~lardsfmm n The c ran~ l  nerves I11 (eye movement). VZ (moulh and Ilp region). "11 

Pinsal npsningv assacrated with the prneal gland ~n the bra~n that mlgkt have been tlght-seflsllrve, (facial). IX (tongueand pharynx) and X (g~ll slltsand anler~or'body) have been ~denl~fied by cornpanson wtM llr~na veflebriltes. 
Thereare Ihree swiarlMareas on the bead $held marked by small set lo s~rghtdepresslons, Me TheIiw bmadcanals running from thelatwalsensoryfields toIheuestrbwleof the lnnerear show clearly(illusimtion (c)). 

mrdllne behlndthc~rb*ts.andth~~b~e~lflelds{~l~usltrat~on (a)) They 
might have had anaddlfronaj smsorylvrrctrpn, These An anaiysls of the locornot~on of cephalasp~ds (Eellwlsles. 1987) has shown that thay wers capable of swsta~ned swim- 

are connected to the audrtory reglon of the bra10 by large canall mlng, s.hofl bursts of fast IWomotlDn, and fa moewnng. rather Iikesharltslhat llve on or)uslab.3ve thesea-bed 
at may have Iransmrned nerves or cm- 

talnedfiuld me fieldsmay have lunct~oned tn detecting mommenls shpe  of the head In slde vrew I?. an aem wards movement would haue tended to p r o d m  I ft.Wben thetall 
water. or byweak elmncal Irelds, by4 elther by physical drsturbance ofhe 

beat from s~de to side, a produced a resunan r a  the rkh forwards and slightly downwards (~llvstramon (d)) The 
notches On sidaat ths back of the head shmM a,. ,,,,,,, the pecbra, fins (illvsrralm and 

dmwards componenl was produced by lh ielw upper lobe nnhela~l,  but it wascounteracted by liiat !he 
wnted cmua Nn back O n  ellher side The underside ofthe cephalasp fllustratlon Ib)) shows a large at 

head end, and pmibly also by the pectoral fins. 
th front wm a broad area of small ventral scales behind Amund the Cephalaspld fossils have been lound tn freshwatersed~rnents Corn streams, l a k ,  and deltas, and ~n marlne sedrrrtents 
on each s~de. Gale field areelght to ten gill openlngg They m w  have rotaged for detnhl rnanar on the bottoms of lakes, moving by plrt lr~~tben bod~es along wTh the hemllscvlar 

mml tins They could apparently also swim lor long distances, hawmr, In search a1 new fmdmg gmunds, or nprdh to 
escape predators. 

Anatomical evidence, however, sugpfs that thc Dmlopmend gcnctlc studta of mice fwpew 

gill-arch theory not hew simple in rcal~ty.Thcgill et a l .  2002) show that the first branchiat arch h a  

larnellne in lamprrp  dewlop merllally to the support- mandibular and m ~ l l ~  bu lgs-  Precursors o f  the 

,ng ql,,-leton,whemas the gills ofgnathostomes develop Xleckcl's caflllage and the palatuqkmdrate rW'cctivclv. 

laterallyto theskckron,sorhere musr hacekbepn a tran- The I l v m r u ~ ~  l;r:lo DL-5 and DMcAt for jdcnntv 

slrlon from Internal ro external glI1 arches before the and an temp te r l o r  m m t a t l o n  of d lower 

laws el&&. hlallan (1999) has argued that laws jaw.  Cnathwtomes show nestR aoion: 

e~olved first for breathins the mandibular hranch~al they pwsa  t h m  Pairs of DL genes 

the Frc-gnathnrtorn~ enlarged first to improve that come into Play $Wen t l a l l ~ .  t a m p y  

Intakeof ~genat&lvater.Onlvlafchw~th thcew-  expression in their hranchid arch- but the action is 

lutlonofnuct~onf~~lnp,did~he~awstahona leedtng not nested, so indicating perhaps the condrrlon in 

prc-gnatho$tnrnm. 

lheorv 1s probably incorrect SKuraIani bal.. 2001). In 
gnathmtome, ihe )aNs derelop Fmm cells that amsc 3.4.2 IwuntracMtsandgnath~t=m= 
~nltlallr fmm rhc neural crest (see secrtnn 1.4.41, and rrlationships 

t~ml lar  cells are seen earlv in dcwlopmcnt of rhc 
lampw fn the Imprev, how-, these cells go o n  to The palatoquadrate in gnathostnm i s  ~gcneralb 

develop lnto thc uppw I lp  and velum, whe7eas in attached to thc w i m ,  the main prtion of 

gnarhostome5 lhpr bmc the precumr of thc jaw, theskull that e n r l d  the brain and sensoryorgans, I n  

~h~~ is evIdenm for a -,or rrpattmlng prom- that various ways. In early sharks, such as ~ ~ d ~ s  from 

happPm during dcvdopmmt,and this tmplies that it is the Uppr CarbOlYlf~~u~ of North -4m~i*l  ( F i ~ r t  
wrongtocxpcctto~pwEursarsofjaws lntheadultsof 3 11 (h)), t h m  is  a double attachment with links fore 

jawless vertebrates and aft.the amphi@< condibon. 

. .. . 

'the upper an' 
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shells werr. mohilc. Them wab a sph-ial ncck joint that 
~ l l t ,wcd  the anterior portion of the head shield to he 
lifted. Placoderms wcrc the first vertehmtts to have 
p a i d  pelvic fins. 

The Placodcnni includes six ctades (Dentson, 
1978: Goulet and Young. 1445). lided In phylogmetic 
sequcncr from most basal to most derivcd ((;ouja. 
2001; Smith and lohanson, ZOOS]: Aranthothoraci. 

GNAmOSTOMATA ~h~nanida, hntiarchi, Petalichthyida, Ptyctodantids 
andArthrodira.Thcanhrdir~formthelargeagmup, 
and theywiIl bedmribed in most detail. 

np. 9.72 Clado~rnm shw~ngthcrdatmshipof the main 
grouprof)avcd bhcs.badon b h s q  (1986l.Juicr [I%), 
~omghuc Hal. ( ~ ~ ~ ) , G a t a r n d S c q w i r a  <2mla ) ,ad  

Arthrodira 

Goujrt /2@31). Set Rox3.1 formlaofGnath~~omata;= 
wxja lor d~ar~plcrygir.Sympcmorphin. A thmd~res, nmrly 200 genaa, makc up more than 
GNATHO'STOHAT~~~ m m d o f a p n m a v u ~ p n  half of all known plad-, and new taxa are st i l l  
( p ~ a i o q u d n ~ c )  a n d l o m t ( ~ I ~ k l r e l ' ~ c a n i l a w l ! a w c o m ~ o ~ t ~  being found (xe  Rot 3.3). The Mld-Devonian form 
s~~~oninghyatdarch (nor in pbcdmr),xparatemdoskeler3E Cmsreus (Mlles and WcstoII, 1968) has a trunk shield 
Fctoml n d  pelncgirdlmand fin bkd~om.basa!s a n d  radlak 
Npportlngdorsal and Cmhorrmntal mnir,rruhrcsnal: that mvmonly 

~artofthedorsalsu*ace~fln*itdds 

aumran~um cnrptfroma dm~alhml~f ru ionofn~ lcapmleto  the hack as far as the qion IFigurc 
rcatofthccho&ranium,~taIolnnr*ion bnwecn 3.13(a)).Therearepaimd pccforalandpchic Smr both 
p l a w ~ d r a r c ~ b m i ~ i n r r r n s l m u s ~ m ~ l e i n s c r ~  supporttd by l~mb girdle% but much smalla than in 

in a port&mpositlanln kmbiu,supcriorand~nfrriorobhque sharks. The tail is heterocercal, and t h i s  a long dorsal 
vc murlewith an a n t m r   don inrhc orbit.,C,ventral fin.7'heFteriorpart ofrhebdy ~scwercd with small 
~ r s n ~ a l  fisrurr,glosqharyn& n e w  f m m  dtsdanaliy srales, but these ate rarely prcxrved It is likelv rhat 
porrcdortootic capsulc,phrobl  prnss, ~ n t e r h ~ l ,  la~eral 
tincpawlhmugh m l t s p a ~ d  fin radials barcl?cxtcnd b n d  

Cocc""'lr war a swimmer' 

ltvd ulbcdy wall 
by'la~eral sweeps of i t s  tail and posterior trunk. Its 
fla(tcnedshahapesuppt5, hwm, tha t  it probably lived 
near thebottomofsear or lake< 

The head and trunkshields [Figure 3.13(bb c ) )  con- 

of ord-cian to permian, and the Placoderrni of sist of several plates, and there isa gap (the nuha] gap 1 
the 5ilu- and Devonian. PlaaDdnms am generally herween the head and trunk shields at the of 

rlnkd as the b-1 p~thostoma, then chon- hinging. T h e  lower jaw plat-join weakly thernlddlc 

drichthyans, and acanthodians and osttichthystns are (Figurr 1.13(c)), and their dor-1 m a r ~ i n  i3 worn to a 

, palredby anumber otsynapmnrph~es [Figurn 3.12). sharp edge against a s e r i ~  of eight small plates in the 
upper,aw.~hmearenot teeth.but theywear intoequal- 
ly eliecuvesharpbeak-like plates that would haw been 

The amphistyli< Pattern has been modthed in two hynrnandihular frnm suppon the to hse 3.5 PLACODERMI: ARMDU'A-PLATED capable of an effectivecutting, puncturing and crurh- 
ways. In m d e m  fishes, the palatquadrare the palatquadrate firmly to 

the nPumnium, MONSTERS ing action. True teeth have been claimed in the 
mnfaastheneurocraniu~atf~c~ntonly.andthejaw autostyl~c condition. n I s  is typical of fish . arthrodircr (Smith and )ohanson, 2003), an unexpect- 
joint isentirclyb~cedb~theh~m~dibular. 0 n  own- groups, rhe chlma- ( F ~ ~ ~ ~  3, I I [d l )  md lunghhes ~h~ ostmtrpcanr and hrtctpsrwas (geg above) were ed d~scovery,su~~stinp; a sepaatcori~inoftmth in this 
ing the h p  the pa]afoquadratt can ilidc fonuards, aswcu asthctetrapodr. not heonly heavily armowed tishesin Silurian and De- cIade and in the 0 t h ~  gnathwtom-alth~ugh thlshm 

g a p  cWEa tfal., ZW(~).T~U is the L~ving gnahostomes in the dadcr vonian ~h~ p[a&ms Found larely in the De- been disputed (Young. 2003). hthmdlre teeth ar< 10- 
hyastyiic isw s"vnsion condition (Figure 3.1 I(<)). Chondrichthycs and &nichhycs (holy &he and vonian,boK bony carapEcs over the regions of cated lnslde the mouth,khind the main rhearing bone 
The second modification has to exclude thc tetrapods), and t m ~  minn clad& the ~ ~ ~ ~ ~ h d i i  their heads and shouldem, but in all c a m  these bony platcsattheedgesofthcjaws. 
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fhe Gagn localitfin Western Amtralla, of late Dmhn age, has produced some of the most spectacular f3ss1l fish= ~n the 
world. ~nclud~ng 20 speciesofarMrod~m The speclmensare preserved unerushsdand tnthreed~meflsrons. Fossllswerekrg 
mlleded on the lands of the Gagocattlestat~on~nths 1940s. but lhe~r true qual~tywas not realrzad atIrrst, because a greatdeal 
oldetadl was lostwheniheywrecleaoedusinpch~selsand needles ltwas only lnfhe I W s ,  whenpalaeontolog~stspre~ar~ 
the fossil-bear~ng carbonate nodules uslng drluteacetlcasd, that the astoolshlng uualrty of preserratlon became apparent 
(see photograph). Furtherexpedltlons in the 1980s and 1990s have grearb rncreased the collections of spectacular Gogo tw 
srls [Long. 1988.1995) 

Some 01 the ~ o g o  arthrod~res b e l ~ n g t ~ ~ ~ ~ p ~ t h a t ~ ~ a l l e a d y t d m i l ~ a r f ~ ~  other parts of Ihe world, b ~ t  mi 
are quite exlraordrmryand new to science. SsveraF, such as FalIacoSleus, belong toa new tarnib? the Camumpisc 
(1.3 m long fast-swimmino sharlc-like predator$ The ~XfT~ropls~lds hawp~nted b o n y p r o j e d ~ o n s  
givingthe headshrelda toruedo-lfkeshap T h e w a r e  large,and thelwth platesdredmlgnedlor crushrnp They may nave 
hunted tbelast-mnv~ngshr~mpsthatteemed ~n lb tmpical G q a  waters.Theplourt see photo- 
graph), were shortsnouted relabves. 

iosteids, lrke C: 

,".I .-* CU-.,.. 

~fly olthem 
'ldae, small 
lelr snouts. - .  

I Find outmom at btlpJ@ko.gb.bnsac u~akfilesRagerStatten/GogoAndn~.hlll, eru rrtvnw.r~e,r~age.gw au/ 
cgi-b~nlahptIrecOrd.pl?i 

meshon-snoured arthrod~re C o m ~ w s f m m t h e  Late DwontanGopolocal~tyof Wvhfern Australa.5howrng near-perten mtee- 
dlmnslrrrral prescmon. Hsad shield. 130rnm long (Photopraph by Krrshne Brlmrnei. courlesyd.iohn Long ) 

I 

- A 

trunk shield 
I head sh~elrt 

/ nuchal gap 

(4 

f19.3.13 ~ h e a r ~ h r r r d 1 r r ~ l a ~ ~ r C ~ m m r r h n m i h e M i d - l ) w n n i a n n f ~ I a n d ( a 4 ) a n d  DNnklmmrfmmlhrV~per DcvEnian . 
or Vurlll Anlcr~w Ic). la )  whokbalvinlamrlv~ov.[bl hcadshield indo~land(c)antnror  r ~ w s a n d  ldl jau r'pmlngmo*mcms 
%hen ~np. [he porz~lonofthchcad and vlsrcral and brsnchwlskktonsmth lhe~msdosrd (Ichl rndopy (rlghtk (el lateral w w o f  

. 

irnruur rllrcld 11 igurer 1a.c) ahcr xlm-Thonur and itden, 19: 1 ,  lh,cl aft# MILS and\Mtoll. 15'6% id) aRtr Miles, t%9 I 

Thcjawsopen 1 Figurc3.13(d))byan upwardsswing 
ot rhcrkulIanddroppin~nfthelowerjawt.*l~ler, 19691. 
The rkull hingsahout rheball andsockt rointswlthin 
thelateral margrnsof thedorsal part ofthe headshleld, 
and the si?e of lhe gape 1s limited by the width OF the 
nuchal gap. I t  has been sqg,csted that placderms used 
a head-lifrlng form of jaw openlng In feeding on the 
trottom~~rhescaandlaker.It wnuldhawkcnrasicrto 
capture prey by driving the lower jaw forwards in the 
bottom mud andliftingthehead,thanbyanemptingto 
drop ~ h c  lowcr jaw. 

Latcr arthmdires have cwn more reduced aimour 
than Cocmtevs, o h  only a wry limited trunk shield. 
Twnbte Dcmnian families, the nlnichlbvidaeand the 
Titanichthyidaeof North Americaand northern Africa, 
achieved giant srze, as much as &7m in lengh. f m- 

klmrteus ( F I ~ T ~  3.13(e)) was the largest predator in 
Devonian =as. and the largest w e b r a t e  yet to woh.  
Withitsvastjaws~t muld havecrushdanvorheranimal 
of its day. 
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31 Typicalold Red Sandstone fist ras Ouary, Caflhms. (a) ~wenle RenchHryodes (b) Diplem, shov 
hmd elem& on fossrllzat~on, ( Ivs, a pnssibk larval lvnpllsh Scales 70 mm in (a) and (b), lOmm ln 
Trew~n ) 

Fim. 3.18 ~ e f i n s n f ( a ~ a n a n r n o p t c r y ~ i a r ( . A m r a , ~ n s h ~ ~ w i h ~  

~ i m p ~ c  basal skltlrm. (h) tht k r M n  F~o<fhrnnp?rmn an 
oslmlcplform,and(cJ thelobefin h'eocrm~ur.alun~firh,to 

rhuwthe morccomplrxskelclun lhat supponsa mmularlobe in 

thcmlddlc of the An. 12*lodlfkifrnrn Zlr~ct.  1932.1 

3.9.1 Devonian actiwpteaygians 

tles, are 
; ~ , ~ ~ . i r ~  

The oldest actinoptery~ians, reprcwnled by scs 

h t e  S~lwrian in age, but the group begjn 'tu d 
on ly  in rhc Iate Drmnlan-  An mrly form WIC 
F r r m  the hl~d-Devonian nf Smltdntl, typrwlls 2 
i n  l c n p ~ h  tPc'cal.;~m and W'c~tnll. 1970). Thc t 
shndcr and slongafc (Figure J.141.1)I. arid thr t,lll Ir 
-trongIb hetertwcrcal, although the tail h r ~  br.ne.~th 
maker i t  nearlr.symmctr~wl Therearc1,lrgc triangular 
d o m l  and anal tins and paired pectoral and p l v ~ r  
fins. 

Thehod~iscovered withsmallo 
shapd +tales lkigurc 3.19(bl) that 
other by meansofa peE and socket 
tall rpgion.ThcxaIcsarearrangedins~~nga1 
mws that run hackwards and downwards Th l  
largerridgercaleson thedorsal edgeofthe tail tha 
acutwatrr. The 6n r a p  (actinotrichia) aremvere 

jointed dermal bones, the lepidotrichia. These p 

:re are 

tactas 
,d with 
rovide 
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B O X  3.5 PSAROLEPIS AND THE O R l G l l  OF BONY FISHES 1 
Unhl recently. lha actinoplerygian and sa-erygian fishes seemed to be quite distinct clades h, a fossil born the Upper 
Sllurianand Lower DevonlanotChinaand Welnam hasprondPdaprObablem~ssinglink Psarorepts(Zhustai., 1999)~s known 
from manyspecrmens tromsewral local~t~es. When kt wasflrst descr~bed, ~twasas~~gnedtoZhesarcopteryglans because the 
l u l l a n d  laws looked Ilks those of prlmfi~ve lungf~shes and other Davonlan forms necheek bonesand theshoulder g~rdle. . - .  

however, seem to share features of both osteichthyn groups. 
In the skull (see ~llustratlon), Psarolepts shows a mix ol actlnopteryg~an and sarcnpterygian features. In tha lower jaw. lor 

example.thereate threelarge~nfradentary foram~naand wrdenceofaparasymphys~al tooth whod,aset of long, hooked teeth 
that pornted up and forwards. Both features are rnlcal of porolep~lotms and other arcopteryglam. The teeth arealso sar- 
copterfglan in showlng multlple ~nloldir~y$ and In bearing ccrsmlne lo thecheek reglon, P~fofepishasact~nopte~~an &a- 
tures It does no1 havethe squamosal elements seen In sarcnpteryg~ans,and the canal wnntno alonothe preowrcular bone has 
aventral extension towardsthe maxllla The three large opentngs In the preo ore 

- -  
near the canal. I Cwrever, are m 

smpk has a h 
.L. ...>,.-- LL 

;and the medi 

hought itwasei 
, been confirme 

. . 

an spine is knc 

therthe basalrn 
d as more like!) . . , , . ,  

sarcopteryglan-like. 
msre are also some characters lhat haw never been seen before ln lhs t line 

entendlng back from the shouldmgtrdle. and there is a medin spine presumaory ~omm In me rnmrllle uerllrru u t t ;  I4Cdu \see 
~llustnt~on) A pectoral spine 11ke t h ~  IS known In some placoderms and ln acanthMrans 1wn 

In sharks and acanthodlaos, but nedherhas been Sean in Mherwtelchthyans. 
Zhuetai (1999) wereunable1olowtePsarolep~tn thecladogram withcerta~nty-theyt lost 

sarmptervgran (we Box36)orthe basalmost wterchthyan.The second ~nterpretatlm ha5 r bv 
Zhu andS~hult7e (2001), because Psaro~eptslacks theclosed pineal openlngand largequadrato]ugalololner ostecninyans, 
and rt has a posterlor pectonl process and palred. pectonl spines, wh~ch areabsent mother bonyf~shes. Lon3 (2001) p o ~ n k  
out m a y  sbrn~lar~t~es beween Psaroleprsand the Onychodomt~da, and @aces both as basal MrCOptOryglanS. 

Rmngrua~n of Ramkpklmmtha L u m  Dcvonian prChiw (a) headand adenorpartoflheflsh: (b)antemrviervdm slolnand h r  
p s ,  (c) medlan Sn spine (d) shouldergirdk wilh pedoml splne: (el cheek ptate mlh ma*~!la and preowrcular.scul~u~mRed I C w r f ~  
of h M m . )  



" 
in tbc sku 
arerhe rn; 
tphrares,; 
IS coveren 
At the bat 
thc shoult 
The hr - -. . . 

thin dermal1 
xtrils on eac 
ularly spa& 
Ire borne on I 
. . 

mne p1ates.T 
h side. and a 
sharptceth(1 
three bones a1 

~d moves ba, 
myc~downwa 

Chcimkpb 
nmahlu n a r d  

66 EnrIyWbeozmcFish~ - C k t r i t h ~ :  the Bwty Fishes 67 

a cowriflgbrthcfinand they a h s t i f i n  i t  in c o r n p i -  cachother(serPiprc3.19(d,c)),~m thejarnoma - ably rather clumsy when trying tu turn rapidly. The 
mn with shark& for mample, which have only very wide gapc is +blc hw hvc units rhw fins also funct~aned tu   re vent rolling 
actinomtchia- scales are m m ~ s e d  of layers of apartThcskull roof moves back, thegilt region md; Devonian actinopterygians such as Cheimlrprs are 
bone, dentine, and an enamel-Iike substance on the ck and d m .  and the shoulder efrdlc - known From all parts of the mrrld, but only a dozm 

The 

dwindled in importance ever since, leav~ng only three The thrm genera of living lun@hm (Figure 3.21 1 

still living. .Diptflss horn thc Mid-Devonian of have r ~ d ~ P d  the hov Pam of their &elon$, t h e  

kotland (Figure 3.20) h a  a long body, as in the braincase and parts of the backhnc rcmain mrilagi- 

ostcolepjforms, but the fins and skull bones are wry nous, and the outer skuH bones reduced in number 

d l h e n t .  ~h~ fins are potntd, with long central lobes and weight. Tht Austrafian rungfish ~~~ is 

crn-,mrtrd. in the fins, by a rather symmetrical deep-bodled and has broad ~ m r a l  and P'lvic 

qg i iwcrea l  
hen the A r  
&.Len bn.* ri  

outsrdc. " -- - 
m t d s .  gcnm have been found so Far. The artinopterygians Ia' 10 mm 

skull i s  relatively htavy, with a h r t y  brain- 
wap a hst-swimming prda  tor that p- 

,A- 
dramatically in the CarhonifPmus and ]at=, 

I and palatal   en^ inside, and an outer bony bnx s~...,,., ,,, its large eyes in bunfing, and - . and they are the dominant fishes in the seas today ($= made from numetous here is m n  in t r anshng  its prey before capture be cars on and , Gaprw 7) .  a large eye and two n( braad Wesbll, 1979)- Its grtat gape wcld haw cnabld :- 
mouthlinedwith img Figure CheimIepb ta engulf prey up to two-thirds of its ow : . 
3.19lc-e)). Theteeth e round Ecngrh; such preywould indudethcabundant acantho- - -  3-92 ~ i ~ n o i ;  thclungfiEhe 
the edees of the mouth, the mn*illa and pem.xilh dians, and small lobefinsand plamdrrms found in the 

, ~~dthedmtaryinthelomrhw.and these same bcds. The sharp tcetb of Cheimlqis might not 3 rnorc s igihmnt  group in 
~ i n t ~ t h - h f i n g e l ~ e n t s  in subscqumt wr- seem suitsbk for cradung open p l d e r m s ,  but thew t in~~terygi i ,  although sar- u 

@J lomm r h c ~ a l a t ~ d r a *  is  inside the b U a U a a n d  it were shorter tmh on the palatal bon- that have m,,,c,rLi,n,l ,.a,151 ,,... ,,rice become much r a m  (?he 
[by palatal bonesthat also bear r w  of en capable of mdtrate ~rushingactivit~. urn includes all tetra+ ~ " ~ u n g h r h w ~ p t m a . l a ) i n h l * .  clade SQrcor kafthcskullare theouterdermal elerne Cheimkpis rar capable of powerful and rscular lobed p a i d  fins tb~palPtc,rhmringdwmoth plptg. ( A h  
lmgirdle.anachcd to thegill p i o n .  immingusingddcways beats of its rail 9).eswell as -a1 skull fi ~1971.1 

?ad skeleton of CheiwIepB is W j  tl thrust. It 4 its p-rd h n s  .. ...-. ... irbratn.Then are two 
l o f w r a l  mobile units that can move against thesewere not highly r n ~ b f l ~ , ~ ~ d  chkrok . s-pterygian groups. the lun+h- (Qipnoi) a 

-, codacanths (Aninistia), as as numerou$ exti! rushing tooth plat-and ~e deve1- 
allofwhich armein the Dwonhn. Relationshl a h y p e r m i n d i d  edtirntine, all of 

- I among thc living and eninct sarcopmygian P u  e crushing porver of the jaws. The 

havebecn highlvcontroversral (seeBox3.6). body shape changed too after the Dmnian,becaming 
fie ]ungfiEhcs /nnmson, 1969; Bemiz et a{., 19861 more symrnerrical,andhe l a i l a l s o h m c s ~ m m e t ~ l -  

r.<,T, y-7 

-r weR ,,articu\arlw diverse In t h ~  Devonian,butthey haw ca! a h w a n d  below thebody+ 

!O nKEwnnia 
mumtrdwmof 
h a m  and Milc 

nd 
~ c t  claboi 
~ps opme 
,ps which 

. . 

ration of the c 
nt of a sped; 
I i o d  th 
. . 

-- rr-..--. 

arrav~fhoncs.The tall is hetemcercal and k a r s  a nar- whereas the South American Widosiren and the 

maxilla 

\ mwfinbmcath. Afr~can Promptmtr have stout, rnuscular,eel-llkc 1 The skull of D~pzerlrs has a complex array of  small iesandve~rlender,elongatcpard fins. 

bones around thc laqe rycs and mouth 'There are no The modcrnIungfirhfi,as theirnamcsuggrsts, 

teeth on the marginsof the jaws as in other bony fish-, lunplraswell asg~lls.~qusptbelungsforbreathin 

only a pair of large dentine-mwred grinding plarcs when rhe pwls they ~nhabit  become staflant. lnc 

in the middle of the palate (Figure 3.2O[b)). and a thtlungfrshdcan haulthcmselveslabonomlyavcr~ana 

scatwring of  smaller tooth-like structum in front. in scarch ofa fresh ~ool when mnditionskmrne 
I 

(dl 
These pairedplalrs~zr typical aflatcrlungfish~and in- dry htuprenrr wn also uestkte ,  mcaning that i 
dicate a mshtnn function for keding on tough and survive thmugb the hot summer in a m i - i ~  - .  . . , .  3- ,  

I hard Fwd. rnndition. The lungfish d i g  a flask-sm@ Pa In the 

Flp.ahlg n K M i d - D m b n b o n ~ ~  ~ h r i m d c p k ~ a ) r c m n a ~ i o n o i t h c ~ i n l a r m l ~ ( b ~ ~ ~ l c s ~ : ( c I Y 4 f A ~ Y I A Y ~  *rd lineagm of lun8fiBes radiated in &c mud, cuds up, and d i d f  in w i t h a n e m e I O ~  
~pstarrrhmingth~-h:~dt)openi~dda~~ofthr~arr. show~nntht fiw malor m h l e  unitrrrd-ihdi~n t h r m  r ~ k -  ,-3rhnni~m,rr and contlnued into the M p j o z ~ r c  from drjcd mucus. T h e  mucks ~ C F  the body 
h-an$W~l~l l .  1979.) 

- - -- ,. ..- - . - -. . . . -. - -, -. . - 
? I andCenozoic. Manychan~stmkplaceowrthistirnc: and the fish reduces its maahlic rate during the dry I 
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' t 
B O X  3.6  SRRCOPTERrGlhn RELATIOMSHIPS 

The relatronshlps olthe sarcopteryglan groups toeachother haw been cunirwrshl, and this interest has been beightenedby" 
the assumpbon that the tetrapods. the landvertebrafes, amsfl wnhln the Sarmpterygir The problems concern me relation- 
hips of the Iunfl~shes, mlacanths, and the diverse Devonian groups (='Rhipidistia') to mh other and the !dentication nf $ 

srster group of the Telrapoda 
The 'classtc'v~ew (e.g Romer. 1966) has been WhatthsR hipid~shaand Mnistlla t~geth f l rbm 6heCmssopterygii. Wais 

treated as the srstergmup of IheMrapoda, with ftm Dlpnoi as outgroup (cladograrn (a)). Th~sconsensusvrew~aggiven a lolt 
by Amen etal's (1981) suggestion that Ihe IungLhes are The slster group of me fatrapcds. In a revised verslon ol this 
hypothesis (cladqram (b)). Forey et a1 (1991) argued ihat lungfishes and coelammhs palr OR, and that thesemo are Ihe 
sister group of Tetrapoda. The 'Crossopterygri and 'Flhlpld~stla' are SPY into their constituent park, Osteolapitormes, 
Porolsp~fomesand Act~nisi~a, as outgroups. 

A SAR A SARCOPTEWGll A SARCWTERXGII 

(a) (b) (cF 

0 
A SARCOPTERYGII 0 CROSSWIERYGll 

A ShRCOPJERYGll A SARCOPTERYGII 

CROSSOPTU 
'COPTERYGII 

cornwed of r 
fROSSOrnER 
vomer. ooubb 
teeth. C. entep 

:upper part of 
ie Tristichoptnr 
, . 

pdnchen~nd Smlrhson (1988) p w m e d a  thlrd view [ckadogram (c)) In whrch the 'Cmswptwg~~ '  and 'Rhlpldistla' are 
, ~ s p l l t  up, but theOsteokplfnmareregardedasIhes~ster groupofzheTetrapda. Infurlheranalyses.Chang(1991)sup 
g&d thattheSampterygiiasawholaamsister grwpofthetetra~s(cTadqmm(d)).Schuttte(199d)~pted the tradh- 
honal sequence of outgroups (cladogram (#I), w~th osteolepiforms as slster group of tetrapods then poraleprforms as next 
outgroup, a5 m Panchenand Smithson s (lg88) proposal, but hethen consrdered thatthe coelacanths werecloserto that clade 
~n thelungfishes F1nal~,Clout1erandAhlberg(1996)foundas1m1larcladogram,except that tungflshesand porolep~lorms 
are palred. as Chang (1991) had also suggested (cladogram (7)) Henca, the malorrhr verdictseems to be tbatsome of the'rhl- 
p~d~st~ans'are the closest reEatlves of tetrawds. 

In a reanalysis (cladagram (QJ]. Zhu and $chube (20[11) flnd that thl thn trm is nlatireb stable, but thy 
move Porolepdormes lo  Ile ahve  D~pnor and below Act~n~st~a, and split tt ldae (Eusthenoplemnand mlatrms) 
from lbs remarnderof Osteokpdormes The onychodonts are pram as a srster group or coelacanths 

Molecularevrdence has been equlvoeal. Meyerand Wilson (1 9W) lound that lunqf~shesare more closalyalledto talrapods 
Man are coelaramhs, accord~np to an anatysls of 12s rRNA sequences a vlew that would fit Panchen and Sm~thson's (1988) 
phyhqeny (cladogram (c)) In arwrsed analysrs, based on the 28s rRNAgene. Zardoya and k y e r  [ I  996)fownd that the coela- 
canth and the lungf~shes form a ctade, separate from tetrapnrls, bancf matct~ng Ihs cladcgrams pf Fwrey eta[. (1 991 god 
Chang(lW1) (cladograms(b,dJ) In theend. hwrewr,Zardoyaand Meyer 42Wla) wereunable todis~r~m~?aterehonsh~ps 
arnonplungfsh~, t h e m k m t h a n d  tmrapodsloravar~etyolreasons. Lungf~shesshow s~gnlficantly hlgher mtesolevolo- 
tlon of the 2% rRHAgeneseq~~0esthan caelacams otherflshes and tetrapds, and ihis makes It hard tod~sCnmifla!e lhelr 
correct posit~on In the tree. lnaddn~on, thn rnrtochondrwl tRNAand nuclear rRNAsequences seem to grve srroneousresults 
werall becauselong b r a n c h  parrunlh each other, as doshon branches Brinkmann eta! (2004) confirmed the close rela- 
tlonshlpollunplish totetrap 

I - - 

C l a d o g m s i - m i n g f o u r M ) ~ ~  lorme re~ronsnlpsor Ihe sarcoplerys!anlmm anu rcoavws, acord~l~u lu nwlm (1966) 

and pther'cbssr'swrces. (b) b y  eta! (1991 1, (c) Pawhen and SrnRMon (1988) (d) &nu (1991) 4e) Schullza ( rand 
Ahlberg (lm1 l g )  Zhu and Wume (2001) See Figure 3 12 for cmt~xt ol Sarcopleryg~~, see Box 4 1 lor relahonshb dsand 

figure7 7lor reht~l~ipsolActmoptecygri  ~~napomorphm~seleded.1rom'~to~~erand~hlberg(199~)and~huar  1 )  1 
fARCOmGI1 (I~ctvd~nq Tatr@a) mrrswiar pmtoralard pelvtc hmhr wilh substanttal lamb bmes true enamel ic rim 

nore than fogr p ~ a l a .  tecta~ bone i skull. oneor more squarnasa~s, sp~enr~ h lower jaw, trlradlale S~PUIDGV~~LVIUI II 
,YGI I  (rsmul~lfi matemporal prejent s q l l a m l  present, preoperculardoss notcontact maxrllaorp~~lorbrlal tusk on 
'leaded tby~mand~bular single bone [humerus) ~n pBCforalfmcOntactS girdle, fokled enameland dennne (plicK@ntiwJ m 

 condylar former ,R numerus. D rnwe~antwosupraorbnals branchiostegal rays absent E ~RAPODOMOAPnh,srgle 
enema1 narts Wslerlor nar lsab t  tm supiaorbrlak. palatal opentne C choana').vomrsarticu~ate wdh mch other Mlraw parmphenad. 

1 proxlmal amcubr svrrce o f h u m e ~ ~ o m x  denold and s u ~ ~ n a t h r p r o c ~ ~ ~ ~ ~  om hume~s F OSlEOLEPIOIDh me branch~osreqal ray per 
s~de, vomw has a Dosfenor p r m  supraneural process8s on onty a few anterior vertebrae orabscnl G anlv1~01 palatal teneslra p r m m  
wellmsltled rlbs H, tlanenec hw and dorsally placed orbin snout ~lonqste palred fronlals. spiracle large and open porlerlorfy 
prmrcular canal reduced Ian2 :a r onantenorend of denlary scapular blade large.darsatand anal finsabs~nl labyrrnlhodonl pllmdem~ne 
In teeth I CR0SSOPTEflrGll (ssmnshtM) fleshy lobed pectoral and pelv c {Ins vrith asymmefncal arrangtment d Bone$ J RnlPlDlSnA 
rnanynarrrm s~3mandibular tioras lour rnlradentanes. lhrea toronoads X manysupraorbhl bones reductmn o l d o ~ l  elemems Of glll 
arches L shoo rlfornand~bular 'Wtrom paiate pectora and pelvic Inns e~ual rnsliv. M shaitche8'4 regqon bmng pms~ble bemen teem On 
palate Upnghtlaa suspemwr, Ymt denlary arquhr bwe domlnanl ball-and-socket 101nt b e m n  paired IltIsand g r r d l ~  N preapercut 
dws notcontac! maxilla 0, man, narrow swnmandlbular bones bur infrademarles, lhree corono~ds. pl~c~dentine P three or mOlRteCtalS 
a r i a r  bra~c~ed rad~al cornpar &socmled mth postermr dorsal bn same structure ofthe m l n e  leal $ha@ pectoral frns 
predom\nanr ptat31 bbtr 0 WRCnFlEflYGll (sonsitmMn) rn~minrr{F~nli led mletlsuel lotracqlllal ptnt, pnackdhrum ln shDulder 
girdle IR doubleheaded hynmM~b~lar miracranial lolnt Inme Berasasulars 
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Fig. 3.21 Thcskullcfthetrb~oplcrjd Ftrahedoptemrrln (a) latcral,(b]domI,and (t)vpll~ral vrm3; (, 
showing thtptulated n n g e o f m o m t  about themiddlepint; lcl moss-section ofatmrh roshwth 
m a d  (tuoth diarnetcr,5mm).(Aft~r Mqv-Thorn< anJMlles, 1971 .I 

dant type of tmth, found also in early t t t r a p d .  The 
skull is highly kinaic, king jointed In order to allow 
the mouth to open wide. Even thc braincase [Figirre 
3.2~Id)l. deep w ~ t h ~ n  the skull, ir jainted in orlIcr 
to permit greater flexihllity, a fmturc rc~aind an 
Lal~rn~rm but otherwise unknown in other hrinp. 
sarcopterygians. 

The pnderichthylds, or elpistostgids. of wbich 
Panderichthp fmm the Upper Devonian of Patvia 
Ifip1re3.23{e)) isthe bestknown.are rathcraout firh- 
es with lon~snoutr. Theskull IS flattened, md the eyes 
are Focated partlv nn tup of the h w d  Pander~cllthvidr 
haveonly rhe paired pectoral and pefvw hns,ar wrl lata 
tail fin, and they lack thc midline fins =en above and 
below the body in their retatlves (Vomby~va and 
Schultze, 19Y11. 

3.10 EhALY FISH EVOLUTION AND MASS 
E X ~ l W C T l O N  

Fi~hesamein the Early Cambrian,atleastbad on the 
evidence of thc rnylIokunmingii&,and radiated by the 

Late Camhrian,as shown by the conodonts and Ana- 
tolepis. TheOrdtn'~clan onw sei-rnd m hcalmost bar- 
wn of f i ~ h  fussih. until scvcrnl wll prcrcrvcd Early 
Ordovic~an a\traspid< anrl ar~ndar;~idr came tfr light. 
Renewed cfforts in searching hlr more rsolard remains 
have rurned up evidence uf a widearrav of ZateOrdovi- 
clan fish groups: thclvdunt\, sh~rk-like fiches, pnssible 
acanthad~ans.ronMlunts and nsreohtracdns. 

In theS~Iur~an, fisher hrcame more rliwarand more 
abundant (Figure 3.25). t i t t l r  Ihlh radldtlnn of the ar- 
rnoured)nwlcsr tishr.;and thcdtanrlrrld~anr. Furlher. In 
the Ilcvnnian, I hcwvcn m.irnr ~ l l~ ru ,~ lc rn~c~rJcnarngc ,  

35 well as the first .;harks, and rll; irnlw)rta~lt groups nf 

bony fishec, includrng~hc~rdcr~r;l~~vc.r,thc tctr~pclrl.i. 
Thc fiat eut~nrtionsof h~hc~occurr~dat ~ h c  cnd nf 

the Early 13civn1~n, wrth the Io\r ~hcya!ha~pid~,acan- 
thothoracidrand othcrs. Furthcrhh primps, tncluding 
some 'agnathall' and placodrrn~ famlllcr, and .wmc 
acanthadians,disappeared during thc .W:d-Devonian. 

During the Late Devonian. a ttme span uf l 5Myr  
1377-362 My ago), further w u p s  dlsappcad, most 
of the 'apathans', including many mnndont familirh 
and pIacoderms,as well as mod rema~ning acanihodi- 

CAMBRIAN 1 &* I I : l j * + '  Palaec h evolu 

Flg. 5.25 The pmlutinn ofca+and mid-PslPcozoLfishe%Thc patlme vlrelationshrp (indicadwith dashed llncrl ~rluu'rl no 
clddargr.~ms d e c n h l  abovenand ihc'balloom*lhapn ~ n d l a t r  thcspan ~nlinleof k l ~ m  furrils lwrtkal ax~*).ind ~hc~riel.ltnc dlr rr,~t% 

ans and somc bony fishes. Other groups that survived 
Into the Carboniferous Kern to haw heen heavily de- 
pleted Otthe 70 familresoffishecurrenrly re-nized 
as pment in the rare  Devonian (Benton. 1993al. 51 
dltd out during the nm 15My1,a total cxtinct~on rate 
of;J'"r,, which ishigh by any standards.Theexrinai~~nr 
wem lo have been spread through the Late Devnn~an, 
but only 17 families (24%) suwiwd into thecarhonlf- 
emus A mult~ph.~se Late Devonian extinction wcnt 
also has been recognized among marlne invertebrates 
ruch as corals, brachiopods and ammonoids as well 
as phytaplanktL3n Tht D m r \ h  fi41 raunas were 
rrplaced in the Carboniferous by new groups Esee 
Chapter 7). 

3.11 FURTHER READING 

You a n  raad more about thc klaeonoic h.;h gmup In 
Idnvier (IB9h), a cornprchenszve and bc~ut~ful lv  ~llur- 
trated hank, while papers in Ahllurt: 1ZROI I prewnt 
a u r ~ ~ t y  of current \~icws nn bacal vc~chr~tc  and 
fish phylngeny. Lnng {I9951 1% ;I wcll.rllu\trd?vtf. 

popular history of fishes. Aldrtdgt et ~ 1 .  l I W3 I and 
nonoghue rr al. (199R, ZWOI arc cxccllcnt uvcrrvi@*s 
of current kndedge  ahout rhe conndonlr and rhe 
phylogeny of early wrrehratcs. Frrrey (1998) giws 3 

full account of cwlacanths and the Ilvzng hr~merm. 
and thc full story of its dimvery IS toltl by weinberg 
(1959). Bemis er aL (1986) mntalns a nurnkr of 
papen about livingandfossillungfishcs,Therearegd 
reviews of the relationships of sarcopterygians in 

Schdt7e and liueb (1991 1, Ahlberg (ZWI) and Clack 
~ Z O O Z c ~  
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 QUESTIONS SIN THIS CHAPTER - 4 - 1  PROBLEMS OF LIFE OH LAHO 

1 what were the kgr challanses faoing veMraMwhen The first tetrapods faced maior problems in moving 
they moved on tathe land? from the water on to the [and. Air breathing was in 
2 W e r e ~ f i ~ t t e t n ~ s B d a p t e d t o l i r a o n  bndormre fact not rhc key hurdle to cmrs. but rather weight and 
they dill swimmers? structural support. N m  modes o f  !ocornotion had to- 
3 l f  !he firsf tetrapods had seven ot eigM fingem and evolve, as well as of feeding, of sensing prey 
~oes,whyareRveflngmsow~despread,andhowars the 
fingers mdd genetically? and pwdators.ofwaterba1anceand of repduction. 

4 How did tetrapDds uiversily in Iha Carboniferow? When all these pmhlcmr of life on landare consid- 
5 what do sites of erceptiowl p m l i a n  tell us about ma~se~msur~rising~hatwrtebrat~emleftthe 

protmion of the water. One classic thmry Ie.g. Romer 
fi How did !ha basal tetrapwls euola towards modem 1966) was that fishes moved on to land in order toes- 
amphibians and fepfiles? cape From drying pools. The nemn ian was suppowdly 

a time o f  seasonal droughts, and the freshwater fishes 
probably foundthemselvcsohen in stagnant anddwin- 
ding pool% The conclusion of  this viewpoint is that 
termtrial lacomorion wolvcd as a means of staying 

lHTRODbEf!ON in thewater! Thissuggestion has beennitidzed as there 
islimited evidence for droughtsand because thethenry 

Vertebrates made a sipxcant evolutionary move in would W'lain only aptations, 

the Dcvonian whm thc first tetra* stepped on to "Ot lhe m'~ch-rnodified tttraP xarnplc. A 

the land. Dramatic new d i e s  haw 611ed in many s i m ~ l e r b ~ o * ~ i s  isthatverte' on to land 

dnails of the transition h r n  fish to tetrapod. The betause lhare rich and u1 rly of food 

basal mmpok hen radiotd mcnskly during the theft. Watetsidc plants and rerrrstrial invertebrates 

carbonifctous h r l y  permian, mmc a small d i m i f i d  in thr Late Silurian and Devonian. and it was 

semi-aquatic forms, but many as larger forms fd ilevitable that somegroupof organisms would exploit 

on fishs and othcr tamp&, and that could, in somc 
cases,Iivt fullyrerrestrial I;-. ' 

' h e  bawl tampodsareakntcrmed'amphibidin 
common with thc living forms, frogs ralamandm and 4h1.1 Suk'~on 

newts. The name amphibian y b ~ t h  l ife') referr tn the 
faatfiat the forms-frogs,ncwtsandmlaman- Afisbisbuw-d u~hr'hcwalerand itsbo+wreieightma). 
derr;-liw both in water on land, and ir is as. heffecriwlyzero.Dn land,howcvpr.thehdvtsusuelly 
srtmed that man,.ofrhefossi~ rDrmrhacl s;mj~ardolrblp held upbvlimbs,and rheskclr~on andalt oftheint~rnal 

lifesvlcs, ne =lass. ~ ~ ~ h ~ h i ~  uspd to include all [he own!. haw tn becomc structurally modified in order 

Palacmoicbaral trtrapods,andsowasparaphyle,ic,~e- 7" cope with the new downwards pull of gravity. The 
cause it excludes many dercendant g~oups,thc reptiles, a f~h is adapted lor tht of la'era1 

birdr, and mammalr-nrhe term Amphibia can be de- ~tretchin~and bendingduringsrr*imming.buf thcmain 

fined include gro"p,which in force affecting a tetrapod is ~ravitv. The vertebrae and 

the Triassic and radiated ~hereaftcr. the muscles around the backbne haw to become 

In this chapter, the major-ttrrniul itljd physiolej- ll'ldifid ~ ~ t ~ ~ c ~ ~ f r " ~ ~ ~ F $ % ~ ~ ~  
cal rhangcr that were npcessarywhen a lobcfin fish bc- limbs- 

came a tetrapod are rrvicwcd, and thc evolution and 
biotogy of the extinct and living forms are d m f .  

b 

terwstrial ad 
3d Iimb fore 
,rates moved 
ntapped supp 
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and ~ h c  limb skrlptcm muid &ng back and 
bnvar& throuph only ?&!j0 ( A n d m  a ~ l d  Wkst~ll, 
1 9 i ~ ) . ~ h e m a i n m o t ~ o n ~ ~ a t t h P  shoulder joint,with 
a,vryslight elbow bend (hum~ru+ulnalradtus hinge). 

lepidotrichia of the remainder of the hn mre flexi- 
blC,#nti they might havc ~ n c r e a d  the sizeof theswing, 
butanly slightly (Flgure4.1Ic)). 

]n~lvrngtheabilitytowdk,thetetrapodlimbhad 
to alter wnndenbly both In structure and in orienta- 

l a l  

and thelower part of the 

Imb was d i m  ds The wrist acted as a 
I the hand allowed it m 

rand fulfil its rolcasa weight-suppon- 
are 4.l(d)), the humerus 
horizon tar plane. During 

FI(I.4.l n#migb0ltrhF 
a stride. i t  also t the rad~us and uina  err 

4 pccloral fin o end hsh E~uihn -r . . ..,..,. ... 
l n t ~ ~ e d ' d m t l l b o F r h e ~ ~ ~ o l r q u ~ ~ l c n ~ m m ~ ~ m b n r  rhr bajalrarapvd ~ l r v p l ; ~ ~ ~ ~ ~ ~ b l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  .,,mlrn 
~l'lCIWplmrr,'d'stPpcpc'cofthrforr'imborthc tdmpod f i ~ ~ n r r s  I ligurm (a. h) ,ificrvarlouq wur,cr: Jfr, 
and westoll 1WUa. fd l  aRcrHolmn 1q.w I funct~nn. The peaoral girdle of  most 

p phalange 

Tetrapads move in a v c q  diRercnt way from fishes in 
mxr. instead of a smooth gliding motion, the limbs 
h m  to operate in a jerky fashion producing steps to 

propel the Wy forwards. The paired hnsofsarcopte~- 
gian fisher already had Internal boncsand m u ~ l r s   hat 
produced a form of 'walking: although different fn 

detail From tetrapod walking. Rut profound modifi- 
cations had tm w u r  in the lobed fin before it became 
a moderately effective land limb. 

The pectoral tin OF the tristichopterid Ezr- 
stl~envpkun (Figure 4. t (a)] contams the major pmxi- 
malbonesof a tctrapd limb (Figure4.1(6)): thesingle 
upper a m  bone, the humaus, the two forearm bones, 
the radius and ulne The tetra* has additional clc- 
menb m the wrist, the h, the radiale and inter- 
medium, and the cmtndia (singular, centralc), distal 

carpals 1-5, wmctime~an add~tional h n e  a! theside, 
the pisiform, and the fnur or f i ve  fingcrs, which are 
composed of metacarpals and phalnnges. The limb 
bones of Eudhcnop~cron arc to bc round in mrly 
tctrapds.and i n d d  mmt of tlicni arr s ~ i f l  prcxnt in 

uurarmq, althuugh i t  i s  sp-uldrivc t u  ,itlcn)pt In draw 
homologies fr~r a31 orthe I~onr, t,t ~ h c  h+ind and wrist. 
The trist~chopterrd pelvic tin alsu Lunl.arnr ~ h c  hslc 
tetrapodhonesuCrhehindlimb,thc thigh honcrfemur) 
and thc lwr leg  bone- ( t ib ia , f ibu la ) , l~u~  the tctrapud 
anklehnnes (fibulam,intermediuml a d  dlgits~annor 
be identified. Although cEow anatomical ~~milarities 
exist, therc were maior functional diffrrcnca: Ells- 
thenopkmn could nut have walkd prop l y  on land on 
itsfins. 

How a n  we compare the locomotor abilities of 
a tristichoptcrid and an early tetrapad' In EMS- 
thenopremn, the limbs point backwards and a llrtle 

  he limb gir 
angr in limb 
hcs i s  effcb~ivt 
,I-- lmm.n.r. 

a right-angle 
ed d m r g  
new bones ir 

walking (Fig 
forwards in a 
wised so that 

fls -Iv part ofthr skull ( F~gure 4.2(a)) as the 
rlu,,, L,L.,,,,,,,~rcanached tothe~illandthroatbona. 
I\%enthcfir~t ~etr~podused itspectoral h h ~ n  waking, 
additional forces were applid. At mry stcp, the WC- 
toraIgirdletakcsuptheirnpactoftheweightofthefmnt 
pan ofthebndyaseach hand hits theground.lnafish 
11ke arranpent. these i r npac~s~~u ld  be transrntttd 
frnrn the pmoral girdle dlrcctky to the skull, and thc 
rvhole heid ~ v u l $  reverberate in time to ~ h c  waking 
steps.  In addition, mow flexibillty is nceded in the 
neck by tetnpods so they can snap at prey without 
tlvirlrng their entire MY. The pectoral girdle lxcame 
uparatedfrvm thcskulSin thecarliest tctrapods(Fiprc 
4.2tb)). 

The pelv~c pirdle was alw much mdified. Mrhcrlas 
in fishcs ~t is a small unit that is embedded within the 

body wall (Figure 4.2(c)l,it eventually bccame g-ly 
mlarged and firmly anachcd to the vflwbral column in 
terratrial t e ~ r a p d s  (Figurt4.2(d)).This is bemuse of 
thc additional f o ~ t s  I rnpoMd by the role of thr 
h~ndl~mh ~n wa1king.A termtrial tctrapodis rathetlike 
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fin art ikldon '-' 
FC. 4.2 Thctnrrsition horn trisrichoptcrid Ash (a.el lobad 
tctmpd(hd):(a)and(b) thcsrparet~nnofthcdiull from lk 
~houldcrprdl* [<)and (dl theenlargmmt n l t h c ~ g i r d l r  
and blrl rrtachmmt rarhcvrntbrzl columnvk thc ~liurn and 

aacrallrih [~~m(a.td~,ahcr5~ah1. l9i4. IblaherCdfrcy,  
I989 1 

a wheelbarn ,  as the main driving furccs in walking 
mrne fmm thc hindlimbs, and t h e  sacrum and pelvis 
had to k o r n e  r ig~d to allow more cffeectlte transmis- 
rionufthrust.The suspens~on~silt thefmnt.~norder to 
keep thcchesi off rhegrnund and permit expansion of 
thc lungs. 

The earliest tetrapods bad m modify the ways in which 
they fed and breathd~esku1lsofcw;mlepiforms and 
tristichopterids WE highly kinetic (seep 721, hut h i s  
mobility was largely lost ~ntheear l~tetraFd%Thc~w 
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movements of tetrapcds are afm much simpler than Devonian of Gmnland. InitiaB)',attcntion focused on 
thoscnrmost 6shm.The lower jaw hinges at one point 
at the back of the skull. on a mUcr jolnr between ~ h p  
Ktkuh lmne in the  lower jaw and the quadmk in 
the skull. The  fin? terrapods presumably feLJ on 

small hshes and h e  increasing numbers of remestrial 1WI; Clack, 1949,1998a. ZD(EZa, 2003a: Gates.  1996; 
inwnebratn: - mille~dcs,apider~mckroaches. $rag- 
onflicr and the like. 

e n d  walls into the bloadstrearn. Livtng lunghsheshave The latest Devonian t e r r a ~  
functional lungs of course, and the same is assumed for long, and they w m  camivo 
mtmlepihrms and indeed most othercarFy b o y  fish- on bhes. Acanthmega and I c h f ~ r g n  retaln a full 
a- The first termpods may have been only marginally 
bemr than heir fishancmtoaat air-breath~ng. 

Thcrearemomainmodes ofbreathingin tctrapndr, 
(1) vmtil~tian,wheretheribsandc~rl 
arpand and contracr the lungs, and ( 2 )  h a  

r i o r ~ o f ~ h e & u Y u h o f t k - ~ ~ c r l g i a ~  pmcesses aImg tficir poaa 
hrg, where air 1s sucked into the mouth and d ~~~(a)andrhctttrapnd G m b m ( b l i o f i a u &  into the form. E l  tadpoles are rare. probably conslderably and form anear 111. 
then ammod into the lungs by raising fie fl of thc C s h b d 1 b l ; l a r , r s h 1 c h a c l c d 1 a ~ ~  becaw they a x  rn d md their bone are p ~ r l y  * s h F l o f I d * m a I  y like that of 
mouth. Amniotes al l  rely on costal v~ntib..~, ,, wu, --- .-rv. ..m.gclfmcnt. lo !he ldrapcdsraP,whvh hurcrloru drveloped,buz auficirnl $+rnens haw been feud in h c  sarcopterygians F5tllcrcopfcwn aria ~'and@ridlflxys 
living amphibians use buccal pumping, and i t  is spen 1"~"n~mltf~n~~mtndvibratlons Ina~rfmm I I ~ e l y r n p n u ~ ~  

carbonifems and permian rkb to rnnfirm that at In side vlew (Figures 4.51a, b, dl), and I t  refains the 
"pccia[ly in frogs. Pmhaps h e  early rttrapodsbrealh~ 'Iwhr"'" ? . l ~ b * l h ~ ~  f ~ ~ m ' ; m l l h n .  1982, by plrm~e~nn or 

Ardrlrmli Prt-.% LtJ, t>nrlon.l least Mmearly p& through sraRes Wd lateral line canals. Amnrhosrw howe%*-er, h a  
~~f l l~~ormain l~ ,bybucca l  pumping-th~r ~ s ~ ~ g g m l d  to those of m&mamphlblans (~igurr4.4). lo+,tcertainelmentsat thebacktha! cn>eredrhrgill and 
b~thelrb~admouthsandshort,strai~ht ribs. throat qion.undth~pecfordgirdlei~nowwparatr In 

dorsal view. it can bc seen that Acanrhmrego (Figure* 
A further phvslologicaI pmbfem with life en land 4.2 DEYOMIAR TETRdPOPS 4.5(c), 4.6(b)) has a broader and rhorw skuTi than 

4.1-4 hmvsysmtu andwater balance the mainrenanceofwatrr balance. In theair, water ~n Eluthenopzeron (Ftgure 3.24(b) ), with the eyes placcd 
w a p n t r t h r o u g h  themnistskin offhebody.thc[ining ~ ~ ~ ~ l d ~ ~  abnut ~~~i~~ tetrapodr has lmeased furthcr back. Ventrally, the arrangement Of  h0nc.s and 

Sensor~s~stems,h~dt~c~ngetoo  in~hefirsttctra~odn nftllemoutl>antl flrIrtrikandithccarry trrm@s"skcd dnmaticallv since 1990. The oldest pntential lctralmd teeth ~sql l larco~lerv~ian 
Thelardlincs~temcould kusedonly~n the water (it dcs~cratirlo. I he cfirllrrt t ~ l ~ ~ ~ ~ d ~  remained rcmdlns arc gl.drfin& fmtprinu ~hegestorsl~rrdl~of~ca~1rk~h!~gd~Fr~urc~.6(cl)is 
wasi+dained in many aquatic tern~ods). Ewlpht was clr~rc to frf,h w,.trrr,whrch rhPv drink in urder to born ~ ~ ~ t ~ ~ I i ~ ,  and isolad hones and footprints from ~mp!tfied In s o m e r e s ~ f s ~ h m c ~ ~ ~ ~ ~ ~ ~  with that 
even more Important on land than in shaFlow pnndr avoid r111, pmhlcm. ~ ~ l s ~ n  ~ormapvo~vedsemiprme- dlrmnt parts of [he old ud sn&tonc wntinent. a sarcopter)rgian. In A c ~ n f h o s f w .  there are firre rndin 
(terrapods have larger v than their precursors), and able skin ruvrr~n~s that hr~uldhavecutdnwnwter~oss, some L~~~ ~~~~i~~ ma, ~ ~ m ~ ~ t h ~  from bus- elements: a clcithrum above and a a ~ u l o w r a c o a  
the 06 smelT may have impmvd. but thew 15 no tralia,  fro,,, scodand and O b m h c v r c h r b  brlow, thelatter hearing the~oint 5urfacforgEcnoCd fur 
widenceofthat ~n the fossifs. Earlyte~n~otlshad a pwrr from the ~ a ~ ~ ~ c a r r a , ~ ~ ~ ~ o ~ ~ O ~ h e c y ~ ~ u ~ ~ o ~ a ' y ~ r a n s  the humeruhand a c h i d e a n d  inIfldaviclein 
m s e o f  hearing in ait,asdid rherr anccston. The main 4-15 ~ c ~ ~ ~ ~ , i ~ ~  fmm saKoptevgan hshes to b-1 tetrapod& tn and klm the s-pulocoracold q c d l % t l ~ . ~  'Ie- 
bone misled with hearing m modern amphibians addition, unqui-l lllcs4 Dmnian terrapods have r n c n t i ~ r h c m d c i t f i r u m , a t h i n ~ ~ ~ ~ f ~ ~ e a t ~ h e t ~ ~  
and qrrtesb is P e n t  in early t e t r a m  Living amphrb~ans betray tht.ir ancestry in thclr modr hn repod frorn ~~i~ ( T ~ I ~ ~ ~ ) ,  ~amia of the xapulocoram~d, and a primitiw structure that 
trigum4.3)* h w f ~ t  too massive m betffectivc in hear- of ~raduct ion .  Even bighty hnestriai forms have to 1 aina ( ~ i ~ ~ ~ ~ )  and America l ~ n k  the shoutder grdlt to theskull bn bhebutwhych 
inghi~h.huenc~ sound. stapes i s  a modified vcr- lay thtir eggs I,-, water the young hatch out as [Hyncrpemn Densipthus). b lo5t in most post-Dmonian letrapods. The ~ l v i c  

of the hyommdibularelemcnt. w h ' i  ~ o r m  pan aquatic larvae, tadpoles. ~ f t ~ ~  trmc in the wahr, fir mmpletely bwn m n i a n  r c m ~  @rdlr ( ~ i g u m  4.6(dl) a single plate. showing regions 
ofthcjsw-hinginga~parat-in mostfishcr k p . 5 ~ ) .  breathing through tadp]= metamovhm arc A ~ ~ & , , M ~  and I&hymtqn from the latest h a t  comespond to the typical patred elcmmts In 

ior margins 
.-sollid side wa 
took$ general1 
_. . ..__A r 
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801 4.f PHYLOGENY OF THE OEVOHlAH TETRlPaDS 

The Wahonsh~ps of the Late Devonlan Rtrapods (see cladoqraml, and m e ~ r  elm fish relattves, are contmverslai not I ~ s t  
because many 01 the specrrnens are incomplete and areCUrreMiy under study Panderrchthyrds seem to be theclosed sar- 
copterlgian relatives Of tetrapads, shar~ng vanous features of the head and body that are not seen In osteolcp~torms. The 
Tetrapoda, Aerallythose wnebmtes with 'fourfeet: ceflamb rnclude lchlhyostegaand Veotastegaas hasalforms Thelrsts- 

. . 
Thers IS d isagmment  a b u l  Me relationships af the remarnlno Devonbn tetranods In most analmer le n AhlhPrn 2nd 

2 - \-a --.=-.- 
I Milnet ISM. Coates, 1996. Laurin, t998, Ruts star. 2003a, b), dcanlhostega~s ;esn as more basal lhan fchthvosteoa as 

shown nsre(seecladogram). whereas Anlberg andCLack(19981 revenw tnboroer A t i nhe r  ursputeconcernsthelocatlonof 
the malor SD t betaeen the anceslofs of modern arnphrbsns and of amn~otes Coafes (1%j located tne sp t In  the .ate 
D t w n ~ a n ,  phclng Bterpetonon Ihel ln8t0amnrNesda Jlew that IS not robusl (b i r1n.1998)  This slmplrl esoJr  understand- 
ng of d~gltal redidran: In Coates (1 996) meme, reduclron lo five d<o~ts nad to h a ~ D e n  hnce once on the. ~e t0amoh.o an< - -  - 

andonceontherept~liornorphline.ln theschemhere,allthe~evon~n tetrapodsareon the stem tolaferform,anddrprhlre- 
duct~on happened once, between Tukrperonand later tetrapcds fRuZa etab, 20Wa, b). Here, rt rs assumed lhat all Devonian 
tetrapods fall along the l ~ n e  to a single clade of more derived tetrapods, lo l low~ng Ahlberg and Clack (T9g81 and Ruta el a/. 
(2003a. b). 

amom/ Cladogramshmng ~ u h t e d  relat ionshb of me basaltetrawds, hsed 
anAhlbergand Clack (f99B) and Ruta eta1 (.?GO&, b),wlth some 
Inlmnabm from Ahlberg and M~lner (1 934) and Coates (1996). See nor Mdt4g<6flx 3 6 ~orcontextolTetrapada. see 80x4 5 i o r  relafmmh~ps of mam posh 
Devonran mapod groups The numberof hngerslhs rs lnd~caled where 
known Synawmorphles mctuds A. flattened head mlh elongaresnwt. 
vrb~fs ontop nf 5kllll edema1  no maqlnal Irontal bone prmnl. body 
flanened dorjal f ~ n  absm. enlarged r~bs humerus wlh  anter~orkeel. 
B.largenawl banes,fa~gpalrand twthwwon theparaqmphysralplate. 
anlerror corono~d narrow, Meckellan bonefloors precoronvrd lossa 

D TETRAWOA rud~mntatysacrum. pre- and pmhygapo~hyses on erfebrae lllurn 
0 v' A $pIeniaIs~ure,humerusw~t~lh~nffat branch- ~n two C ELGfNER!TrOMTIDbE en!eprcondy~econttrxrausw~fh deep Iurrmalong dentart  

hurrerus bWyanE narrow Fall eclep~condyle l ~ b ~ a  wlth arl~culahon surlacs 
Ior~ntermeC~uma~l~blale OTErRhPODA cheekw~lhbroad 

I U g a ~ q u a d r a f f ~ ~ ~ p a f ~ O ? ~ l a ~ i  large ornamented~ntehlwle calous tarsus up lo erghl dagrls, llmc OladaertPnds dorsally andaltached to 
vartebtalcolumnbysacmlnb E monord~angs~nroolnrow:F single parrdnasalsmeetlngm rnrdt~ne stapes cnronold~anqrJbrer! vrell- 
developed vsnhallydrrectcd rlbs, ptctoralgrrdledetackd frornskull. femurmrh adductor musdecresr radrusand ulna, l~bra and lrhulj 
wralkland bo~arkulalew~thcarpvsltarsus. handandfoolwRn=nmoldlglls E.postsplen~al p ~ t  hnsln I h e r  bavrabsenl 'reewnfral 
flange ofthe ~PlFnlal absenl, onty symphwal andan~cular ends ofthe Meckeltan element osslfled anociedhrumahsenl olec1anonproc4rss 
presentand ulna as long as radrus or longer w e n  or tewer Olprfs. H open lateral lrne system on mml  arall dermsl Donm elonpare scapula 
and dtsllnct clerlhrum six or lewerdlg~ts. tall fln absefll, I, Lw or fewer drgfls 

Fig. 4.5 Silhouelre dragrams nf lcirspod 
ot~tgmuy~(a.b land ~ctrdlds(c- f l :  
ia l  barlrtnupremrr: (bl Plrtrderichll~,vz 
tcI Amrrrlmrl~' :  (d)?cllth)wrMp! - 
(c>  palorwrp*~~~n t C o ~ r ~ f f i % - n f  b i i k  
l i ? . l l b ) l . )  

all l ~ l r s p r x i ,  rln each sidc; an i l i u m  above, and a pubis 
m i d  i s ch iu rn  h c l w ,  t h e  pubis Iyng to thc front. Thc 
jo in tsur face for  t h e h m d o f t h e  Femu t , t heaw tabu lum,  
IS b o r n e  i n  panon all t h r e e n l t h e w b o n c s .  Thepelvis i s  
a t t nch rd  to the vertebral c o l u m n  by an elongate r ~ b  nf 
thcsacra lver tebra,  wh i ch  meets the innersurfaceofthe 

il~umoneach s ide.Thepubesand ~sch iaa l so rnee t  t h e i r  
oppos i t enumbers  i n t h e m ~ d t i ~ ~ e v m t r a l t y ,  t husmak img  
the pelvic girdle a firm aII-round basket that holdr the 
acetabula In immovable positions, and supports t h e  
posteriorpartofthetrunkandthehi1,The glenoid and 
acetabulum face sldeways and backwards, the charac- 

te r i r t ic  nl  trtrnpods, instead of simply h ~ c k f v n r d ~  I- 

s i rcuptcryg ians 
I he 11mhs of Acai~rhnsregn and Itlrrhvnrfl:yrr ,Ire, Ilk: 

latcs t c t r a p d s  in most fcaturcs, b u t  r m n t  rsork ha. 
s h o w n  that  they are s ta r t l ~ng l vd i f f c r cn !  In nthcr r .  1 hc 
arm nC Amnrhos!ep, fnr example ( F ~ p u r e  4.hlcl). ha. 
a l l  the m a j o r  bones xen  In la ter  te t rapods (cf. t-igurc 
4. I (h)), but Coat-  and Clack [1990) had a s u r p r i ~  
whcrt they prepard the hand mion of one of the i r  TICK 

specimens. they found that i t  had eight  fingers Thev 
then  investigated the h i n d l i m b  (Figure 4.6(fl), a n d  
f o u n d  t ha t  ~t had tight tms. Ichthyosegd has seven toe% 



nfl.4.6 Theanamnt).ofArunt~~~~~~~a.bJrkullinlatmlulcw, with braincasc(a)anddursalvi~(bl:(cIahouMergirdkar$amin 
Idttml v k d d l  p.lv~cgirdlcand lepin htem! vlm;<e) arm and bnd rnanrer~orviRP,IR kgand fmt nfIchrb,wreplnmior nw. 
lF~gures [a, b).rourterv o l lmny Cleck: (c-f),muncsynfMikcCoarcr.l I 
and Trrierpetorr has six A g m ,  the remainder of rhr leg 4.2,2 Macfesoflik 
show the srandard tetrapod rlrinents, alrhuueh then. 

', - - -  
are  fcmtelemenrs 111 thc anklc than i n  ldrcr te1r3pds: 
hrnur. t~hiaand fibula in theleg,fihulam,intermed~um, 
tibide, pethap one m t r a l i u m ,  and at Imst five d~stal 
ta~%als(I-5) in theank!e,and wentofi,each nfwhich 
has a metatmlanda numkrofphalanges.Counting 
outwards horn tw I ,  equ~valent to our 'hig tw: but 
in Amnthos~egn a small toe, the phaleng~ number 
1,2,3,3,3.3.3,2. T h e  observations have profound im- 
plicationsforo~rundersnndin~atthedcvelo~ment of 
the aandard pentsdaql ('five-finged) condition i n  

dlaterretrapods(sce hx4.21 .  

'I he h t e  Devonian tetrapods were clearly still aquat i~, 
as isshownb~thrwtent ionofa tail fin,alateratllnes~&- 
tern and intcrml g i l l r  Thc vertebral column ws flori- 
bIe,as ina fish,and lchrhyosrepand Acanrhmteg~~ould 
have swum by powerful sweeps of their tails. In addi- 
tion. the orientation of rhcshouiderand pelvicgirdle$ 
and the shapes of the limb bnes. shaw that the Late 
Devontan tetrapods used their Iimbs mom in mim- 
ming than walklng. The hand and hot,  e& with its 

extra digitl, were broad and flat, and marc use a p d -  
dlcs than feet I F i g u r n  4.5 and 4.6(r dl). These animals 

; 1 BOX 4.2 BOW MAMY FIHGEFIS AH0 TOES? 
4 ...- I 

For years, everyone had assumed that L e  fingers and toes was the normal complement for mapods The so called pen- 
ladacTy ( 'Wig f l ' )  l~mb wasa classlcsynapomwphy of all tetrapds,fm salamanders ta humans. Ourwuntlng system 25 
based on ten. Inotherwords.FNo handfulsotf~ngen The new Sndsof twsal tetnpodswlthsi~,seven,or elgh!d!gltsshowed 
t~tatthm~s~om~ngspec~alabouZf~w djgrts-and that eachhngeror toe1sno2ind1wduaV~mappedfeaslnglegene 

The tetrapod l~mb can be d~vlded Into three porbuns thatappear In theembryo one afterha other, and that appeared In evo- 
lul~onaq~ hlnory ~n t h ~  samesequem Krst came the p r~x~ma l  porlron ol lh Imb, the Qloppd (the upper arm or migh), 
epunmlent to !he mot of the f~nsof S i l u ~ n  fishes. The m~ddleporl~onof Me I~mb,themgopod (the forarm orcaR).appeats 
Insarcopterys~ans~n theDevnn~an and 1hedlstalpomn.ihe autopod (the handand wrist or toot andanlde).appears onty~n 
tetmpods ln Me Late Oemnian 

Thls wol~~t~marysequence~s~pBpl~ca~durlngdewkpment of theembryo (Shwb~netal, 1997:Cnatasetal.,2002.Cohn 
etd. 2032) AI an early phase.Ma frrnb is represenMslmply by a limb bud, asmall tatem1 WtgrowM frmthe b a w d l .  Limb 
prcwth rs controlled bthe Hoxgenes; all animals have Hoxgenes, and lhesefuncllon In determinrng poslllon and onentamon 
ofthaea~embryo,segmentat~on.andomer aspects~thearcb~lwt~~renfthe body. Eaw tn llshevolwt~or .frueoftbe 13 Hox 
genes numbed 9-13 were co-opred to control l ~mb  bud development. Manipulation of embryos during three phases of 
dwebpmenz has shown how th~s woks In phase I, the stylopDd In the limb bud sprouts, and thls 1s assocratd wth nxpres- 
s~on of Me genes HoxOdand HauD10. In phase II, the zeuqopod sprouts af the end of the llrnb bud, and !he lmues are 
mapped Into I ivemnesIm backtofmnl byd~tferentneslwlclusteffi of all thelimb budgenes HoxD9 to H d l 3  Knalb.ln 
phase Ill,thedlstafbp ollhe lengthentng hmb bud IS dlvlded ~ntathreeamro-poster~ormnes, each associated wrth a different 
combination of g e m  HoxDlO to HoxB observed m teleodfish development, b t ~ I  phase HI 

appearsto be unique totetrapods 
In the developmental vertebrate embr ery detall ofthe Emb. A devetopmntalm~s runsimm 

the slde ofthe hdythmugh !he limb, andc ~ssues In sequewfmm the-bodyoutwarbs, tuthe tips 

of the Angers In an osteolepiiorm (see ~llustrar~on (a)], rne oeueiopmental axis presumabb ran through the maln bony de- 
ment?., and addd~onal boaes mdlals, developed In fmnt otlhe axis (preaxial srde). ln telrapods (see ~llustralron (b)), lheaxls in 
the leg (arm) runs through the femur (humerus), fibula (ulna), t h ~ !  ankls (wrist), and ~t swlngs through the d~stal carpals 
(iatsals) Aadlals condense preaxialiyal l1r4, as in the sarcopterygran, formrng the bbla (radlus) and various ankle (wrrst) 
bones Thedwelopmnralprms thensvrrtche$$rdes tosprolrtdiqltspostanal~(behmdMeaxs) Thnreversal of l~mb bud 
growth dlrect~on in Me handnoot IS matched by a reversal ot Ihe expression of the Hox genes In thezeuqow. HoxD-4 1s ex- 
prwed~nallfivezones.HoxDiO~ntheposterror lourzones down to Ho~l3on~rntheposterioro~ZheI1ve Inlhesutopd. 
on theother hand HoxDl3 rspresent m allzones, but HarBlO to HoxE-12arefoundonlym the pE-terlOrZOne 

In the Late Devonian tetrapods, SIX seven, or eight dlglts were free!y produced, and ~t was onb at the begrnn~ng of the 
Carbon~ferous that terrapods seem ?a have f~xed on live dlqrts foreand aft Srnce then, dlg~taE redudlon has commonly oc- 
curred down to lour (frogs) three (many dmosaurs). twr,{cowsand sheep), Or One (horses)fmge6 ant tom In rarecW9s 
whefethere~sas~dhdrgit [somelargedogs.pandas) ~t IS an outgrowth afthewrlst orankle bones 

13. Phases l ar td II have been 

fixed plan of ev 
:mefmrnsoflti . . . . , . . - . . 

I Read more at http IM.press.vchicaga edu(bmkslgedshubin2.html (the antero-posterior zonation of the limb bud and 1 
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ead ilCsimply 
ut on the lant 
ely aquatic. I . . 

wutd at*, prr~hdl~ly w;lddl? sbuut nn land, but rhc 
t,ithrlarge rkul l~nd heavy rrhogcof Ichrltpatc- 

gn 
meant that it had to rest it$ belty and head 

thcgrnt~nd From timcto t~mc. 
~~nr/lo.!cyrl ant! l ~ l i ~ l f y o c ~ c ~ ~  were found in sedi- 

ments delmsited by meandering rivers that llowcd 
throuph forests of Ivcupod?; and low-growing ferns. 
Thechrnale was monroond. C O ~ ~ C S  ( 1996) rrgueq that 
~~~nt l fnstqnl ived mostofthctimein stagnant,uegeta- 
tion-chukc.d backwaters,emergingin&mpcondittnns, 
h,,t underwater In the drv season and gulping 

t the~urince.lt walked 1x3 
*vcgetaiicln,and kickingit! 

fthis is truc, itsugeztsar; 
he 'crandard' view o l  why rerrapnnq grew Itmbs 

steppin~out of the waterand trotting 
I, the hrst tetrapodswerr stdl perhaps 
Joetes and Clack (1995) ague hat 

g 10 11 f2 13 Fip.4.7 h1apofthcwddinGrbon1hmtrmesshtrmngthc 

I 
.. nrflosrew and Ic l~rhwm lived in- fresh Nvatprs; .A, , .n3.  

E ) [ 3 [ 3 0 ~ n o c k 0 l n ~ ~  
d south IS) polc%*nd Ihcpostulatcd mminentd 

le sea Thc broad ribs of 
~ p h s s e ~ e * p r e s s l o n  

oal l o m a r c  m .mun arnphlbian 
I as a partial support for &own wirhsn Ixs Dnonlan I P). 

1 Phase I ~m W, LIO ~turedon toland, where- nircrous (W.k ntO)for 

as the rorcumos acrw as prups and the hindlimbs as . + . . m . . - . r v . . ~ ~ a n d a n r h m ~ r s , a n d ~ r t y t a r h i f e m u s t ~ )  

rather like a scal. Arar~t~rorteflsnd lchthyosrega " d ~ ~ ~ r h O n i f c m u s ( A ) f o r ' ~ r ~ n d ~ l s ' ! m a l n l ~  

had Functioning gills, even as adults (Cuates and Clack, 
mimym"nrna'hedrincmrSeu'h Amalcah'wthFrn 

9 10 11 12 13 Africsand lndlsalluws~hc k n m v n e d 8 ~ ~ r h o n r i c m u s g ! r L l ~ ~  

m ~ m t p h e n o r ~ p e  
19')1). I+rha~r terrestrial tetrapods ~Tml~,an~thcarm~lr~owdl~t~on~ofgla~~cmwemc~%r 

-phase Ir e x p m  
{ M d r M  fmm h p h  cral:200?.k 

Phasela m~hs 
*HorDB D 10 . h r  D 3. a l o ,  BIT 4.3 THE CARBOMlFEROUS WORLD 
.HoxM.@io. D11.&12 
-HorD.# Dl0 O 11 D 12. ~3 

eventually turned into coal. The t r m  provided nstv 

Thc main p l r , ~ ~  ofearl? tetrapod evolution tunk place hahitatr for flying inspcts. including some pinnt ft~rrnl 

in 1 I i ~ ( : a r b o n i f c r u u s ~ c r r r ~ i l ( 3 5 4 - 2 ~ S i ~ r a ~ o ) . ~ y  that likc dragonflves with the wlnpplnq o f  pigenn~. The 
9 10 11 12 13 tlnlt. ~riort of the cootincntr WCFC malc~c~ng III~O a derav~ngplant matterand undcrgruwth pm\,idcd r.\c!l . 

Kncckomi phen- supcrco:~tincnt,and tdnd w~\conlrnuou~ fnrrn Europe richcr hah~tats for ground-dwcll~ng iokcutr, <yudcrr, 

wn h s e  lll expressrwl t+> Sorth Amrrira, Swd~ America and Africa. with nu scorpion,alrd m~llcpcdcsIsnmeupto 1.8 rnlongl. 

R a s e  111 .W.A 13 ~rtrcrvel~in~ Atlantic Ocean (Figurc 4.7). XZurh uC Eu-  hex new hahitat~o~entrl upgrrat po5sihilltir.a fnr 
H m A . 1 3 , O - I 3  

' M = A - l 3 . & l J  D 12 D 12 D 11 0 1 0  
rr~pcand North America la) around the Carbnniferous the eady tetrapds, and they drvcrsifid pxtenslrvl? 

t.rlu.~tt,r,and ~rr,~rral cond~tions~revailed ln Carhonif- Some forms cnntinued to evploit Freshwater f ~ ~ h f i  by 

c r r ~ ~ ~  t c t ~ p o d  Incal~ties. becoming r~ondari ly aquatic, whcreaa other$ h u n ~ e  

T@mdlnnb deve'opmmt OewbPmntal merpmaionof ~foref~mbs of ~ u s t h e n o ~ r ~ ( ~ )  andAcamhostw[b) mdRlebDmeml h i m p  fi,rebt!,uCun\trrcm~nd lush undergrowth be- adapted ru feed on the insect5 and millepedes. Early 
I 

(solrdI1rre) branchflradlalslemems ~da*d ltnes) ln a m a 1  [amer~or) axecoon In m f o r m s , a n d  rhe dmns 07 tetraDdscorrdenppin 
a Posta*atdlrecbon'(c)Thesequenceofgrowlh Ofa letrapad ~ m b  b ~ ,  readlngliom topm mom, shmmw howthe stylopDd 

came wrdesprad. Thc plants lncludcd giantclub mow- Carboniferous Mrapds were poorlv known unrll 

remwr"Evpopod('oream~ shin) a n d a a o ~  (hand, fm) drflerentline fhe p a e r n  dnamlnd m,,,,,,log on pllled sluares, and 
es,40-m-talllycopdosuchasLq~dde~~dmnhorset~ils recent work on I~al i t ies in Scotland (E Box 4.3) re- 

squar%s'of HmpenesD-9 t o ~ 1 3 . f ( ~  bb ~ w f r e d  ffwn hlesandClack. i ~ s o ,  (c) based on lnb-on In g,,,brn eld 19g71 up to 15 m tall such as Calanritehfernsand scedferns.As vealed extensive Faunas. Late Grbonifmus tetrapods 

these treesand bushesd~cd, they burlt up rhrck layersof on the other hand, are wll knnwn from Europe and 

decaymg tnlnks, leaves and roots that were buried and ~ ~ n h ~ r n e r l c a  in particular. 

that Erlerpe~ 
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aisfopnd. and some anlhracosaurs. Eldecmwn* 51h9nerperonand Westtothrana IYeslloMiamls close ta the ancestry of am- 
BOX 4.3 TETRAPODS OF THE YOLcaHle S P A ~ ~ G ~  and. Indeed was halled ford trmeas the world's aldesl ammote The East KT Won localrty is fascinatlng because ol  the 

environmental condltlnm mpresanted, butt also documename earllest emm~le of a Vhab le  prMnalve*brate 

cnmmunw ~eext raord inaryd lvers~o l  telrapodscontastsvnth thaverydlfferent LateOwonlan t e k a p b f h u n ~  

I 
mow about the East krkton site and rts tetrapod foss~ls at Mtp-Jhvww.dWSils pwp.blueyanderco u ~ ~ * ~ a n d  

h w . ~ ~  bbc w u ~ u o r l d s e W s c 1 - t e c h m g h t r g h ~ 1 2 1 9 _ b ~ a C k L a ~ ~ ~ n . ~ h ~ ~  

4.4 plVERSlTY OF CARBONIFEROUS Scotland (Clack. 1998b), was quite dtfirenf (Figure 
4.9(a-c)). It has a large skull w i h  heavily sculpturpd 
$ o n c ~ T h c d ~ m h a y m n t s i n  thesidcoftheskuHlusz 

fie mp& radiated into about 40 familim in the behind the eyes are gencmlly called ampod (orot~c)  
carboniFcru& Clasrlcallv (c.g. Romn, 1466),the basal notches, and it war once &wmd that thm a~nrnrrw- 

tmapods were dtvided Into three main gfoups, thc datedatym~um,oreatdrum,whichwas 
~byrlnthodontla,ham~erized by thclabynnthdont lrnked to thc ~nnerearbythc stapes. 1n bad  

structure ( s h a d  with derived sarwpterygians, w~mssigyrinu*thlsspam was rnorrllkely~ 

~@rr  3.24e). large My nze, and compound vent- a ~pi rsc le ,  a remnant of an anterior gill sl 

brae; the LPpospondsL, characterized by small arze, today in shark With its d q  skull and sharp fWP, 
simple tooth s t ruau~e,  and fused spool-like vertebrae; CrmlLCn%ytrnus was dearly a ~ t - ~ ~  14th Powerful 

and fie Lissamphibla, modern p u p s  such as jawsthat muld havtscid twe &hesand reisted their 
and 11 is clear, howcwr, that the struggles in the ~ Q U  th. b i g f l n w  has minute fore- 

'hbTlnthodontia'at 1-3 tsnot a monophyleticgroup, ~ lmbs,  a long narrow bodr and probably a flattened tad 

basedon rnudcrn cladlst1canal~fseeBox4.5). beanng a broad fin. 
, ~ e w  finds fmrn the cadi- Carbonifemus haw 
rc-~ed thc d c t  of a further distinct clade. thc 
Familv WltatchPenirlar. W h a ~ h h  from Iowa, USA 
(Lombard and Bolt, 1995) and M d e r p e r  from Scotland 

I Thc Early Carboniferous used to be a poorly known 
time interval in tetrapod evolution, hut many nm 
species have been dercrlbd in the past 10 years, f heir 
dat~onships arc +till much debated-whether the?. 
are h a d  fotn~r. ban! 'temnnspondyls' or basal 
'anthracosaun'. 

Thecoln~te~ds,such as Gpeerrrpton fmrn theLower 
CarhnifwousofMesrfi~~nia,VSA (Smithson. 19E2), 
have an elongarc W\ with 40 wrtebrae in the trunk 
and neck,a broad tail and short limbs (Figurc4.8).The 
skull is very different from that of anthracosauw thc 
eyes are placed further forwad, ll~eskull a d  I- jaw 

are lower and flatter, and there is no O ~ K  notch. The 
lateral line anals, are also well dwelopd. suggcSting 
an aquatic lifestyle, 

Cmssigyrrnrrs from the Lower Catbonifcmus of 

supposedly 
hnnssuch 
wxupied by 
lit still seen 

(Clack.lM2b) werebathabout 1 mlong.TheImjaw 
is  deep. and the teeth sharp and slightly rum&, indi- 
cating that these were predators that presumably fed 
onlarge fish,and pcrhapsothert~rapods.Thewhatch- 
eerl~ds s b a  mixof pr~mitlveand dnlvtdrharac!err 
They retain some fish-like features, such as teeth on the 
bonesofthcpalatcandan the comno~d in thelower jaw, 

a lateral line cncloscd in bone, and a ratha primitjt~ 
ilium,& seen In Acanrhos#gU. But, whwhheeriids show 
derived features: the skull IS narmwr and talter than 
that of most sarcoptcrygiansmd b a d  tefrapnds them 
is a rnasive tmth on the mnrilla, and the skull is lighdr 
sculpted Most importantly, the foot probably has fiw 

(Figurn 4.9(cJ). as in later tetrapods such as Grecr- 
crpetun and P m w i n t c $  but the hand rntght still 
retain a tiny sixth finger. Funclionally, though, thcx 
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Ffg.d.8 The rol~telddCree~mr 
1 

(nl wholc-bo* mrontlon: lb,cJ drull I" 

Iatcnlanddorsalwr.strowing thc 

51dr.of thedorsal vrcwIr) drily [Figurn 

i 
%uIpturingoflhcrkull bncsan thcleR 

(a )  alter&dhy. IVm.(b,c)afrer ! 
lateral llne eanalr i 

. . 
and there arc 
of the palate.' 
as deep as th 
-C I * 

P k n w n  Fro 
aumonr. 197 
the Early Ca 
.m..ll -..-A. 

were the first tetrapads adapted more to walking th, l yli 
swimming. 

The kphetids, or lorn m I h e l  
various Carbonifemus 11 '7; tetrap 
Clack. 2003b). Megulocq r- the Tr 
bonifcrous (Figure 4.10(, .,, .-. , .,,..,. .uu,.ud F, l r l y~~~ t~cwm,  a I U I ~  span ur over 13umyr. vunnw . 
orbit that extends into an unusuat p i n  in this time. 170 gcnera in 40 familics have been I 
fmnt.whirb might have housed agland I a Bnbnerpcton from ihe Lower Carbunifemus 

tedstructure 
,or haw been 
traces of later site for muscle attachments. Thew are I al 

I~neranals.Th:jawsarrlinprl with ~hnrt  pninted teeth, 
about six1arger'fangs'set into the boner 
Theskull isvery 1ow;mfactit isonlyabout 
e lower jaw, so that accommodation for 

me Dram was clearly not a priority! Almost nothing is 

knownof thep~s tannia l skr l~n~  theskeIeton bthind 
the head region,of any baphetids. 

Largejaw musclcs prtllmhly ran from thesideof the 

skull to thc upper surface of  the lower jaw. and thcsc 
adductor musrlcs actcd to closc the jaw IFlgure 
4.1Orc)).The iawopened by meansof a srneUerjawde- 
p-r m d e  that ran behind the jaw join!. Thrs i s  a 

tetrapod nmelry, and represents a further shift from 
firh-like anatomy in which hasibn-anchial rnuwlescon- 
necting with the shoulder girdle depress the jaw. 
Mu~tescanonl~ pulI,and the folutionofpla~ingajaw 
opener behind the pivot joint of the law is adopted In 

most t-pod~ 

tcmnospondj 
ods, a p u p  i 
iassic, and wi 
__A^^ I-..- - 

k are the 
hat surviwd 
th much d l  .-.. , .-.- - 1  

main Carln 
in abundanct 
u d  diwrsir) 
.. ._., 

mifemus 
:through 
r into the - .  

" 1 
~ o r d p d  .- 
of Scot- 

Ire 4.1 1) 
* ,  

land [Figure 4.5(e)) and Dendrerperon (Figt 
fmm thc Upper r~rbonifcmusof Nova S c a t ~ a , ~ d ~ l ~ d ~  
(HolrncsernL, 1998) havc broaderskullsthan mostan- 
thramaun, and they havc a rounded front rnar~in, 
whichistyplcaloftemnwpndyls.ThepalarcofDcndr- 
erpcron (Figure 4.lf(b)I show several characterirt~c 
temnospondyl fcaftlrrs:a broad open space in thc mid- 
dle, thc intcrpter~oid vacuity, whlclr i c  very small in 
anthracnrdun, a long narrow prccw rrnm the hr.~in- 
case that run? forward across the interptcrygoid vacu- 

ity,andap;l~rufbrnad flat vomersat thefmnt.TI~earrns 
and l e g  are \tout, the shouldcr and hip girdles strong, 

and thew is a slender suund-mnducr~ng $tap. ,  all of 
whlch suggest that Dendrcrpeton was a largely terrfs- 
trial animal. 

The I~pospondyla are generally small tetrapods that 
maybrmaclade(CarmUetal., 199Rl.although this has 

Fifl. 4.S hrlvCarbonlkn~urretrap~d [a+] Crucrr~y~t~~lhwhok-Mvrcrtora~ion laI.skelc~on(b)and skull and k m n i a w ~ n s ~ d e  
rles (c\.tdl f ~ r h v a r i o u s t a r l r t c t r a p d r . ~ m l u d ~ ~ ~ g P ~ l r ~ ~  I F p r n l e ,  h)munesvolhl~hehtcr.ir drmurtmvof!mnrT.lark.l 

brrn disputed. The micmsaurs, the hrpest group of (e.g burin ,  1988;hderson. 2001; Ruta rt d, 2003) 

1epwpond$s, from the Carbonifemus and Fa& show that thc Micrmuria i s  not monophylaic. with 

Fermian animals (Carroll and Gaqkill, 19781, were Mimbmchaand somc otherclow ~lat iws falling in a 

mainly terrestrial in habits. Recent sladist~c analyses clade that includcr nectrideans and aisropods. Tudf- 
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orbit skull 

1"s ~ ~ m p h & I c t o n  (a) &caudal mtebrrirr l a m 1  v i m  &),and ~ i ~ l u c ~ ~ t u r ( c - f j ~ f ~ )  lift 
~ a f h a d : ~ ~ ) & r a a l v i o v o f ~ k u l l ; ( T ) ~ ~ ~ ~ f ~ ~ h ~ ~ ~ ~  ju+--:7-/.--n ... . . - ~ g n r ~ . s n o w l n g t h c ~ h  of thepmjming'horns: Thenurnbm 20.m M nr =--...----a- 

I 4.4.4 'Anthramuria' limbs are well d m l o p c d  for moving rapidly on land, 
but the flattened ml show that Pmm~yrinw wuld 

%- +-thraco~ilum~ a paraphyletic group that am% in swim well. bter anthrawsaurs, such as Pholrdmpton 
rlv Grhlniferous, and survived intn the Early fmm the Upper Carbonifemus of En~land (Panchen, 

neural arch 

CBnlrum 
lab 

Tri.~r+lc, Include a number of mcderatc-wPd hsh- 
eaters ~umcw~~rcapparcntly terrestrial,whereasot hen 
Ixcamewcondarily adapted to life in the water. 

Pwieqyrintrs from the h e r  Carboniferous of 

West V~rgin~a, 'USA (Hoimcs, 1984) and Scotland Ir 

about I rn long and har, an elongate skull (Figurc 
4 Ijla4]).Theskull tablr,theqwreareaat thebackof 
the skull tFipurt 4.15(a, c)). is set off from the cheek 
area, and thcrc ts a l i e  of  wakncss bctwcm the trm 
units that presumably allowed the skull to flex dur~ng 
jaw o p i n g ,  as in oamlepiforms. P r o t m i n l u  has 
large vertebrae, a short neck and a kt-sided tail. The 

1972), were even more clearly adapted for an aquatic 
l~ffityle,with thci~longslender bcdies,small limbsand 
dtcptail fin (Figure4.15(e)). 

4.45 Vertebral evolution 

One of the most startling patterns of wolutian ob- 
sewed among the b a d  tetrapds occurs in the back- 
bone. In wcoptcrlgian fish- r h p ~  are three m m  
components of   cad^ vwtcbma p lcur~~~t r ism and an 
intercentrum encompassing the notochord Mow and 
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~ i h ~ r o u g h n e w a n a ~ n ( R u t a e t a 1 . 2 ~ ,  b)coni irmsaspeasof bothviews(s#cladograrn) T m ~ n ~ l k o n t h e  
to l l sgrnph~bram,  as discovered by Panchen and Sm~tbson (1 988), and the LepoqMndyll is ~ rdeed  a valid clade and lies 

the mn~nte line as arguedby launn (1998) and Anderson (2001) Butthelrssamph~b~ans rsturnto thetemnospondylsida. 

and are not grouped with the lepospondyls, as Laurln (1%) ana orhers have argued me 'Irst aafisl'c Of t e a m s  ( I .  I. R n c b n  and smfison, lggq thaf ab msao i~ 
From the base there are some sterngroup taxa (Ctasrlgyrtnld%. Whafcheerildae. hmtdm), and then a m ~ o r  

LlbynmMOm lor 'he lager Qfle, mb W s ~ o n d l h  for t k  am l l e r  anL Id nn uon m. fnn lhPFd mn 
a batrachomorph clade. or the 'trtle amphibtans and a reptlltomorph clade, or those telnpods ml the llne to h e  

Or 'I' Of I* Owonlan telnpods outgroups to a m a o r  mmm cn tMf one lead'' ult'mately the 'mm~hlblafl. 
(frogs. siamandm. ~ l l ~ n s l  md fie to amnim (.nmis,, 

T h e ~ h o m o r p h a  haveashallmrskullandafusedskullrooIwlthno krnesiswlththecheek Batrachomorphs haveonty 
mammals) fourf~ngers In  Me hand representm~ the pflrmanml loss of one linger femnospondyls, asclassruhb defined, are a paw 

ControwaYliswessince 1 g s 8 ~ u a ~ ~ m e m ~  ~ ~ m m e n t  01 each 01 fb 1 1 ~ ~ .  Rneh 
lmlmron (lw,, 

phylet~c gmUQ ro rm~ng  a serresoloutgmuPs toC1~5am~hlb la  
'tg03)*lhlD~md M~~~~~ (lw) a8 o m k m  found that temnospongkk mbmUYR m1 

mctndms a,e LIDllr 
ne other llne cnns~sts at lepmpondyk (m~cmsaurs, nectndeans and aistopobs) and ~ I o r n o W h s  ma Reptiliomorpha 

amn'otas- andfhal~~h.coraun. ~ e y m o u r ~ a m o ~ ~ ~  a~dldeCIOmOrphs am hll oumaups ofimnlh a~characterued by changes m the snout reglon and In me loot. The panp~ rc ' an th racosau rs ' ,  t l l e ~ o u n a m o r p h s  and 
andhdersOn ~ ~ ~ 1 ) -  on m e  ~ e f  hand. relmtam L , ? p o s p ~ ~ d ~ l ~  as I 

dade, a,,d pmpmsM lhw wre a 
drade~tomorphs form success~vely closer outgmupsto the Amn~ota (= repilles + brrds+ mammals) 

slst'QroUptO Llssmphlb'q lnd mwra thetemn~~~ndYb.anthracoMurSand rlrmounlmpmhl 
iOmertm, h,nl k,nr thes~lltbetween the amnlote and the bssamphlben Ilne, m w e  mfwmatm, go 10 ht@Jholweb o ~ e e ~ g r ~ ~ p = ~ e ~ e r r e ~ m a ~ ~ V e r t e b r a t e s t m ~ m ~ p = ~ ~ ~ ~ p t e ~ l  where a series 

ofpapRtakyouthrnughanakema~veclad~nmof basaltetrapods,basedon~eworkalLaunn(lW8) Do not beconfusd 
by hts ~~temdo~~ssofgr~~pnamessu~has'Amphibla.'Anlhracosaur~'a~d "TMmpada'. 

tetrappds b d  on Auia 8t1 ( Z 0 0 3 8 l . w R h d ~ o l ' T ~ ~  
n d y l ~ d , p s ~ S h M l  %&a4 1 l ~ l M t W k ~ f ~ $ n  t ~ t W d % %  

Box5 1 I o r re~ t lmh lpsa f  Amn o i f l ~ v r d ~ p ~ t s  OrbkS b&MrOUnd nor dlm!lcal.Bbubr doff 

WM sguamosal laraescapu 1 absnm humerus shorterfhan the l emh  oltwoand a haHmrdtW* 
*nebrae 0 wclprel condyfer present, mmnuro mcluoeo r lu~~kbrarmss m a d u n . e ~ w m W h r ~ o r a m ~ ~  In h u m e ~ ~ ~ ~  l a l d  
Immtystem on skull roof absent mana~b~larcanal absent vental humenl ndpe absent. F extmsura 01 postenor cowold  n htefalvlew. 
enteplcon,jytar loramen abser.t G B ~ ~ ~ A C H O M O A P H I  parasym,ymphyslat pble absent, rad~usap~ro~lmatebm h n ~ a s u l n l  m m w e m  
towrdlms hand H UMMARWIZ, mopterygoid loath row, marllla suturesythmer  denhcles m v o m e r s a h t .  lrnerclavlckelonoaed 
I double occrpltal condylesMnlh no conf~,bul~ml from basrocnpltal aenlae f~eld onall Lhree caronom a b t .  tooth r w m  ~oskf lor  
mllold, J EUSKELII. prnlwrlrfalswlde. lame plae.nkt septommfla shodponermr sku! Ubk. lntrrrfempwalabse* baslcranlal 
amc"ldnrn ~~~d and lmmbl* fpmr than 23 presacrd vewbcae entep~~c~larfuramemabsem I maxllb ~ ~ o ~ m a r p m  nanm 
Iflterorba Mr. Rnpfft lrunk n h  m l y  crss~f~ed shod r d s  slenderand elongate h u m u s .  L skuntable~nl shon.ccfoplerlgod r h e d  
or plal,ne P0w05S-!d ppalttne w~thoulfangs.nduced ~nterchv~rle. M L I ~ M P H I B ~  pedltel~ttteeth.!eethblcusP~ 01 

,,,,,,hcurpd supmlemp~ralab~~~\abularaBWPl ~plnealforame~ absent twoooronoldsrbrM PmtDrbflalabse* W ' f ' o n f a l a m t  
cormadsa&nl splenlals absent svranylar a k n t  D BhTRhCHIh pqal absunT.oss~lted OOerCu~~ In wrndw otmddk ear 

fcwertbn 20 prwcra l  wnebrae ~ubisunms~fled P premaxlllae less mntw th~rdsof skull wldln. paneQl W a r c 0 n - m  v o m s  
elowl.and stnp~l&. ursu$ a~rh ~.shaged p r o x ~ d  element. o ISWSWNVYLI. su~ratenooral amnt ,  staoedlalI0mmenabxnt. 

Q L E P O S W N W  wrlr~rae orwK6t ofa4nd,~ml c'eurotemra onty. neural archesand centla fuse ~nd~sl~ngurshably @W QNCWnv ~l~nlall*erCentrUrn 
R HOLOSPONWLI 
S RFPT~LIOMORPMA 

R H ~ L ~ ~ S ~ O N D Y L I  pre*ronlalle~s lhan threetrmesaslonqas wrde eclWWY90ldwrlfitoo'h r ~ . ~ r a a n l c u l a t ~ a b o w  

T BAT~ACHOSAURIA r*ypoDhyses at leas[ some ~runkmd cau&l verte brae neural and haemal spmzs rectangular 10 fan-shaped m sldevlw haemalwm 

4 msHfo  centfa S R E ~ ~ I O M O R P H A  premax~l~aelerr than half of sku11 wdm vomentaper fomards. ~ h a ~ a n o t a l r o ~ u ~ a d f ~  

2 3 4 5 T ~ ~ A ~ C W D ~ R I A  ~~~a[entmventralmrgtnol$kuHmof ~ n t e t e r n p o r ~ a b s e n t ~ ~ l a c k s l a n g ~ r r  ~ a m ~ ~ e w ~ ~ T  

par t w  neural splpes wxe  to certra neuralsprntswolkn laterah ~ntehlavlclew~der than b d .  humrusw f l he r0Md  ~ r o ~ ~ ~ ' ~ ~  
O lacnds  u posrpat~etal and laDubr mtrrety In mrpM supraomrpltalprC5ent f l n l  colanola ab* ~ ~ m ~ h f c o ~ f l e b r a e  

snipsofthe mp 
3nty asma11 selec 
iota. Synapomor 
In Made, C, anier . . L  

rprouprd basal 
m o f  temnmoa 
pMss include-Li 
iorplaia V~CUIO, 

, A.L...- 
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2 9  mm 

10 m m  

Fip;. 4.$8 Advancd rep~ i ! inmo'~h~  (a1 
Sr)mourin~Meton, ( I d )  ~MCE~CX (h) 
&demn:(c) skull in lateral and (d) vmral 
~imqrhowingihchcrbivoruu 
rdapla~imsof thedenlition. [Fugurc ( a )  

aRcr\\%itc. 19.39, thl ~ l re r cd  horn Ronwr, 
19W;(~,d,afrrrCarrnll. I V W . 1  - It! 

rou!hern midrr.pstern USA and Gmany  (Berman wen in the skull. Diadwtmwasone nf the first mrcq- - 
etrlL,?OOObl. Ir h ~ d  porvcrful limbs, and the hod? was trial vertebmrcs to adopt a herb~vorous diet: there 

hetd higheruffnhraround rhan in most tcrrapodssobr are eight short peg-like teeth st the front ofthcjaw that - 
ccm.;idcred. ~ ~ ~ ~ t i ~ s ~ ~ m o u r i a m o r p h ~ h n m r h r .  Upper were u d  for nlppingoffmouthfu1so~regetationn~nd 

Permian ofltr~ssi~, thc kotlassiids,had bmad skull5and mmofbmad blunt thwk temh that were i~sedtn~rintl 

i,,d un hshr..;. I hc rliwu>~auriscids, anothrr eymouri- i t  up. 

amnrph Knxup. were small, 400mrn lung, trrrestridl 
iurrnsknuwn irnm thc Upper Ckrhoniferuus to Upper 
PermtantrfEurc~peand Asia. 4.6 EVOLUf lOH OF MODERH A M P H l H l R H S  

Fi''4-17 ' ' i f l r i e m n ~ ~ n d ~ ~ ~ f m ~  the hrmi.1n 1-1 md Tr~urir l ~ h , :  l a  hpm lb,l*iMl vi mafIkU,, IloII,I PpY LI,I: 
j 

[h'nhltcn'ur b r d n c h i o ~ u r i d A ~ m w . s h i ~  tad~k-likcrhantim.suEhaspil~randpnnrlvnvified hons.r:(r., wr,nrlruL,rd MDdern amphibians, the Lissamphibia, arc divcrw, 
'klr[''n: ' 5ku11 hwl  viw:(t~r~mumned b ~ w h i o u u  fiipihknY 

lgJ , h C ~ P I I ~ l W U r  RL,nI,l ,xur,,,,s 4.5.3 Diade~tomorpb being repmnted by more than 40Ml species that 1~11 
'hlhiFi'r"UurPhf'mrwm~Fi~m~a~ah~~fww~ l? i i : lh l . I I . r~ .~~ .  I Q ~ ; ~ ~ , ~  h++,j .,,, I*y , i ,hxdrnA 1 1 :  i-: ~OUTIPI!.U~ ltikhljl shisl1kln.l into four distinctive <fades, the extinct albanerpeton- 

I he diadectomorphs, Late Carboniferous and Early tids, theanumns (frogsand toads), the umdeler (newts . 

Permian tcrrmtrial forms. are rrptiliomorphs. very and salamandcn), and the gymnophionans (limbless 

cIow to the origin o f  the amniotcs (see BOX 4.5). caecilians).~hehistor~of~achofthexwillkoutlinRd 

r>indectm from thc -tern USA and Germany briefly More a consideration of their origins and 

IFigure4.18(w)) ir rather heavily built, with massive relationships. 
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4.k1 Ahnrrpnonti& ~ n g  the premaxilld, nasal anti Llcrimal, and the anicub- orbmotmn: thchindtimbisenremelylong,withthe (Figure 4.20(bE) shows m.lny <hang=: the hmrs arc 
tion of the lower jaw and the qkul1 is n=rlr v~id.h Bddltion of a flexible pelvis and elongate ankle bon~5 generdlv lighter. and the braincaw has bt.<trmr fused 

arbane~tontids a family orsomp 6w or sir addition, the vertpbroc of nMk are most ,,nudual ~,ngirs'fiw-crank'hindlimb:therF~arunfarFanvarcl~ with the parietai bone and 1s partially eupmed on rhr 
hmtheMid - l um~c to  thc~ioceneof (Figure 4.1 9(b))-there are effrntively only and ?he pastmior vertebrar are F u d  intoa rod calleda skull roof. The teeth of salamanders bear nbw cusps 

Euq' and r e ~ n d  by A l h n q e t o w  thcm, the adds and ax,$, and these lux d i m y  with -vie, -king a strong vhic basket: thc forel~mbs IFi~~w4.!0(c)) .  fromNonhhmerica ( G a r d n e r 7 2 0 0 1 ; ~ c ~ ~ n , 2 ~ 2 ) .  the first vertehraofthe trunk,mr r&urtionofthem- and pectoral pird1.c arc impact absorbers for when thc 
Ceikdens, an about 70mm long, from the vical vertebrae to nfmost nnrhing in alhanerpctontidr bg lands; and there arc no ribs and a short stiffened 
'pVr Iurassir and Late Cretaceous of Europe (Flguw presumably niffend ?he nKk. it may haw an . with onlTfourta nine vertebrae in the 4.6.4 Gymnophiona 
4-~9(a*b))~l~ksjustlikeasalamandet,and 11 1s no won- ~orburmwlng, uunkThe head is short and flat, and the upper law is der that the albanespctontkk wew long clamifid slm- 

~inedwithsmallgrippingtccthforproccssingins~tsnr The Gymnophiona, or ca~ilians are strange l i t t le 
P ~ Y  as daman&rs. 5ht body is long and Hexible, the arnphiblan3 that lmkl1ke~rrl~worms~Figurc~.2~/d~l. 
ribsare short, the tail tapers rapidIy to a thin structure 4.62 A~~~~ (salipntia) The sprcialized charact~ofthcfrogskPleton can be 'bey have lost thcir IT, hence an alternative 
and thelimbs a*pO~e&l. Key albanerpetontid char- detccredeveninoneoftheeatlicstforms, Vwm~llufmm narne,apod~ns(l~terally'no teetb),and the~~llre by bur- 
aaenaremnintheskufl (Figu~4.l9(b~J:~hefrontals Frogsand toadsarc sodbtinctiwin ,heir anatomy he hwer Jurassic South America (Figure 4.19(~3), rowing in leaf l itter or soil, or swimming in ponds, in 
are fused t ~ c r a o n c t r i a n ~ l a r e l e m ~ t ,  and thrm they are immediately m g n i z a b k  ~h~ skr]clon (Fig- which has. elongate hindlimb$, reduced numbers of  tropical parts of the world. The sku[: is solidlv huih and 
is a pmminent P- pointing fornards and contaa- 4. t q r ) )  is highly ,,,,,difipd fnr their jumping m4e mebrae,anda flatwnd skull [t i s  primitivein having can bc~wdforburmwlng~yhaneringtheso~~th~hc 

morewrrebraPthan in mo~tmdmfrogs(ninc),srnalE snout (Figure 4.20(~)). Therc may be as, manv IDQ 

traces of ribs, and s!lghtly heavier limb bones, but i t  vertebrae ~n rhe trunk region. h 
guidcs to ancwtry. Pmsdiruh another Early short- 

luradc hog, from h e  muth-west USA ( Jenkins and Thecaecilian fossil record i s  n 

~ h ~ b ~ ~ ,  1998) has rnorc elongate hindlimbs, and i t  was only isolated vertebrae had b-1. L L ~ . - - Y  , 

clearlythefirst~umpingf%. Palamene ofSoutl extendd 
Some of the 23 modern families of  kngs may bc dramaticafl~ by tha ; Turacsic 

tracedbackas far asthe lurassicorCmaceous,but most specimens in d r h  Ienkinr 

have short fossil mrds, or none at all (F-qtts and and IValsh, !993). ..v....=...-. ,Figure 4-20' t ' 1  5 h w 5  

Reigx 1973: s n c h r z ,  1998). p ; n d o h t r ~ c h ~ ~ r  from typlcal wecilian featuresin thc skull and body, 

he L~~~~ frlassic of kladag- [F~gurn 4. I9(6)) 1s bur it has much reduced leg$. confirnling 1hcor'Pn of 

the known frog: i t  ha5 a d u d  number of tKcgmupiromlim~dlissamphib~~n~nceL~~'r~ 
wrrehrae, redvced nbs, efongte i l~qand a fmglike 

4 . h ~  originof the  modern o r d m  

Fig. 4.19 A l l u n r ~ p r t ~ ~ n i i d ~ ( a . b b ~ d  

car lvhrpr~r ,d l  12. bbrkullrndrkclcr~~ 
nf rhcCret.~unu~ Urllcdtns (cj the 

luraw~c linut.Nu, shrhmnnp most orthe 
ad.y.ilil)nnh rnalrrri tmgr: (J) rhc 6~ 
frog Tr~&~urrurJt~a lbtgurtr [a, b) 
c n u r ~ e s y u f k r r y . \ 1 ~ w a n , [ ~ . d ) a R ~  

and Rc~R, 1973, bypcrmk~on ofthe 
Fdltor.~opyl~ht 0 IV73 bythCCumt~~~ 
ofthe Ur~~ucrs~tvolMissw+ 

h America. Tt 
discowry nl 

,na. USA, nan 
E w n w ; l ; n  I I 

ut the tail is : generally 

ieagre. Fora l r  ., ,-rronl 8 

~ngtime, 
From the 

Newtsand mlarnandcrqshowfar fewerrrbvinu~$peclal- 
izations than frogs.The body i s  elongatc,and there arc 

generally four shurt walking limbs and a kt tencd 
srvirnrnin~ tail. The fossil record of  salamanders, like 
that of frogs, i s  patchy (Estes:1961E, but mudcrn fami- 
ller are now known from the Mid-lurarrlc onwards 

lGao and Shubln, 2003). One of  thc oldest well- 
p m r d  ~alarnanderr, lCpmurus from the Upper 
lura3sic of Kazakhstan (Figure 4.20(a)), has a broad 
flattened skull with large orbits and mws of 5maII teeth 
around the j m T h e  skull nxrf i s  cwered with heavily 
omarncntcd bone. The skull of a modem salamander 

Mtrst biolqrrts reprd the thrce lnt~dern p u p s  ar 

members of a dade Lrssamphih~.~ 4r.F Bolt. 197;: 
Mllner, 1988. 1943; Kuta st dl., 200.3). Al l  ot rhem \hart. 
trseth that areboth bicuspid t t~vrr-c~t<lrrcl I m d  pedicel- 
tatc(F~gure4.ZO~c)),~nntherunrds.thcb~andcr~~nn 
aresep,\rated byazoneofhbmurticrttc 'rhc~ncstrgot 
the Li~samph~bia, acmrd~ng to th:s analn:,. 1. placd 
among the trmnmpondyks t e e  730u -1.5 The am- 
ph~barnid Dolererprton{+igure4.17ih)) haspdicellate 
teeth IBalt, 19771, and other tcrnnospond~l,, such as 

thebranchimaursanddissorophidrshoworhcrlissam- 
phibim features. An alternative vpov ha5 h to seek 
the origins of the lirsamphibinns smonp the lep- 
oapondyls, and wm ta see each of the three modern 
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b. 4.20 Stm3ndm3ndcxciFisnc: l a )dowl  v~cwof thesku l IoFh Iu~a~ ic  ulamandcr. K ~ ~ r n r a r r ~ r ~  (bl rimrl.lrrlrw dr modcm 
sitm ~odcrskull: (0 pediccllatc terthoflhe aalamandcrAmpktuma(d)a typical modem caer~l~an; [cl rkull <rfthPmndcrn wTrlrrn 
[;rr~rnI~y~wrn: ( f  I mnl~rtrtrrled rMcton ofthe nldesr c~rciiian. S O T d r r i h  Iripuw (3) .ihcr lv~khrrmkr,. 1 Y7n. i lk r l,altrd Imm Kt,mrr 
a ~ ~ r l  P.imr*nr. 1SXhtd.cl rnd~f idfmm Poughr1d.?OO2: ((lcrrunavnfhrtrh lenkln\)r 1 

orders ar hdvi~ig a separate origin among the 
Irpospondyls (e .~ .  Carroll, 1987, 199& Launn, 1948; 
Andrr\on, 3001 1. kporpnndvls and lissamphrbians do 
indeed shart. mdny katures, bur pmbbly Isr~elw as  a 

rerulr ot~niniaturirarjrln and !ossofelrmentr. 
Rel.irlonsh~ps within lissamphibb have been 

t.qudllrsontr~wemial. Gcner~llv. frwgsandsalamandrrs 
Are paired , IS  sistcrproups, together termcd the Barra- 
chla, 571th prnlnophinnans a\ an outgroup (rw h x  
4.j). Hlthrrto, thdalbinerpetont~ds had been regarded 
as rathrr odd salanl~nder~, but new studieq (Gardner, 
!QOl;.\1~Gormn. 2W7) show thtyareprobablyan out- 

gmup no the Batrachia, hut thcpmnophionanp remain 
as a basal outgroup within tiscamphib~a Molecular re- 
sults so iarare limited. Fellcrand Hedges ( 19981 mm- 
pared kc DNA sequences of four mitochondria1 gmes, 

and found a witcr-gmup rrlatlnnahip of salamanders 
and caecil~ans, with frogs as the nurgroupTht? contra- 
d~cts t h e m t r r ~ u s u a l p a ~ r t ~ l p n f f r o g ~ a n r l M c r ~ . ~  
studvhagdon thrcrlmplctr. 1niluchrondri3lgcntlmeof 

a reprwnt.xllve nF c w h  gmup Ildrtloya 3nd h.lt*ycr, 
ZOfIFb), h(lrvt.\~r, confirnlr thc tr~ditlt>r~.~f lhtrachia 
t frupf + salarnolirlcrs) grtlupi~ip. 

Ihe pJttern of rr?>Ir!lron of the bawl tetrapnds 
1Flguw 4.211 thows a rndjor md~atinn in the Early 
CarboniCcrcrun, will1 new reptlllctrnorph and tem- 
nmpondvlprcrupsappear~ng in the LteCarbunifemus 

and h r r y  Permian. The temnospnndvls continued ra- 
dlat in~ In thcTriassicanddwindled through the lurar- 
SIC, whereas thc wptiliomorphr had by then lrmgmde 
thc transition fully to being amniores. The modem 
amphibian groups probably arose in the Tr~asric, 

Fig. 4.21 E~nlutbnarytm&owingthcm~jorba~dl ktnpodgmupsthcthom lodmoFds(~rtiulmIm~, pflulatrrl 
wl~(lnurhipr~da*hd l incqh~~dondad~~~rn~n ~ o x 4 . 5 h , a n d d a t i r c d i ~ [ w i d t h o f t u l l o o n ' l .  

- .  

but ~attcrrd fossrls are known only in  the lurnssic 
and Cretacrour, before a major expamion in the 
(:clll~ml<. 

4.7 FURTHER READIfdG 

1 hr h l i ~ L ~ p  ot amphibiansi~outlinedhy Ouellrndnand 
Iruvh 8 144.1 1 Hc9tumule and Carroll (20001 provide 3 

cic1,illed o\cr\icwnf basal tetrapodsand fossilamphih- 
tan5 71mrncr (1W9) and Clack (2002~) give thorough 
~ n d  (I'd1 .ILCIIUntE of all the recent work on Devonian 
and Carboniferous h a d  tctrapods, and the new 
cvidenceabuut thctransition on toland. 

Thme web sitesofir hscinatinggli~es of rhe-citi- 
rn~nto fcumtworkon~sa l  tetrapods: http:/itolweh. 
orgltree?~up=Temstrial~Vertebr~t~&con~up= 
Sarcoptervgii, the 'Tree of Lifebag- ahwt h a u l  
tetrapods, and with links on many of tht rmprrrtanf 
Palaco~o~c tam. http+t/mvw.palantir,f<n~ co uk! and 
hrrpl/hnrnetown.anl ~ n r n l d a n v i n ~ d ~ c l t e t 1 3 ~ ~ d ~ . h i n 1  

offer overviews of recent work on haul tetrapdr h~ 
Jenny CIack and her ream; and h t t p : / l ~ ~ ~ ~ c c a r l ~ ~ r n r n e r .  
cnmlwater-l.htrnl presents excerpts fnim Zirnmer 
11999). Full three-dimensional detail5 of the anatom?. 

of the llvidg cwlacanth Lutimrrin are at ht1p:l' 
digimarph.arglspccimcnsllatimrria-chalurnatl 
whold. 
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KEY QUESTIONS INTHISCHAPTER 5.1  H)'LOIYOI#lJS AM0 PALEUTHYRIB- 
BIOLOGY OF THE FIRST AMHIOTES 

1 H o w  did tetrapods cnmplete their adaptation to lib on 
I Tbc oldca amniotcs are Hylonomus and Pdlwthyrk 

d to one-quarter. The 
yknown, wirhunmr- 

minty about the pwl d the palate,but Pale- 

5.1.1 TheamniotcW 

The wrapad skull consists oFa thin outer cowring of 
IHTRDOUCTION dermal roofing bones with a modert-sized brain=%, 

loosely attached, insidc. The outer cowring i s  perto- 
~uringthehtcCarboniferow.the?~nospandyisand rated by two large orbib and mnoarils. mc anay 
anthracosaurs dominated most terrestrial landsap- bones in of Pab,h* is $hila. tn ofad- 
especially the damp forests. Small Yanted rrptiliomarphr (=f. Figurn 4-18), but it has 80 
temapdmmatso in crirrence,creepingin andout of ohc and the hona st the bckof the sku\\ table 
the wgctarion in dricr areas, in search of inseas and (wpratemponl, tabular, postparietal) are very much 
worms. 'Yhry l i d  eggs that did not haw to hatch i n  euced and seen mainly in poacrior \-iew of the 
wnrcr. These srre th? firs amniolcs, and they included  sku^ occiput ( ~ i ~ ~ ~ ~  5, ~h~ and jm- 

the ancestors of all subsequent major tetrapod groups bntsmaybedividd intofiw mainmwhi&, rdateto 
li.e. reptiles, birds and mammals) that were to doml- rht foUowingstondard vicws. 
nate Earth from Pernlian times onwards. These nr ly  Cheek 5.~(b)): fmm bnr, the $ide of 
amniotes are pencrall!, called reptila, although the sku,, shows the forlowing premaxilla 
traliiiional'Cl~ss Rcy~illa' is paraphvlcnic as i t  excludts mPxills,bath bearing teeth,lacrimaland p m h n t a l  in 
the bids anti niammalr. descendants of thm early lmnt of the orbit, and postfiontal, postorbira~ and 

jugd behind. The quamosal, quadratojugal and 
in  thisch~~tcr, rlrcc,~rl~;~mniotesvill hede~ribed, quadratemake up thepu,,crirlranglesvfth?,k,,ll. 

~ n d  key hio l r~ iw l  prublems of living a life com~lc le l~  skull ( ~ i ~ ~ ~  5.1 fc)l: paired nasals, hntalr  
.rlqmrced fromthewater will beexplord.Theladiation parietalS corm dorsal ofthc skull, 
of amniott. groups in Late Carhnnireruus and the nasals lying bet-" thc nostrilr, and the frontals 
mian h i l t  up cornples ecosystems that m r e  to bede- hewn the orbits. Many early tetra& have a lnrpt 
srroyed bv the huge end-Permian mass rxtinction. But paridfo-lyingin themidline betxwnrhe~ari- 

Perrnian ammint- the ancestors of St& ~se.g. figures j . ~ ( ~ ) ,  5.6(rl, 5.2-(e)). a featurc thar 
the animals t h ~ t  dominated during the better-known waslost in most Mcsoroicdevrndantanis foramen is 
agesof the dinosaursand o f  rhemarnmals. often associated with the 'pineal organ', a part of tbc 

brain that sems a light-denaing function in somr 
vertebrates. 

a 





Fip. 5.3 nK modc~fprecrvariondthe 
*rly amnmta H-lusl~d hh- 
wh~ch w m  tapped ur hdlmerrumpm 
thc mid-clrtmnrrcmus oCNovq -1.3 , ., 
(ffim Carroll. 1970,end I P I ~  

long T-shaped elemem hneath .  Tbe am is short 

(Figure 5.1 (a)), and tht hand (Figu~ g and 
slender. I t  shows all thc wrist bor WP-' 
(Figure 4.Ib). and the phalanges f the 

arnniotcs. 

The pe 
anrl a hea 
each otlifl 

rc 5.2(cll Ion 
res sfen In 1 
11 formula o 

iofannarmwil 
lath, which .- .--- J- <-c 

lium, 
I ischiurn bm meet 

-In the rn~dliae as in basal w t t a b w  (LI. Fig- 
1. Thc hindlimband fwt are longer than the 
~ n d  hand. rhc anklc boncs have changd m 

t lmln thoseofAcarrrhmtqn (Figure4 hlfj), 

I hcmrning more slender. The tihiale, inter- 
medium end a central? o l  basal retra@z have bsed 
inrn a laver ~lcrncnt ~ r r r l d  the astngalus. The frbu- 
law is alro b r ~ c r ,  and i s  termed the calcaneum. The 
phal.mgeal fi3rrnuIa o f t h e f ~ t  is2,3,4,5.3 

Thercarc. no h ~ n v ~ a l c s i n  theqkin of Hyhnoni~rrnr 
Po~eollryrii, but thew anirnal~ have chevron-l~ke gas- 
tralia, or alxlc+min;ll 'ribr; clovcly spaced In thc hcllv 
regton (I'izurc.5 l id ) ) .  

Oneofthekf~dturerofthesku8ofhlmlv1ghrmr 
relates ro feeding is an increase in the stmgth or the 
jaws whcn mrnpard with bacal tempads, su f i ck t  to 
nip thmugh the toughest arthropod cuticle. A major 
musclc group, the pterypideus, supplmcnts the ad- 
ductor; in pulling the jaw up and hnvartls (Figure 
5.l(g)).Thepalatatrecth ~nPalmthynsarcsmaIlerthan 
those on the premarillaard maxilla, and thqpresum- 
ably played a less implrtant role, pmbably in hoWmg 
the food and in furthercrushrngit aher ~t had been cut 
up. The iongue was pmbably toughened on ~ t s  upper 
surfacc.and ~nrkcd against the palaral teeth. 

7'hr stapes in f i l w t h ~  is heavy, ;a In the basal 
t~trapods, and it pmhahIy had 3 l~mited hrrction in 
heanng. Law-fnqucncy wunds could be trsnsmittcd 
as vihrationsfmrn the throat region through thestapes 
to the braincare. I? i s  unltkely that hlwrhyris had a 
~ympanurnastherrtsnooticnatch. 

Kcstoratinns of the life appearance of Hylonomur 
and Ibkotl~yris (Figure 5.3) s h w  that t h y  probably 
l u o w  l~ke modmn terrestrial inscckiwmus l i d s .  
P a t h  are I~ghtly-hoilr,so i t  isrrmarkablehuw well their 
remain5 hdw been forsllized.ThEsisexplicable twcausc 

5.13 ~aeohrnldgyofthchrstamniotr~ nf lheuniqur mnd~tionsofp~wation:borh HHyEom- 
mus and Pfilrbrhyrrs haw been found in fouiltzed t w  

The light construction of theskulf,and thcsrnall rharr, rrvnk. 
r~eth~sugg~st that Hyionomrfiand R~Im!hyr;~Ldon ~ n -  Hylonomu$mrna from mudr;tonehsandsti~,~caand 
vert~hates such as i r r x m  and m~llcpedes. The teeth coals deposited in shaltow heshwntcr lakrs and rivers 

~ a d i l y  pierce the tough cuticle to rcach h e  flesh of the Cumberland Group of loggins. Nova h t i a  
i., inside. iCarrolI, 1970). In the 1840s geolq+ists di& ,: 

uFrlght tree stumps vf the lyioptd lcluh 
mu-) tmc Srgtllon;a Thc 6ra los$ll vcrrebratcs were 

roIlected thew In 1852,and sincc then over 30prduc- 
nve tree stump have been d~scovered, and the con- 
,ined"jone~rernovedlor siudzThe total haul incIudPd 
skrletonsof hundreds of k l  ktrapod~ (six spccia of 
mlmsaurs,anr ternnospundvl, and one anthracosaur) 
nswll as twoamniotespe~.m HyIonom~rsand the basal 
~ a p s i d ,  Protoclelepsynrops. 

It m s  that tn m~d-Carbnnifervus timer, the Ing- 
gins arm was mercd with lush forests of Sigiilurtir, up 
to 30m tall. Ocesionall!; the lakes flooded and the 
brmtsmre inundatd with sediment The trers died 
and fell. Icaving only thclr mots and burled 1m 
nunks in place. 4s new forests became cstahlirhrd 
abour.thcmtmafthrlyropodtreetrunksm~ed,and 
millepedes,snailsand small tetdpods crawled 1n seek- 
i n g f d  or$htltcr [Figure 5.3). These animals lived for 
some timtin thctree trunkrasthe tetrapods fed on she 
inmebrats and lef t  faecal remains. but eventually 
they died orwcrekundattd by further floods. The bot- 
tomsotthetrpetrunks then provideamncentn~ion of 
themall ttrmtrialanimalsof the time. 

The amniotcs of the hate Carboniferous include about 
25 genera of small- and medium-size? insect-eaters. 
Duringthe kmian,amnio!edivetsityexpandcd cnor- 
mously,and the main I1nc5 aredocumenred later ln this 
chaptw.F%ut what wasit that wt arnni~tesa~anfrom the 
otherbasal tetrapods? The kwieaturcsarc tobewcn In 
their eggrand their skulls. 

Modem amniotesareser apart fnrm thch.~wl ~ctrapdr 
pr~rnarily bv rhc fact that thev lay e g p  that have semi- 
permeable shells and that contaln sufhc.~rnr flmd and 
fmd for the embryo to derclop fully into a terrestrial 
hat&ling.Thecggsarenotla~d in r*-ater,and there k no 

aquar~c larval stage, the tadpolc.hniotes generally lay 
far fmer qp than do amphlbians or hhes becauw 
more reprodactiveenergyhastoheinvestd ~neach em. 

and because the young are protected fmm predation to 
a much later Stagc in dcwlopmcnt. Rcprduction also 
takm place on dry land, sa that intcrnaI fcniltzation is 
essential. 

~ h c  egg of arnniotcs, called the d o d c  or deidoic 
(literally '~Josed') cge. {Figure 5.4(a)). b two kfY 
featmi%. 
1 A semipetmeahlcrhrll,usuallycalcsmul, hut Icath- 
cry in snakes, some lizardr, and some d m ,  which 
ailows gases to pass in  (oxygen) or out (waste carbon 
dioxide), but keeps tht fluids insidt. 
2 Extracmhryonic membranes, specialized mem- 
branes thdt lie'outside' the embryo, the chorion, am- 
nidn and allantois. The chorion surroundr the embrp 
and p l k  uc, whereas the amnion surrounds thc em- 
bnr, rrith water. Both hnction in protection and gas 
transfer. The allantois forms a s c  that is involved In 
respiration and stores waste mattrial& As the embryo 
dewlopi, the yolk sac, full or higMy proteinacmus 
futrd,drvindles~nd the allantois 611s up. 

Forsilwarcrarc.Thcoldcst examplesafe from the 
-Iti;lrc~r, much punger than the time of origin of the 
arnnrotcr. In the abxnce of Carboniferour eggs, how 
can we ldentjfy Hylonpmusand Rdec rhyr~as the oldest 
arnniotes? Tbeargument isphylogenetic.Theintricafc 
featurnof rhrclcidoiceggofall livingarnniotmdcve!op 
In the same way,and hence itismostlikelythattheclei- 
doic cgg is an apomorphy of Amniota, a teamrt that 
a w e  once only in the common a m t o r  of reptiles, 
birdr and mammals. ~~lrmomruand P a k o ~ a l r c a d y  
lic on one of the major amniote Inneages,abow thr ini- 
tial split among the ancestors of turtle& I k d s  and 



high= the Himdldra,. tormcd n ~ u g h l ~ ~ a l o n g  thel inruf plants nf r,~iher more mudem tvpe, conifers in the 
rhr platrquaLt>r. A ~ t u r h r r n  iw-cap devclopcd mrr nt jr fhtrn ticmisphere. and ~ l o w p t c r i d s  in t l i c  WJUI~I. 

~ondwana(South Amrrica,Africa,lndia, Australiaand The rrptacrment of  basal tctnpods by arnniotesas the 
b t a r c t i c a ) ~ n  theI~teCirboniferousanddisa~mred dnminant terrtstrial tetrapndr during the Permian 

in the b r l y  Permian a<Gondwana drifred rmrth. Most must br related, i n  part at lest, to thesc maior climatic 

finds o f  L t c  Carboniferous and Early Pcrmlan tcrra- and floral ch~ngcs. 

are from the northern hemisphere, perhaps he- 

.-. 
dna~,id: ihl ~lnrpsitk l r i  di3psid;ld) 

( I eurvapsid. Ahbrcviiltinntj, i i r g l :  p, ir l  

I cauw the ~outhcrn  continents WMC rxpetiencing cold 
and tempewreclimalt~. RG- thr tare Permian, however, 5.4 THE EARLY EVOLUTION OF AHAPSIDS 
~ ~ c h d ~ p o ~ ~ r a ~ f o ~ ~ i l ~ n ~ p x l ~ ~ ~ k n ~ ~ v n , f r o m S ~ ~ t h  1 * 0 1 1 1 1 ~ 3 1 0 S  
Africa and Ruwa in parr~cular. 

l o  thc northern hrmi5phcrc. following the coll~sion 
of thcsupercontinents Early Perrnianilimates hecame 
hotandarid, h-ith thede\~eloprnentalmensive evapor- 
I t t  deposits i n  North Amer i~aand Europe.Major floral 
changes took place as a result of these climatic changes. 
The lush damp tropical Camonifemus Coresu dr~illp- 
p e a d  as the prev~uuslv dominant cluh m o s s -  and 
h o w a s d i e d  out.Thcy were replaced by sred-benring 

The 'ptntnr dr were the first 
nl~apsids at n he Late Car- 
hn~fcrous .  I during the Per- 
mian. hlosr of  theseanimals were af  smsl! or medium 

parriasaurswrerean unusual and important 
tePemian herbivoresthatachieved consid- 
The relationships of the~ediymrateana~sid 

and dlapvd groups have been conrmvcrsial (spc Box 

nd rreeuxeli 
rerpcctivrly, i 
dm expanded 

qu3mt1531. The clade Synapsidn includes the ext ine 
synapsids and the mammals. :-h . . 
(c) Diapsid: amnintec with two tcmpnwl fcnhtraea . r: 

mammals (see p. 1 Id),  so the arnninrlc 
ariscnata p i n ?  in thecladqram befowth 
amniotes. 

lower on 
hy the pi 

D iapsida 
birds, as 

earmsynapsikandan upperonesurrounded ,. 1.. 

ostorbital. squamosal and parietal. Thr dade '$' 
includes the lis,irdu, snake., cmcdi l ians and . 

Fundamental early splits in amniote cvorutlon arc 
dwumented i n  their temporal fenestrae-opcnlngs 
behind theorbit that  pmhrhtyfunnion in reducingthe 
weight n i t  heskulland in~nservmgcalcium.Theasgu- 
menz is that bone iscmtly teproduceand maintain,as 
we1 ~vy,and it can bradvantagpnur tn d ~ s -  
per ere i t  is not required. Much of a 5kulT I, 
unt n thc movements of fhe jaws and neck 
 mu.-.^^...^, m.m31cspnfs.dn thecheek reglonand palate, 
3 re ttle rrrers, and openings may appJr, 
and omesan engineer~ng marvel uf struts 
and nut rrducing the effectlveneu o f  the 
rkul.. .,.,.,.., also pmvide additional a t t achmcn t  

edpm f o r ~ p ~ c i h c j a w  musclm,and theyalh~w j.rw mus- 
rlm tnslde therkull to hulgcout. 

well as nurnemus extinct groups such as the 
sand p tmaurs .  
qpsid: present in a bmad range of later am- 
#pecially the marine nothosaurs, plesinsaurs 
lymaurs o f  the Mesozoic In the euryapsid 

condition, them is onc uppcr temporal fenmtra, sur- 
rounded by the pnstorbital, squamod and parietal. 
Th ir pattern pmbabl!. evolved from the diapsid by the 
I t ~ r r o l  theynwr rempordl f 'en~tra.  

\l'hrrt%!s. at one timp, It ms thnuRlrl lhntmch ofthl  
Iour skull types Indicated d n  indcpendentand d~sti! 
l~neufwolu t ion,  theruryapsid typeseems clearly ID 

a rnodtfieddlapsid patrern. 

d i  nwur 

(d l  Bur) 
niotes, cr 
and ichtl 

5.1). 

: EARLY AM 

II as & n ~  he2 
Ise with it whl 
Jer stress fror 
.rle L . . + c r l .  

Amnioleslall \mu three maingroups thesynapsids thedlapsids, and theanaps~ds [see p. 112). me Anapsidawd D~apslda 
are broadly s~stergroups, lorm~ng Ihe clade Sauropstda.and Syoaps~da IS the outgroup It has taken some tlme, however, to 
rnakss8nseof ths rsk~omh~ps wtthrneach of thsu three rnalorgroupr,and ollha earfyanaps~ds ln prlicular. 

AtI~rst,atternpts weremade togroup Protorothyrid~daeand Captorhrn~dae together (e g Rorner. 1966:CarroIl, 1987). but 
these h o  farnil~es share only pr~mrtlve characlers Indeed, the fam~ly'Protorothyr~d~dae'. conta~ning the OldeSt amntotes, &- 
ionomusand Pa!eothyo< (see pp 107-1 I), turns out to baa polyphyletlc assortment ol Small anaps~ds, some such as hle- 
othl;ros~~ngclo$etothed~apsld I~ne.antlothereoccupy~ngavar~e~of basalpos~trons~nttrecladogram Gauth1eretal(1988a) 
d~scovered lhat most olIhePerm~ananaps~d groupsformed acladt?lheyrermad'Parareptrlla' avievrgenerallyco~~rmedsub- 
 sequent!^ Lee (1995) and taur~n and Relsr (lgg5) found that the pararapt~lvs wsrl? or~tgroupsol Testudlnes, the tudles,and 
lopelher they lotm a larger clade Anapsrda But what are the closes1 relat~ces o t  tl~rtles among Ihe Permian anaps~ds. 
parealsaurs (Lee 1595 10. proco!ophon~ds(Laurin and Re~sz. 199519 The former v~ew ~sacce te  here (seecladogram) More 
d~stant outgroupsol turtEEsafe bolosavr~ds mlllerett~dsand mesosaur~ds (Modesto. 1999. Bermanelal. 2000al 

The relallonshrps of the dlapslds seemalittle clearer. Caplorh~n~ds and Pateorhyrfsappear lo be oulgroupsof D~aps~da The 
weljeltlsaurldsareprlmlt~r~ lit many respectsa~formanout~roup totheYouoq~n~formesand Prolorosaum(Benron, 1985. 
Laur~n, t991) The d~apsrdsof thebte Permlan lncludetwo lrneages that rose Zo ~mporfance later, one, thehrclrosauromor- 
 ha. leadlna lo the dmosaurs. crocodlllans and birds, %nu the other, the Leprdo~uromorpha, l o  the Irtards and Snakes (Sea 

undcr very li 
! the skull bcc 
I braces with, 
II E.nncrr.n 

The filndamcntal ~ y l i t  in amnivte wolut ion (KC 

Ilor 5.1 k tunk place rn thc Mid-Grhnn i fernur  inzn two 
prcat rl.ltlm, thcSynayrrtl.~. Icadlng c v c n ~ ~ ~ ~ l l y  ru mam- 
r~ ln l r , .~ l~d  thcS. rur t rp~~d~ I = n,t>ntlphvlctlc Rrptili.~),in- 
c l~ r~ l i r l g  ~ \ t~ap%~t la  .mtl l)iaps~da, whrch led to turtles, 
Iluard\,rn.~kc~,cn~codilian~antl b~rds. 

Thcre are four ~mnicste skull typt-h t1:igurc 
5.5fad)l .  
la) haprid: arnnntes, with no tenlporal Allc\lrnc. 
Xhpht ~ncludceariy formrsuch 2% Mykrrtorrrasand I'nlc- 
orhvrrr as rvell a< =-era1 linca~es In the Permlan and 
Trirwic, and the t u r t l ~  'rhc cladc Anaprida i n c l u r l ~  5.3 THE PERMlkH WDRLO 
tudes,andmosrottheCarhnniferou~ t o T r i ~ w i c ~ n a ~ -  
sid amniotes, bur sewral anapsid forms, such ns Durinp the Permian. the continents m o v d  inro ( 
Hy!aomusand Paleothyr~~~are excluded,and othcrsex- clnser m n t a d  than i n  thc Carbon~fcmun. (Figure i 
hlbit ternpora! fenestrae. and the supercontinent Pangaca (literally 'wi 
{b) Synapsid: arnniot- wirh one lower temporal wnrld') came fully into being. kc Gondwana dl  
fenesea, surrounded by the postorbital, jugal and northwards into Laura~ia, a grcat mountain &air 

P 7501 
Molecular evldence could complelely change MIS picture nearly all mofecwlar analyses so far 4e.g Zardoya and Meye' 

1998 Hedgesand Poling. 1999 Kumazawaand Msh~da. 1999. Rest era/. 2003) haveplaced turfis firmly wdhln Diapsida and 
assaclazed closely wlththe atchosaurs (I e crocod~l~ans and brrds) lfthrslsthecase, then haps1da,asIndlca2edbere,muld 
enher bereduwd toThsexhnnoutgroupson~, orrndeed theymight bdragged wRhtumestoIle wlthrnDlapsida In thjscase, 
the d~apsd skull arrangementwould be the basalformfmrn which theanapsldevolved It hasalsobeenargued IdeBragaand 

tMLrmrsd 

hole 
r w c  ' 

I. ad 



1 f 4 The E ~ L ~ t i o n o f E a r l ~ A r n n i o ~ p s  

Rieppel. 1997) h* morphotwwl enderne supports the placement oltunres among the dlapsrds, allhougb the lime In 
'eo4dmalrr*m~rph cia&. Mor~hological SUppOrt for MIS arrangement IS, however, weak [Wrlkrnson el a/. 1997). Rleppel 

- (2000b) has very I ~ l e m o r P ~ l a g l c a l  SuPWdfOr the molecular palring of turtles and arch~saurs Lee eta/. (m press) 
amue1nat datasetsaresusPa the mo~phologrcal data cootam a oreat daal of homopbsy and wcondary signals push 
lurtles arllfrcla'l~ c ~ ~ @ t ~ l e ~ i d o s a u r o m o r p h ~ ,  whereas hlgh rates of molecular evoluf~on m squamaies push them too row ,,, 

henwartlficiall~~alring tunles and archmurs. ~ h l s ~ l a s h  of molecularand morphofoglal dab has yetto be resolved 
and expla4ned onbone result can be Correct and one data set then Is g~ving a m~sleading and false signal 

abgutbasalamni~ta Q ~ Y % @ ~ Y  at h t tp ' fno~b O r ~ ~ ~ ~ ~ ~ m u ~ A r n n i o t a & c o n t g r o v p = T e r r ~ ~ t ~ ~ ~ I ~ ~ ~ f l ~ b ~ ~ ~ ~  

Au.5.6 S r n l l ' t k m u n a r w p ~ d t t a ) ~  
mcwawr \lrwrnrrrllctb.cl Ihe 
eullt~-mtrd \~rNrrosa~mntrskell knlarcrab aVbdrbtoru 

anddotaal raws. ~~FtcrCarmll. 1987.1 " 

5.4.1 '~r~romth+didPe' that intermesh asthe jawclo=.m und of 
straining device that allowed dfl take a 

~h~ basal anapsids inctude an i rna ls  such as Hfiaomus mouthful of small ahpd5 Or [in the 

f i h r h +  (Figurn 5 1-5.3) and six other genera watm out befox swdlnwineA 

from the &per Carbonifcmus and Lower Wmian of 
D PARAAEPTlLlA North ~ m e r j a m d  C ~ c k l w a k i a  that have been as- 
F PROCOLOPHONIA the &otomlhyrididac (Orroll and Rsird, 5-43 ~ ~ ~ ~ i d a e  

1972;Clark and Carroll. 1973). ~he'protomthyridids' 
were apilc insectivora like mdm lizards in The millerettids from the Upper Permian of Suurlr 

herr ecO~vy, it wasonce thought that the protorothyri- ~fr!cashow vrme fca' in lhe 

duIc wre a highly mnsenative family,= that had skull ( ~ i ~ u r e  5.6h c)).There is uruallva temporal 

e v o l d  lit,(c during 3 0 1 1 ~ ~  bistory.CMlstirr~udirs estra. but its lower bar is often incom+", an' 'he 

Indrr;lrP, horn, that the h i l y  is  paraphyletic, de- squamosal. gwdmteand quadreto Wal may havebecn 

fined by primitive charaae6and the various pro- mobile. M?Ilerosaurus was a small active inwcrlvore 

tc,rothvridrd arc in fact basal mcmhben of all with a 50mm skull, and it probably l'i'cd rather like a 

three maiuramniote 1tneage$ (~aur in  and Reisz, 1995). mnd~n'izard. 

5.4.2 hlrso-uridae 5.4.4 Bolwauridae 

3,moraurs (Modeno, 1 ~ )  arc the first-known h l ly  ~heholosauridsarea~m~hatenigmatlc3r~'~~~~~'~ 

aquaticamniote$ rcprexntcd by abundant small skelc- orsix genera that were known ~ ~ l ! '  

up to I long, horn L~~ Permian of 5011th mian 
Amerlcaand ~ ~ ~ ~ h ~ h , ~ ~ , ~ ~ ~ ~ ~ t h ~ t  incontact a t  sia until the recent @<man ernr., ?*'b) disrovev 

tlrr,r, nbv wrrr "4 WWer as kcp evi- 'Fatly Rrrnian ~ u d r h m u s  fmm the grOmacker locatit) 

for ~ s t c n c r  of &ndwana tsee p. 25). ~ h c  ( s ~  B ~ X  5.2) rn ~errnany.This slenderreptlle,wme l jO 

&y(~jgure 5.6(a)) iselonWtarP,wirh a longneck andan mm long, was bl@al,thefirstbi~eda'tetra@ ""' Its 

especrally long flat-slded rail that - in swim - hrndlimbs art  twiceas Inngas the forelimbs, and iw 

ming,~~elongt~injamarelincd~thn~le-liketreth are long. that i t  ~robabb ran uF On Its 
hen 

A, max~lla separa 
W g e  wl-tempt 

IIUA. canlnrloml 
lng and clender I 

ey provide a 1 
~ W S L ~ U ~ I S  10 

fish and str; 



BOX 5.2 THE BROMAGKER LOCALITY 

---l 
Rrchnewtefrapw Iocalfiiesare notoltendEsrovwed In Europe becauseso much collecting hasalready beendoneoverthe past 
twocenturies.B~achancedr$cwery in the 1 ~ 0 ~ b y T h 0 ~ a ~ M a ~ ~ ~ . a ~ a l a e O ~ t 0 l 0 g ~ ~ t  a t  Ihe Museumder WaturGotha, has 
revealed a rlch assemblage of basal tetrapods and amfllOteS Martens, workrng In what was then East Germany. had lrrtle con- 
tact at frrst with Ihe west, butrhen rnadeconnect~onswh pa~aeontoE~~slsIn NorthdmericaatertheBerl~n wall came do^ 
(sep ~llustrat~on (all 

I The fus51ls come from Ihe Tambach Formtion, a sequence of mglomerates, sandstones and mudstores 20W00 m 
mick, deposited Ina small, mtemallydrained basln. Thesedlmms weredeposrtedonanalluvialplaraw~~hm~norstram chan- 
n e l ~ .  and the cllmte showed seasonal W-dry cycles of a savanna type cfrmate. Thrs upland type of setOng is unusual, and 

none of the ffsbes and aauatc letrawds thatare tvn~c>lrlerwhar* - , -- .-.- ".. .-*> 
have bean found here The fauna rdentd~ed so far (0erman eta ( ,  
ZOOM, h) consists of Bmbacha, a trematoprd lernnospon&l. 
aduit Seymorrm, a DWec&~ l~kc  mpt~lramoipir (see p. 701 ), the 
bolosaund timpsid Fudlbamvs [Rgure 5.9). a caplorhmornorph 
rephie, Thuringo!hy~, and thesphenacodoni D~rnetrodon. Yet to 
be described are a small drssomphrd, a casald and a varanoprd. 
The dornrnance by large herbivores and the absence of aquatrc 
specle5 suggest that the Bromacker assembfage nay represent 
one of the flrstkmstrral vertsbralc msystems 

Many of thn loss~ls are nea* complete wdh wry I~ttfe abra- 
sion,andtheyare probably preservwl at or veyclose! to rhetr srte 
of death (see illustrat~on (b)J But, because oi  the firable nature of 
theshales andfinesandstonesm whtchtheyare presemd, Drew- 
ration ol  the ddlcate Iossrls can tabalong lime. 

Read more atthe'official'hom0 page. 
hap erln utoronto d-wlre~sdgemany htm, hnpJiwwcamegremuseurm org/cmnhlreseaWevd~bamt~slan$ 
finp !hnw.epllog delDu~mente/ShowlAusstellung~Prehistonc/Gof~~Ursaur~er htm. 
Thesegive moreinformat~on. and ~Rustrat~ons of the srte and some of Me fossils 

me Eromacker Wrly. Gemany. (a) American andGerman ~ o n M o c y s t c w o ~ ~ m r q l h m s ' ~ - b m w r r s h a k a l W h s o ~ r  l&itv. 
[bj a parrot s k e l e t o r s o l ~ u n a .  (Courlesy of Aobect Rmszard Oavrd S e m n  1 

Rg. 5.7 The holmaund Eud~hrnwswningar sped.  (Counery 
of Drane Lntrand David Rmnan ) 

moving a t  high speed (Figure5.7).The tail is as long as 
the body, and ms probably u d  for balancing. 
Bolnsaurids have bulbous tccth that occlude-that is, 
thry mpt? on dtwinct fams-indicatin8a A r t  prhaps 
01 tough plants. Despltethe~r unusuallyadvanced lnc* 

mo~ion.boIosaurid~werenmrmo~than a mrc group, 
and did not o u t l i ~  the Permian. 

5.4.5 Procolophonidae 

Thc yrt~cu~lopht~nid~3r~scin theLatePermi~nandlivcd 
tor sbuut jO.Mvr to rhc end ot thc 7k1assic, hecnminc 
r.~~ht.r d~vcne In the rrlarsic (Spencer and Hcnton, 
2000, Sum cr ir!, 2llM). Promlophon from the Iawer 
'lilafqic of South Africa and Antartttca (CarmII and 
Llndrav, w e 5 :  deHraga.ZOo3) is 3004Mmm long and 
has a stocky M y  and a nfatively large broad skull 
I F~gttre 5.81axI). The larpc orbits incJude a portcrior 
portion that wasawxiated mth thcjaw adductor mus- 
cles, and the quadratojupl IS rxpanded into a 'horn: 
Later procolophonids ohen had sweral horn-11ke pm- 
jcctions on !he quadratn~ugal, poss~bledtfensive struc- 

tures. The check teeth are blunt and peg-Iike. present 
onlyin smallnumbers,and theymeet d u r ~ n g x d u s ~ o n .  
Tbysu&est adiet of fibrous plant material,and pow- 
blvarthmpods with tough cut ic lsThe broad paddle- 
llkr feet suggest that pmtdophonirls might have been 
burrowee (deBraga, 2003). 

3.4.6 '&rrlllsal~idac 

The pard~araun (Let,2000) are restricted in time to the 
Late Perrnkn. Most are large, typically 2-3m long 
and heady built. The Russian Scufosaurus (Figure 
S .S (d f ) l~m~iwc lephant ineEimk withshonfeet. 
andarndc'hump'wer the shoulders irsociated with 
rn&i,w nwk muscles. The skull is broad and heavy and 
cwcrcd with thickened knobs and incized xulpture. 
anda brwdlatcral Frillthatrl~mndrhelowthejawlinr. 
ThranpJarboneof thelower jaw is cxpnded to forma 
ventral boss. The teeth suggest 'that partiasaurs were 
plantiaters that fed on soft vcgctation. In recent de- 
bates. parkasaurs and p m m l ~ p h o n ~ d s  have been pro- 
po..ed asasisar group of the turtles ((see ROK 5 I E. 

Theiaptorhinidsarcknnwnfmm the t m e r  Permianof 
Sorth Ameriw pnrnarily, with late survivors in the 
CpprPtrmian ofAfricaand Eurasia. Gptorhrncrs( Fig- 
ure i 91a-b) isasmdlanimal,a~ut4~~mmlong,hut 
n*ith a relat~vely large heart-shaped head (Heaton and 
~ a ~ 9 ~ , H o l m t s , 2 0 0 3 ) . T h e s k u l l  is heavyand bears 
surkace xulpture. The proportions are slrnilar to the 
earlier amniotes, bur the skull rr much b m a d a  at the 
$ackThe main pecukritics. ofcaptorhinids arc secn In 



F I ~  5 1 i r p ' r  wa;.s;l. +cl the prwobkon~d PmMIophon. lkckmn and skull ln Iatmland ventral v i m  (-44 tht parcuaur 

* - - - ~ ~ - . ~ r l r ' n r -  1-.d ~kulI inlrlcnl and vcntralv~rsw I F~pm (H) aftertarmu and L~ndsay, 1985Jd-0 afrer Kuhn, t%V I 

--A - . ttnntmn- Thr lug-like teeth arc 0 t h  p r ~ t  in plus teeth from the inside, and bone was rcmuved and 
--.-, .. - - ~ l e m 3  I Frprr5.9(hc)) that seerntoslopediag- teeth worn on the outside. T h w  over tfmc, the inner 
o:A a m %  thr wdth ofthe jaw,and fiw armx rows mth ineach rowwill comeintowear at the jam 
mrrkdisdngulshed inoncjawbone. oEda t ~ h  are lost. This cornprex sptcrn oft1 

Rtcqlnand Bohr 19831 argued thatthc teeth ofcap- placemrnt is intcrptcted as an adaptatton for 1 
tm%nids w m  budded off fmm a dmtal lamina. the or grinding tough plant material or hard 
pru nssw which produces tmh,that lay med~ellp As invcrtebrates. 
rk -a1 p w  in s~EP. the madla added bony tissue 

r c + a  
mth re- 
piercing 
-shelled 

Dtapsids are rarc in the Carboniferous king known 
h r n  only two tara Fmm rlic Upper rarboniferous or 
Kana% VSX. Onc of  thee, 5pmmequalrs, was pws~hly 
aquatic and theother. Prtmlt~msa~rrws (Retsr, 198 I ), re- 
tained tprrestrialadaptarionr. P~lmlacwa;masIender 
40~-mm-lonfanirn,il, hasahdy(Figure 5.10(a))simi- 
Iar in propurfrons to ~y!0110mil5, but with a wlatiwly 
smaller head, lcss than onc-6hh of  the W y  lengh, 
a longer neck and Itmger limbs. The skull (Figure 
j.lO(b-dl1 is ;llw simlllr, but with larger orbits, rwo 
ternplral fenertr,~r,.~m\ rnrlrrrmall tceth on the ~alata l  
boncs 1 he tceth arc rmnll and rharp and clearly indi- 
cate a diet of In,ccts and other small anlmats. In addi- 
tlnn to thr choana,or internat nostrrl,nfall tctrapadh 
through which the air pascapes from the nasal cav~ty 
pass ~nro thc muuth. therc i s  an extra opening in the 
palate,thesuborbitalfen~tm(F~gure 5.1Old)l. 

Tkdiaps~ds m a i n t d  at lowdivenityduringthe Early 
Permian, and radiatcd in the Late Permian. The most 

unusual -.ere the gliding weigeltisaurids of Europe and 
Madagamr (Evans and Haubold, 1W). T h e  small 
animalshave elongated bony rod-lie ribs that stick out 
sideways forming horimntal 'wings* I Flguw 5.1 ISal).  
but could h folded back whm the animal was running 
about.Thrr~bswerr presumably wvcned with skimand 
GoeIu w u r a v u s  coufd have glided fmm t rcc to tm as 
rhelivingfirard Dracadm.Thcskull(Yi'igure5.11(b))is 
diapsid lthel- temporal bar isincamplete),and the 
quamoral and wpratemporal have striking "mothed' 
marginsat the back. 

The other late Permian d~apsids m r e  less exotic. 
They rncludr iorms such as Pruromsavrrrr (Figure 
5.1 1 Ic I 1, a slender long-nrcked an~mal Tmm the 'Upper 
Permian uf Germanv, the first reprssentatiw of the 
Archosaumrnorpha (we p. 138). Youq~na IFipre 
5.111d11, only 350L4UOmm long, was probably an ac- 

tive I~~s rd - l~ke  inwctivore and camiwre ( G m ,  1975). 
Thr skull issimilar to thatof PerrnlamraunuIcf. Frgure 
5.111), but with rather larger temporal I m r a r .  The 
neck Is short and the limbs arc long. Ibengina is pan of 

a wider clade Younginiformes that inctudesother Lare 
Permian and Early Trlarsic terrestrial and aquatic rela- 
ti- some of the lattcr with deep flattmcd tails and 
paddle-ltkc feet. 



Fig. 5.10 Tht Crst dlaprid. 
Pl'rrdmy~~mlr la )  s k d t t o n ; l M  

In lateral, dor+pl.and wntral ricw 

Thesynapsidssplit from thesauropasids(anapsid$+d~- 
apsids) in thc Mid-Carbonifemus, and they expanded 
in dtversitymorrnou~ly dur~ngthcPcrm~an, becoming 
the domlnnnt land animals. The clndc I< gmcrallr 
dividd intotwo ~roups.The'pelyc~~ur~'(Romera~ld 
Rim, 1940, R c i h ~ ,  1986) are n paraphylet~c group of 
six Families of basal synapsids that were pnrr~cul.lrlv 
imponant in the b r l y  Permian. Thcse weresucceetled 
in thetarePermian by theTherapr~da,adivrrxcladcof 
small rolnrg~plant-and Orrh-eaters(sce Box5 31. 

5.5.1 Carhonifemusand early Permian synapsidr 

The C)phiacodontidac, a group of  six or .;even gencr~l. 
amse in the Mid-Cjrhnnrfcrous and survrved inln the 
Early Pcrmian. The firs ophlamdont. Archrrcor~~yr~s 
from the Morien Group of Nova Scotia, which also  
yirlded A?leothyrisisincompletcly known, belngreprc- 
sented by only a backbone,peIv~sand partial sku11 (Fig- 
urc 5.1Zla)). I ts  relariw Ophiacodon, from the Upper 
Carhoniterous and Lower Permian of New M m m  
(Romer and Price. 1940, Reisz, 1986),is larger than the 
amniotes so hr dmrlbed, being 1.5-3m in lengh 

5.12&d)).T 
ng, hiall narr 
thsof the rota 

he l u l l  is rcl 
ow snout reg 
I ltn@h,and t 

(Figure ' at idy *cry Ir 

har a lo1 :ion that ma1 
thrw-fit hc orbit and td 
r31 fcnestra arc small and placed high. The limb bones 

it may 
nly an 

are massive. OplrL~~mlnn war a mmt-eatcr. and 
haw ftcd on lishcs and tetrsprds rather than mai 
in\ectr. 

The eothyrid Eohlyr~s, a small animal From the 
Inwer Pcrmran of Texas (figure 5.13(a)). ha< a lw 
skrllt with 3 much ahurterand hmadcrsnout than that 
~f Op)phrnrmio~i.Thc t~~~ciln~n~fnrm~eetharevcrylarge, 
a 11~1 I'rr!hj,ra<wa\ clcdrlv a pr~rvedul pml~tur. 

Thcmte~dr, hcrl~~n~r~)u~pelycowur.;  from the mid- 
I'crll~lnr! 1>1 North Amcrica dnd h i m y .  ~ncludr small 
L i f l ~ c l  I=~rgc for111\. ~ . o I ~ ! o ~ / ~ I J ~ ~ c / ~ I ~ ~  i r t~m Iexdk d n d  Okla- 
horn.1 (F~krrrr 5. I I i M ) ) ,  rq the largest pclycsaur, at a 
Irnsth r>t 3m, but its diqproportionately ,mall skull 
Ir>~,hs a h  i f  ~t urnlc% inlm an anrrnal one-quarrer of lhe 
SIX. The key cmid characters are wen In thc 5kull 
(F~gure j.t3fh,d)l: grcatlyenlarged noslrilra pninted 
snout that extend\ well in fmnt oFthe tooth rw+s,re- 
duccdnumb~rsoftceth w~thnucaniniform~anrl a w r y  
large parieral (pineal) opcning. Tbere are several indi- 
cation? that Cotyiorhynchu~ was a herbivore: the te{ - 

are spatuhte in shape rather than pointed and tb 
haw crinkled edge; the jaw joint i s  placed &eIow t 

u 
/ 

70 mm ==%e-- 

Fig. 5.11 Zste Rcrrniandiays~ds.(a,b) ~ ~ r o r a c r r n ~ ~ r ~ t ~ r r d s k c l K ~ n  In d o r d  w + m d  lateral r7woitheskull:(cl F m t d l m r l t l ~  

Id) Voirvngrrro IFIRure(sl aAcrCamtl, 19fU.(b)aher Ewns and 14.1uhuld. IYR':Ic)after*ley. l1811R.lrfIafl~r Go-, lgi::la.d~<~>urtfsv 
nfthc krnard Prirc Inslitute.1 

lcrel of the tmth r o w ,  an a d ~ ~ t a t ~ o n  that rhllts lbc ~r-ith the dcntltion extending unt!rt~allv fdr back to l i c  

maximum bite force rtr the cheek terrh: the l a w  cnuld helowthetemgoral fene5rra 

~mbablvhaw been moved fnm-and-aft;andthcbdrrrl- 
shaped rikape presurnabry contained massive gritqthat 
WIG neceSsa7 for digesl lng large quantities of rough 5.5.2 The sail-backed synapsids 

plant food. 
The varanopids, six: or x\m genera of small cami- 

wrcs known untd recently only from rhc Luwrr 

Permian of North Arnerlca, survived inta the Upper 
Permian in Rusia and South Africa (Modesto er a!., 
2001).The limhrarc long and theskeletonIightEybutZt, 
so that they are interpreted as active and ag~le in their 
habits. Ynranopr (Figurt5.13(c.f)) hasalong low skull, 

Tm, groups of Earlv Permian sunapsids, [lie 

edaphoxtu"ds and the sphenacd{~n~ldr. indudc 
genera that had massi\-e 'sarts' on their backs. The 
edephosaurids, such as Edaphmaurur hcm the Lower 
Perrn~an of New Mexico and Texas (Figurn 5.14). were 
hcrbivorer They have enormously elongated neural 
spines of the cervical and dorsal vertebrae rhat wprc 
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BOX 5.3 RELATIOHSHIPS OF THE SYHAPSIO GROUPS 

~ynapstdatrad~t~omaly h a w  been d~vlded ~nto'peIycosahr~'.a pamphylet~cgroup, and theraps~ds, a we l l - chac te rmd  dade 
(ses ctad~gram) Both groups together were formerly somaflmes called 'mammal-l~ke reptrles'. The pmcosaurs appear to 
tom a sequenceof outgrolrps !o Therapsjda, wdh the sphenacodmtrds belng the most derlved (Re~sr, 1986) The B l a r w  

suchra, perhaPSa paaphyletn: QrouD. are the most basal therapslds The dinacephal~ans, drcynDd0nts and Qorgonopsransfol- 
lown~(HoPsonandBarnhusen.1986.SldorandHo~son 1-81 Somehawsuggestedthed~nocephal~ansandd~cynod~s 
shw ld  be palredas Anomodonba (King, IgSB), buttha d~noce~hallans may m fact be paaphylet~c (Sldor and Hopmn, 1998). 
The dtcynodom branch 1s probably moR extenswe, I e the Anomcdontra proper, consrstlng of basal taxa such as 
venyukovlo~ds from Russlaand relatives fromSouih AIrlca Wodestaand Rybcvnsk~ 2000) The themcephalans are a slster 
group ofthe Cyndonls, which property lnclude the mammals 

For more data11 on the phylogeny of lpstds. Po 10 Mtp JRPIwet! orQflree?group-Sympsihbcomgroup 
AmnioWTOM np. s.iz Theophiac&nM3 

~ d ~ o ~ h y r u a n d  (M) 0ph- la) 
partial aull andllultton in l a ~ d  -. 
[b) &lmn. [ ~ d )  skull m larrrd 
mtrai ~ - ( ~ o d r f i c d  from m a *  
Pnce. 1 W h m d k z .  1984 

parletal and svuamosal D ou 
natrow oar~etallorammwell t sfape~lwlh Ma@ 11ke shall ~Itumer~andW m t r ~ n t a n d ~ n h b r l ~ a l d o r s a l  margin 
F buuress In marrllla at rmt 01 canlnnom Darn premaxrllaty teeth In deep sockefs G WEUhPStDI, seplomax~lla 1ac.I erposvre extengw, 
mnt;ctbetween rnnxrlla andprelrontal exfernal acouSRC meatus In srluamosal ba51ptertq01d adlculalron awn1 jawrolnt ~n line w~fh 
wclpul anter1areor0n~rdabSenl.setmh0nsonteefh T2or IPwerteerh kh~fldcanjlllhrm ectopteqgotdleplhabsenl verlebml notochordal 
canal aarenl In aduQ amemrdorsatrntercemraabsenr.ck~rumandc~av~clesepamted w s ~ f ~ e d  sternum.ac~abvtum deep H posMrlor 
skllll rmf wrrcw kmpoal lossa expanded lateral* t pmta l fonmn ouem fIu$n with skull rw f  taleral platal lommen coromrtl pmes 
rresmland formed by OerWyorOentary and suranpubr. JTHERIOWHKih fmomat~carch I l am  lalerally corunord pmess 011 denfary 
dentav masseterscfossa posldentary bones r c d v w  10 haght atla? and arrs pleumsrrrrn Iuwd Ealcsneartuber R tmwr, lrmlel lrn~mm 
~ ~ ~ e m ~ r a l f m s a e m e e l m m ~ d l ~ ~ ~ g ~ l t a l c r e s l .  pastorbnal reduced poalrontal reduced. recondary wlate on m l l h  and palatlrre, teeth 
absemon paWm bone denbryextds  bdcwanprrlar 



Id) crushing pal*tal t e ~  ... 
74fp.5.14 The h ~ b ~ n ~ p l y c o s a u r ~ p h ~ n u w  (a) skchon:(M-d)skull ~n la?eral.donaI,and ventral r- [Figure (a) ah 
lomcrand Price. 1940: Ib-d) mu-ofhn M&M 1 

- r -  - 
1 incomparisr 
daptations to 
r a sliding jau 

, .  . 

prohsblycowwd by skin, hence the popular tenn'sail 
becks: The sktrf! uT Edonhowlrrus (Modesto, 1995) 1s 

r e ta t i d  y small ~n withthebadysize,and ~t 
showsseveral a herbimry:peg-liketeeth,a 
deep laver j a ~  Y lo lnt  to allow pmpalinal 
(back-and-iomras~ jaw morvments, and extcnjiw 
palatal teeth (Figure 5.14(d)) that are largeand form a 

hruad crushing surface. and ucclude against a r ~ r n ~ l a r  

hatteryon theluwerjaw. 
'The sphenacdontids [Itc~sz. 1986) were mvdrum- 

tolave-~i7dcarnivomsfrnmthr UppcrCarhonitemur 
and Lower Permian of North America and Europe. 
Drmefrodolpn from thc Lower Pcrmian o f  Texas and 
ncighbouringstate~aswllas Germany, hasa large sail, 
and iI rcachcs a lengrh of about 3 m. It has a large skuU, 
with as~nal l  orbit and a high temporal fencstra (Figure 
5.15). The ~ e r h l  jaw muxlrq of Dimorodon haw 
k e n  mnstmcttd (Figure 5.15(c)) :  the dductors 
wemanached to the inside o i t he  lower jaw and puIIed 
the j a m  shut. w h e r m  the pt-deus ran from the 

Fig. 3.15 T h c c a r n i w m s p c l ~ u r  
n~rnerrndorr (a) skeleton. (bl skull m 
lant~nl r.lew.lcl rnajorpwmuu;lr; 
rpronstturwd. In bteral v l m  IAftm 
Rornerand Prim. 1940 

ptrrygold to theouter face oi thc  an~ularanrl  provided 
a backwards jaw movcmmt. 

The pelycosaursail hdslon~beenaputrle.'~hcneur- 
al spin- I n  Dinletrodon haw grooves a t  the h.vre that 

~vrteprob~hlyoccupied by blondveswls. Funher, when 
fuwil skelrronr are excavarcd, thc neural splncq gcn- 
erally 11e In 3 neat fence-likc ,rrr,ly, which nl~ce:t\  hat 
the? wrr he13 tugcthcr bv 3 ttjuph cuvrrlng uf rkin in 
I ~f?. Thc  ail" then was prubablv con~yr,sc;l o i  I ie~v i ly  
va5cul~r17ed rkin, and ~ t s  funcrlvn sccms to h . 1 ~  been 
thcrmnrcgulatnrv (Haack, 198h).The idea i s  th.lr.csrly 
in the morning, when D~mtrrnEon was mM and slug- 
gish.itwwult1 standwith its mi l  fully b ~ ~ n p ~ I i c s u n . a n d  
wuuld then absorb heat rap~dly.This wluld I i a v r r ~ v m  
it a headstarr overits sail-lesrprey. Latcr ln thed.~y, i f i t  
bccarne owrheared, Dimerrodon could stand In  the 
shadc and radiate heat from the sail. The weaknm of  
thlr argument is that most pelycos3un, and thew con- 
temporaries, l a c k d  sails, and yet seemed to haw sur- 
vived perfect1 y well. 

+" 

...< 
5.5.3 Birmosuchia: the basaltherapsids abscnt.~hk numbers, 

anlminknt s i n ~ l e  can 

~ f t c e t h  arc re 
ine, as we11 3. 

Icment, the sc 

elycosaurs, is 

duwd and there Isa 
;a  few small palatal 

B r r i w d  char~clcr5 ui therapsids in comparison with tccltl. An a d d ~ t i o ~ ~ a l  L. ,ptuln~urll.~. prcqcnk 

the'pclvcosat~n:~n~I~ldcanenlargcd tnernporal fenestra, within t h e n n s t r i ~ o f ~  nowexp>scd on thc 
lms of the supratemporal bone, a deeply notchcd re- 6idenftheskull. 

tlccted lamina on the angular bone (Ftgure 5.lNc)). a 
forwards pr l r~ t inn  o f  thc law joint, reduction of t h t  
~d ln ta l  teeth, as well as rntdifications of khc ~houlder 5.5.4 D i r p h a l i a  

and pelv~c girdle< and of the hindllmb (Krmp. 1 4 P Z .  
Hopwn 2nd Har~husen, 1986; S~dor and Hopsnn, 1948; 
w e  lhIx5.3L 

11 \yndIw~d From the tarlv l'crmian OF Tvxa,, USA, 
'!i+rnrccrt~tops [F~purc 5.lhfa. h]), may he thc oldell- 
knnwn therapsid ( b u r i n  and Rrisr, IYYA).  In rnanv 
fcarures, i t  xcmq to be intermdiatc heh*cen 
rphenamdontid pelycosaurs andlater thcrap\lds, but ~t 
shows an enlargpd tempra l  lenestra and wme reduc- 
nun i n  the palatal tecth. Funher early therapsids come 

' from the Late Rrmian of Russia (5artail and Surkov. 
2000). Biarmo~uchw (Figure 5.1 6(c, d) 3, far example. 
was a small carnivore t h a ~  resembledthesphenacdon- 
ti& i n  most rPspectx The m i p u t  slopes back rather 
than forwards howwer, and the supratempotal b e  is 

l'hc d~nocephaliiin\ inclrirle 40 pencra of sr*napsid\ 
k n n ~ n  onlv frnnl the Upper I'ermran of K l ! \ r r~  and 
k>o111 4fri~a.\vhirh fall Into L K ~ I ~ C ~ I ~ I ~ I V ~ T ( I I I \  dnd h ~ r -  
hin>n~usE~ncagc\ (Kemp, IqsZ, Krng, 19811: H d l ~ ~ r l  21111 
Srlrkov. 2WKll .  A carntvoruus form. Ttlr~~!r~pl~~r~cfts 
fnrni the L p p e r k r m ~ a n u f  Kurs~a (Figure5.16lcl I,lsa 
larpe animalwith shortlimb$andahc;lwskull.Thein- 
cisurs nnd canines are wll develuped.and prcsumablv 
they m e  used forgrasptngandpzcrc~ngprey 

The 'Capinocephal~dae include a ranp of  herblvo- 
rous fonns,wmequ~te bizarre I n  apprance. . k h o p r  
from South Africa (Figure 5.16(f)l 1s a largr antma1 
about 5 rn longwith a massive rikagc and heavy limbs, 
hut tiny feet+ me hindl~mbs mre held close under the 
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FIg.5.16 Eadyrhmpids:la. b)rkdofTenamrrroprmSatcralandvcntralvims:f~d~~ku~olE~~~rmonrrh~~ri~ l a ~ c r a l . ~ n d d n ~ s a l u ~  
(elcarn~mmwd~noccphal~an Tl~mphomrrs;Ef) hcrbrwmusd~noqh.~l~an Mo~rRopr IFig~rcsIa.  b) m o d ~ M  fmmburrnand k s +  

19% lc.dl aftcr S ~ l l n g ~ u s n d  Chudinw. 1972: (rail aher Kin& 19KN.J 

body in a derived m n  posture, whereas the forel~mbs 
stillstuck~utsidmysinasprawlin~parture.Thehead 
isalso~clativel y small compared with thcWy,rrrninis- 
cent of the herbivorous ptlycmaun (d. Figllreg 5. I!!(<) 
and 5.141a)). The skull of Moxhopf has a munded 
Snout, but the posterior pan is elevated in a broad, 
Sguarr hcavily-built structure. What wab its function? 
The roofing bon- of thc cranium ere Rtraord8narily 

thick lup to I ~ m m ) .  and it h been sumfitd 
(Barghuran. 1975) rhar this was an adaptation fur head 

butting, as is  o!xcmd today among rhrep and p a t s  

4 Figure 5.17). The maln forccnf the bun hit thr thlck- 
e n d  dona1 shield of  the skull, and was transmittrd 
mund the sidm to the mcipital condyle. The orclput 
ms also thickcnrd a d  pIaced well beneath the skull, 
and the occipital mndyle lay in direct lint with the 
butting point. The impart was then transmitted down 
the thlck vcncbral column of the neck to the massive 
shouIdcr region. 

v W 

ppt-temporal bar 

(b) Icl 

Flg.S.t t  H m d - b ~ t t ~ n g k h * i ~ i M ~ ( a ) h & v i m  
oftheskullroftwa buttingind'ividutlssh&ghc~vtcof 
uanmAlion 01 thcirnpct thmqhtkrxdpira l  mndylc; (hc) 
d o m l  and ventral vinv~of~hcsku~bhowingthtbroad thidrmcd 
d d  rhicld. mdndtrans~~ooof lorcu horn ~t throvgh Ihe 
pmtorhital and po*-rempd h m t a  throccipiral condflc. 
(,4Hcr%qhuwn. 1975 1 

T h e d i ~ d o n t s , a  groupoFwrr70gtnera,mndomi- 
naat herbiwrrrsin the Late Permian (Kemp, 1982,King, 
1988; Angielayk, 2001), and nearly all dlcd out at the 
end of the Permian. Law Rrmian diqnodonts, such as 
Robcrtiqwre generally medium-sized pig-shaped ani- 
mals with barrel-$ha@ Wits and unsatisfactory tdils 
(Figure S.iB(a)). Dtmensions rmpd from rat- to 
hippo-sid. Dicynodonts werr hit had by the end- 
Permian mass exnnction (seep. 1331. but s r m !  new 
dicyncdont lines radiated in theTriassic,and same were 
large, being 3 morso 1cng.Thcscmust havehad an KO- 
logrcal role similar to large modem browsing mam- 
mals. The Triassic Kannerneycrin (Figure 5.1R(h)) has a 
narrow pointed snout and the p&&als farm a high 
mt.Theribcage isvastand thetrmbsand girdln pow- 
&!lv built. D~cynodonr b io lo~y  has been studied in 
sarncdcta~l (=Em 5.4). 

Thedominant carnivomin the LatePermian were the 

gargonop5iane (Figure 5.19(n, b)),a group of somc 35 

Flp. 5.18 s k e l m r  ofdtqndontda) 
~obnnaFromrbc upprrfirmhIb) 
j & n e f m m t h t  MiddleTriruiC. 5 
(Ahcr KI~R. 1PRS.I 2M mm 



In the Late Permian, dicynod~nts such as Prjsgrw'on made up 8#0% of smies In Wp!cal faunas (Benton. 1983a) Ohen, 
fiveormdicynodom~ec~~oldiflmmsneswrapresent ~nalauna,andlheywerepreyed onby carnfvorousd~nocephal~a~ 
Orgorgonopslans. T ~ E  huge sur;cess of these Late PermIan dlycdonts may relate to iherr spec~alized jaw apparatus 

PrrsterodrnMI a small d~qnodom l r m  ths Upper PermIan of South Africa, bas a skull 4 0 4 0 m m  long wlTha particuhrly 
short snout (seerllustration I(a4)). Prjstemdon, unllke many arcynodonfs, retalnsa lewteeth m add~hon to the canines, about 
slxPwtcan~nesinIhemaKillaand inthedwlary ThPsesmallSefsofteethrmrkedaqainsteachother,and theyareworn to form 
a smglegrindlng surface. The rest of the jaw margins are made Of sharp bone, presumably covered by a horny beak in I~fe. 

Prstmdm had a hinhly mobils jaw joint. Theartlculat~ng surtace ol the articular IS neady twice as long as that of the 

qvadrate, sothatthelowerjawcouldsl~desomed~stance b a ~  ; dunng a ~awopenlngcycle Crompton and Hobon 
(1957) reconstructed the jar acf~ons of PnsterodDnusing undistorted skull By man~pufatmg the jaw sand 
studyingpattemsof tooth war, the~wreableloworkout~ knoe how PfMerodanse~zed and processed fwd 
(see lllustratlon ll(;td)) Firstly, the jaw opened fullyj then r s byslidlnga! thep~nt.Khe food was taken rn be- 
W e n  the t~ps of the jaws as the lowar law c l~cornp le te ly ,  an0 was tnen pulled backfirrnb wlth the (aw pint slldlng back. 
ThlsEast relraetlonphase was themost powerfuland had thesfledoftearlnp theloodatthefront ~IlhernouMandsfrc~n~an~ 
fwd that was b e m n  the cheek teeth. 

:kand forward: 
a complete and 
i i h  Some confi~ 
n m d  forward . . 

The law muscles of Prrslerodwrwere also reconsfmded (illustrat~on tlle-g)) by an analysis olthe shape of theiaw bones - 
andpa~emsotthesurlace.Uost~fthejarvaddclctorsrann~~hanzon~lly,andth~r~~~ntractr~n~owld!havepo~~edthe~- 
tract~on phase of the law achon. These key muscles include a malor lateral external adductor that ran from the outside of the - squamnsal and quadrato~ugal ta a long ndpe on the side of the deMary (fflustratlon ll(e)). a medial eHernal artductor that ran 

.(Cl roller.lnte taw lomt 
(dl 

I fhes#lofttm d i m - i n  [a) hteral. (h] dorsal.ad {c)vemnlvrews, and (d) the mandlbk in domlvlw (AftwCrmptm 
and Hotton. 1967 1 

rns~de the sygomatic arch ffwn the parietal and poslorbfial lo the lop ofthe dentary (illushafion Il(f)). Otherfeatures include a 
flealblc she01 of tlssue ln ttrechwk region. tb Mundplafl, wh~ch I~rnifed the jawopnlng. and was kept taut by the levator an- 
gular~~ or~smuscle(~llustral~on H(e)), a small pterygo~deusrnuxfe that pulled the law forward.and the jaw openmg muscle, 
the depressat mand~bulae (~llustration lllg)).tbt ran from Ihe back of the squamosal to fba retmartleularpmca~a, the pan of 
me lower law behlnd the p v  pwof 

~rtskroborrfed on vegehtlmthat rt snlppad onwith iB horny beakand passed bak ,  pr~babiywith amvsnrlartnngue, to 
the cheek regbon for grinding and crushrnq before it was ~ I l w v e d  fhatus)rsolcertaln dlcynodontsshow wear stllal!onS 
whenlheyareexam~ned under htphmagn~f~mtron,wh~chwggeststhat they wereused forscnplngln thesot for P n t  mate- 
r~al. and the d~el  may have conststed! of roots, horsatail stems, club mosses and ferns. Dl~ynod~nt tusks may alsc show wear 
on the lnslde surlaces, confinn~flg the pmlaplnal (back-and-forwards) @w movements. 

lateral external Ievator angular is med ia l  external 
adductor  oras adductor  

aafieruamplon and Honon. 1967 ) 

gcr~era  from nuthein A b i a ,  Runia and China. Their the inciran rnd, thus removing swllmvablr chunks 

anatomy i s  rcrnarbbl+ con$ervative.mort forms belng ~Fflerh (Kemp, 1%9).Thegorgonopstansarr remints- 

about 1 rn long and with a skull ruperfi~ially like ?hat cent of rbre-toothed cats. r h i ch  apse much later 

of the earlier carniwrous thewpsids. A typical form, on and had similar enlargd canincs and vast gapes 

A r i ~ ~ y n a i l ~ t ~ ~ .  could have opened ib with a l" (w p. 3491. Thr ppnopriam mar b u r  owed their 

of 90' or so m order to dear la vasl canines The jaws success to the ability to prey on large thick-skinned 

then acwlerated shut on to the prey animal, and dinmphalians and dicyndonth  and when these 

the large fang. each other but did not touch. groups hindled at t h e m d  of thc R r r n i a n , ~  tm did 

t h ~  effe~tivelv picrcin~ the skin and flesh, and di thclrpredators. 
, . 

abling its victim. The & then shifted fornards and 



quadrate 1 
snlargd canines 

reflected lamina 

/bl 

W I  stapes 

- reflected lamina 
10 mrn 

The thcrnrqhdl i~ns, another gmup of  cnrnivomu~ 
t h e t a p ~ d , s u ~ d  ifmm [he IaiePermian intrrtheTri- 
assic. Thw rang~xl r * i  s i x  from small inscctlvorcf trl 

large c~rn i rom,  and also include some herblrnre III 

the Early Trwsqic. IheriPgna~hrfi a small carnivorous 
form from the L'(*yr Permian of South Africa (see Box 
5.5). has I k u l l  ;5mm long (Ftgure 5.19(c, dl)  with 
largeorbitsand renlpr~ral fencstrar. It shlnrasewral de- 
rivedrharautrrsinmmparison withthegorgonopsians 
(see Box 5.3):a rrflh?ed larninap!aced near rhe backof 
the jaw, a vaulted palatc made from vorner, prernaxilla, 
mailk and palatine (Figure 5.19(d)l. and a narrow 
parietalcrest that was wJcnsiveIy rovwed with the jaw 
adductor muscle. 

Several linmgcf ofrhexocephalians 5urv1'ed intothe 
Triassic, and one group, represented by Rrlrrriu Cwm the 
I o w r  rri,rssrc aC South Afrrca (F~gurc 5.20(c, E l ) ,  be- 
ca lm~ ~uccessful herhimreeThe tccr It oI'Rrrrrrrr~arcgen- 
erally rnbu\t,and thcrc 1s a sold batteryrrrl>rr)dd ~hwk 
terth for cutt~ng up Rhrour plrnr ninterhl Retwcen 
theseteeth,thepaIate ~ s ~ u l t e d o v e r w i t h  bone to form 
a secundary pal;~re. Th is  is Irkr the srcondarv palatc of 
mammal$. Buttria also has anothersuperfic~ally mam- 
malian characrerin the IossnFrhc bar orbone between 
theorbltand temporal fenestra. 

The ~ynodontx as a dadr, include the mammals (m 

lhl flared zygomMlc arch 
- 

la1 

m m m  condyle 
(dl 

Ag. 5.m Thcc+rlTrpadont Rgrrmudru,skuUio(a) b ~ ( b ) d o d . E c ) ~ r d , o l m d ( d ) o c c i p i n Z v i ~ ( c f l  thcbdivllmur 
themccphalian Brmrin skull in dord  andmvalncra IFipr6 (a4 )  aft- R c m ~  1979: (&flmdihdhmCarmll. 1987.) 

BOX 5.5 THERAPSIDS OF THE M R O O  1 

I Laie PermIan therapsids are best known tom WIG Kam bash of Soul71 Africa, and the soulhem Urals q i a n  of Russia. The 
f~rst records d these extraord~na~aaimalsmmeh'omSouth Afrmmtthe 1850s.andslncethen many thousandsof skulls and 1 
skeletons have bmncolfected  he Karm 'basin covers a hugearea,some ~l0,000 km2, more tban half of South Afnca, and the 
Sequencesof Permian to Jurass~csed~ments tobl12 km in thickness (Sm~m, 1995). During the Late Penlan, sed~ments were 
fed lnto the Karon basin fromarlng ot mounla~nsthafg~rdledMuthern Gondwanaland, partly located on what 1s now South 
Arnenca and Anlarct~ca. 

The Upper Pemlan and Lower Triassicsed~mentsolthe Kamo basin belongtothe8ea~0orlGroup~wh1ch is subdivtded rnto 
elgM b~ozones, based on the drstr~but~ons of tetrapod taxa. Each brmane 1s25M50m th~ck. In all, the Btauforl Group has 
y~elded about 100 therapsid genera, belorgin0 lo all m&r groups, as well as anaosrds {pmmurs, prmbphonids. 
m~llereerds), drapsids (Younpmn). ternrmspondytsand palaeonisEd Mhas. The fnssil amnlotes are found In association Wth 
mudstones an4 sandstonestha were depos~td by meanderiq riversofla brmd flodplam,and so11 homnsthal developed 
afteriloodinp episodes Skeletonsare preserved most often ina parflydrsartKulated condii~on In mudstones tM were la~d 
down between the nver channels. 

Spectacular recenl d ~ s c o v e r i e s l n d u d c e x c e ~ p ~  dlcjwdontskeletom incoded burrows (we ~llustmrion).'lhe 
animals evldemly constructed deep burrows near b nver channels, pemps to exape the m~dday sun, and Q C ~ s ~ o n a l ~  the 
hapless animals were trapped by an unexpected flash l l w d  

umwc& 



I For mrylhmg on the fan* or the L r O a  the IWllons and the specimens. go to hnp 
m"seums.orgam ~ l s o u r t e i p a I a e l u v e r t l ~ d @ ~  hfml. an onl~ne mfewncs, and http //wm W I ~  ~ ~ . ~ ~ ~ C e / p a ~ e O n t o ~ O w ~ j ~ D m e  

mmmr homeuageol theRsrnard Pfr~eltt~titute for Palaeontologrcal Rcseatefi 
~~~5,3).Cynodontsarosrat theendartkel'errnianand 
mdated ma~nly m the Sr~asrii. Tke Perman formsaw 
&scrim here, and later cyndont  evolution wfil be 

I m i l l e r d l  in Chapter I0,ar a preludc m the origin of 
- t h e m m k .  

Pmcynmirr!trn From the uppermost Permian of 
muthem Africa I h p ,  1979) has a long-snouted qkull 
with an expandrd ternpod repon (Figure 5.201~1-d)). 
~monusrrchrcrshmvsala~enumkroffeaturesthat arc  

1 1 ~  ldrgrst n i w  extinction in ~ t ~ c ~ r  history The families 
that dlcd nut include a broad wnge of ecological types, 
troln ,n~all to large,fmm Lsrnlvlwn !n hcrhlvoru.and 
the evmt affcctcd tetrapod5 worldwide. At the same 

tmc,  more than 5(We of marine invertebrate families 
dlrtliwt, thc highest rate of eullnctinn in'thr histury of - 
th t  uab. LOWS t ~ f  51L?5% offamilies on bnd and in the 

cqua te to losses of W96Yo of species, acmrcling to 

dlfferrn! calcuhr~ons. - - ,  

1 1 ensally marnml~an ; r h u r a  (Kemp 198k W ~ t n a t s  for the timing d thc e n d - M i a n  event 
Hornon and barahusen, 1986): the wide lateral f lar in~ have lightend up considerably. LVkereasin 1990 many 

- 1 

of t h ~ z ~ ~ m a t i c a r c h e s  that allowed an increased mass 
of jaw adductor r n u ~ l e s  a depression, the adductur 
fossa, for expanding jaw rnuwies on the upper part of  
thedencaybehind the tmthrow;anenlargcdcoronnrd 
process of the dcntary maling up more than three- 
quarters ofthe~cn~0fthe~owwjaw;an enlargd nasal 
bone; the frontale~cludedhom the margin oftheorhit, 
a double occiptralcondyle (Figure 5.20(d));and the be- . - 

ginn~ngrof a scondary palate composedla 
rnaxill~e and palatines (Figurr5.20(~)), ratk 
vomers and mariltae, as in themcephalians. 
~rncynosuch~rs,and thenatureof its teeth,su 
ateinsfclsor small tetrapods. 

rgrlyof the 
ter than thc 
The size of 
gcst  that it 

5.6 MASS EXTlNCTlOH 

Thegreatest mars eutlnctionof all time tm>kplnceat the 
end of thc Permian (Bcnmn. 1R03), and the tetrapods 
were invalsed. Of the 48 familics that were prerenl in 
rhelast 5X1trnfthePcrmian,theTatarianStage,3hdied 
uut (a Zws ot ;5"63. Thesc include ten f,rmilirr o i  
haral retrapod* [nlalnly anrhracwaura), captorhinids, 
rnillcrertidc and yarelasaurr, a> well as the ynunpnnid.. 
and I i iarnllw, ot thcrdp\ld~. including the g>rprllrn(%- 
rlanr, the last dinr>iephalians,most orthedimntrdontr 
and monv farn~llrq of small inwct-eaten (Figure 5 21 
only ~Zfami l~croCtetra~odssu~ivcd( tkn~~n,  I9YJaS. 
It is hard roerrjmate thelewlsof lossatgener~c or spc- 
rlhc level, becauw of patchines of the fosd rcrr~rd. 
5ludesto er al. hf(X13) hat-e shown, lor example, that 
uhen a cladopram is drawn, vwral  linca~ees can be 
shown to have survivcd the extinction horizon. even 
though fossils are pr to be found. 

This dramatic loss of tetrapod families represents 

~~~log i~ t ses t i rna ted  a durationof 5-10Myr, more pre- 
c i s ~  r;ld~un~etrtc dating (Howring rr  a]., 19483 shows 
that the Rrmo-Triassic boundary ir dated at 251 Myr 

*ars. Stud~es ( 

r Bax 5.5) sh 
ough a ahorts 
1 Ward.lW1: 

aao, and thc massextlnction was rapid, rakingIes ~ h a n  
IrDn,ROO p >f continental wquences in l i ic 

Karen (set ow a slepwise loss of tetrapod 
genera thn pan ofthe scdimentaryscctions 
(hrnithanr I. 

Catasfmph~sts haw attempted to explain [he end- 
Pcrrntan m a s  entinction by the impact of an asfemid, 
the  favoured explanarion for the KT event (we gp. 
24%5j),but there i~limitcdevidcnce for thisat theend 
of ~h~Prrmian.Thmwc~,ho~e~er,mahriveeruptions 
ol hssdt lava in S i b e r i ~  Over the mumc of perhaps 
SDO,nOOyearrsnmc3 million krn'nf lava werceruptod 
rr\crd C ~ h t  area.Thc eruptlnn relt-aredhuge v o l u m ~ o f  
p~scrruchasCO:O:andSO, Into thcatm~~rphere~andthis 
pmh;lblvcaus~dutastrophlc temperatu:echangmant! 
mypen deptetlon (W~gnall, 2001 ). Thc oxygen deple- 
tion,assoc~ated with greenhouw hmtrngof ~heatmos- 
phere and oceans, cornblnd tn kill off mon p2ants on 
1 . d  and much of  the plankton. W~th  the plants p n e ,  
~ ~ ~ i l r ~ n d u r ~ n i c m a t r e r w w c  wa5hed Into thewa. limt- 

r~~lumc,  nt nlclhane frr~reti in iccdcrp a-rund the con- 
tinent~l margins. were unfru~,en and rcteased. 'l'hcsr 
unuld have burst tu the surhce of thc nccans, expand- 
~ n p  marsitel? in \-nlume and Further drivlna the p r n -  
hr,~t*e hestrngeffccr. 

tt'hatewr the cauw. the mass cxtinctic~n was pro- 
fuund It was adwmatrc punctuatinn mark,separatlng 
the Palaeorolc faunas from those of the Meswzoic.The 
comptex multi-tier Latc Permian pcoystems on land 
were destroycd.The$e changes can be tracked in South 
Africa and in Ruwia. Where there had once bcen 



Irgi~~rturd~OU~E~OFFhS5E~iBLYlSym60WFwil. 
end-Pomian mars extinction at hnp:llpaluo. 

Mm. prucolophonid. s http+limuucmp.krkeley. gl~bri~.rc.uWa~mfiIeslPPrmianlhnt.~l and 
~ ~ d u l m a p l i d r i p r ~ o l o p h ~ n ~ ~ d e d . h t d a n d  parriasaws htt~i/~.bbi.co.uW~cience(hor1zoni2W2lda~~rth 
.- httn.ll~w.ucmp.hrkIey.edu~ana~idslpa~r& dicd.shtml. 
*r - - - ,  
smh.html. You can find more infomation about the 

some 40-50 tetrapods in a fauna, ranging h r n  Tiny 
insect-eaters to giant sabre-toothed gorgonopsians 
that preyed on the thick-skinncd pareiasaun and 
dinocephllans, only twa or three terrapod taxa sur- 

v~ved. Most famous otthe survivorswas thedicynodont 
I.pr~saursis, which spread worldwide in the earllet 
Triassic. Such dom~nancc by a singk t m n ,  making up 
perhaps 95% of  the post-minction faunas, is a sure in- 
dication that a major crisis has happed.  Other sur- 

v~vors included tw or three 'temnospnndyl'lincs (see 
p. 97h some pmlophonids, some basat archosaurs 
and lepido=uromorphs (srr Chapter 61,and somethe- 
mcphdlians and qmodonts, 

5 .7  FURTHER READING 

You can read more about the phylogeny of early 
amniotes in Sumida and Martin (1997). Two older 
amunts nf Perrno-Triassic synapsidr arc Kemp ( 1982) 
and Hopson and Barghusen (19861, ant1 a more 
recent survey is  given by Rubidge and Sidor (MOI). 
An owrvim of the stratigraphy and faunas from 
the Permo-Triassic of Russia IS glwn in Renton 
eta!. (2Wb). Benton 12003) g i m  an account of the 
current undentand~ng olrhe end-Permian extinction 
m t .  

h r n  more a h t  the hm teptite Hylorwmus, Nova 
Scotiah provincial fossil, at http:llww.gov.ns.ca~ 



CHAPTER 6 
KEY QUESTIONS IN THIS CHAPTER - 

1 Hw did tetrapods recover from the devastation of the 
@nd-Permian mass extinction? 
2 How d ~ d  archosaurs dbvers~fy and take over arange of 

3 Whatdo studies ofthe wstureand locomotion olearty 
archosaurs lell us about the malor d~fferences between 

IRTfIOOUCTlON 

strictcdfaunas,of lower di*crsity than thosc Ihe Late 

' 1  
Pcrmian. depleted by tthc grcat md<s eatinctiun. On southern Europe and North ~frica. Newrtheless, t h m  

land, the srnapstds re-ndiated during thc Triarsic, hut ir stmngpvidence that tetrapods could disperse widely 

thcy had alrmdy lmt a nu~rtbcr of thcir key adaptirc hccaysc faunas of continental tetrapods WK similar . 
7 ~ n e s l o t w o n w g r ~ u p s - t h ~ a l r c Z ~ ~ ~ ~ ~ n a n d t h c r h n  wrldwide. Fnrexample,tfie first faunas nf the e~rlicst 

chosaurs.ln rhe~czs,x.rrill Ii~rrs fif huh-totinprcptile, Triassic wr? dorninatd by the dicynodont Ly- 
erncrgd, the nothorrurs,placodontsand irhthyhurr. s t r ,~ in~ru$  and hcludd othn elements such ar small 

Svapsid dominancc in thc Permian had been thernnphalians and cynodonts, the early archosaur 

destroyed and repLcrd Ivdiapsid dominancc ~ h r o u ~ h -  Prorermucllus (see bclowl, prnlacertiformr and pm- 

out thc 11tw)znic. culophunids. Thew animals wcre found tirst in the 
The lalcI'riassir wasa key episode in thc ~.ur>lr~tic~n Karuo Rasin of  South Africa Iw p. $31 I ,  hut similar 

of [etrapods. Not nnlv (lid the dinuraur.: .\ppea1r9 but a ftlun;tr were later found in Antarctica, India, Sotlrh 
n~rnl,~.~rdnthrr n ~ ~ j < ~ r  group\.~lrc arrw: thccn>irltlil. ~rncrira.~hinaanri ~u~sia~cvidenrcfnra rupcr- 
iuns, thc P ~ P ~ S ~ U F F .  the turt1t.s and thc mainnrals lmr cuntinen~ at thetimc Isetp.25). 

Chapter5 Hand 10). Triassic climatej were warm, with much l a 6  varia- 
tion from the poles to the quatnr than exists today. 
Thcre i s  no evidence for polar we-caps, and the north 

6.1 THE TRIASSIC SCENE andsouth poleshuthlay~roccnnsat therime. During 
thcTripssic,therewasapparcntly a hrnadc-limatic shih, 

TheTriassic world was similar in many ~ ' a y s  to that ot at Imrt in terms of the reptile-hearing rock formation% 

thc Rmian. All continents remained unitcd as rhe from warm and moist to hot and dry (Tucker and 

supercontinent Panpra (Figure 6.1), altht~ugh the Benton, 191121. Thk may have been c a u d  partly by a 

North btlantic Ocean began to open at the very end o f  northwardsdrik oisourhcrn reptile-bearing sites into 

the period. with rifting in eastern North America, thetmpicaldimaticbelt. 
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The c l ima t i c  thangc caused a r n q o r  t u rnove r  in archosaurs by the EarlyTriassic. Therno~ importapt jggga), however have shown that they are part d theCrurolars1 R e l a t ~ n s h l w w f i i n  Crumbrsl are 5MTunceflain. 
Ilor~5, n u r i n g  the earher  part of the Triassic. floras in the archosaumrnorph groups is the Archosauria, phylosaurs appear l o  be the basal branch (Serma, 1991), although Onblust (Benton, 1994al. but meBlalronshlpsamng 

r l i r  \nuthern hemisphere mrc d o r n l n a t d  by the seed rhcir evolution in thc Triassic was cnti-1 fnr omlthPsvc~,ds, sta~onolepldlds, launuch~ans and cmwdylomorphs have far anah'$& lBmton, 999a) 
t c rn  I~~rrordrum, a s h r u b b y  plant with broad Icaves. later history olvertrbrate l i f e  an land: here - 
'lhrse  floras d ~ w p ~ e a r e d  in the Late Tria~sic, and they the foundations of the radialinn of t h e  dinosa 
rvcrc r c y p ~ d  by no r the rn -s t  

I'lir floral turnover was matched by a major faunal in Chaprcrssand 9. 
turlicqver. and the dom~nant herbivores d t d  out, to be 
r~hplaced I n  time by t h e  first herb~mrous dinosaurs  (we 
PIT. 1 5 9 4  [). 6.L 1 Basal archweurs 

During theTriassic thearchosaurs radiated IIILU-~~ 

6.2 EVOLUTIOH OF THE groups. Therew 
AACHOSAUAORORPHS Triassic. before a 

pIacc. One line le 
The a rchosaummorph  branch of  the diapsids [ x c  p. the pterosaurs, dlnusaurs and ,..-, ,,., &X 6.1). ~ h r ,  AVEM ETATARSAUA 
I ! 3) includes rewral groups, the trilophmurldh rhyn- Triassic archosaurs that do not belong to a 
.bmunB pmla~crtiforms and archosaurs Thc first twa terminal clades werr previously d e d  'thn 
3rt known only fmm the Trlassis but the prolaccrti- a paraphyletic group. 
forms had arisen in the mid-Permian. and the 

ARCHOSAURIA 

Cladogram shawlngthe relaumhm ol*e a ~ c d m t h a m r h ~ ~ a ~ h n r ( l 9 8 6 ~ . B ~ t o n ~ ~ r k ~ ~ ~ ) . S e l * ~  
BOX 8.t ARCHOSAUR OlYERSlFlCdTlOH (1 991 1 Parrah 4 l993).Serem eta1 (19931. Gw orl (1999a) See hgure6 G b r m n M  ofhnosaurla, see 

~mp. 5fO11~latl0nShlDS of D~nosaumand Box8 ~haMptemsaur~@atl~nShlPS Syna~Omomff A 
ARCHQSWRPR anlorb~talfenest~a In snoutwall ffanened twlh wth strratlons, o s s M  latarosonenold In 

' re  some shor 

majorsplit i n  
d to the crocl 3dilians. and 

The archosaurs undarwenta mqorpha$eofevoluHflnrrydlve~ficat10nath8 endof h a  Early Triassic. Thcybmchea r r r l o h  
maiorproups,oneof~~chled to thecromd!lransandMeotherto thedinosaursand b ~ r d s  Theprec~secomposlhonsofthese 
two l~neages were hard to resolve (Gau th~e~  19B6, Benton and Clark, 1988; Sereno. 1991; Gower and W~lkmson, 1996; 
Benton. 1999a), as !here were a large number of convergences, particularly in rnadrficahons of the limbs and changes rn 
DmlureIsee Box 6 2) Thecurrent vlew (Gowerand Wrlklnson. 1996) 4s that thecrocodl l~an Imeage, the Crurotars~, rncludes 
most of the Late Tnasslc archosaurs, whereas the dinosaur I~neage, the Ornithodjra (see p t53). lnclutles dinosaurs. 
pterosaursandanumber nfbasalformsIseecladogrilm) Note that Iusetheterm 'Archosaurla'to referto the wioteclade, the 
iormal  usage, whereassomeauthors (e.g Gaurh~er. 1986) havesuggested restrlctlng the term to theclade termed Avesuch~a 
ie re  

In the cladogram, the key contentious Issues have been Ihe placement of EuparkeFiaand of m e  ornithosllchrds and me 
slal~onshlps of rau~suchians. On the bas lso l  the strudure of the ankle, Euparkena wasassqned by Gauth~er (1S86) to Ihe 
! nosaur Ilneage, but these charactersare outweighed by features of the derrved archosaurs that are absent i n  E u p m a  
,BertonandClark, 3988. Sereno 1991. Gowerand Weber, 19s8). 

The Ornrthosuchrdae (see p. 147) were also placed on the d lnmaur llne by Gauthier (1986) and Benton and Clarh (1988) 
as thevapparenlly share featuresolme llrnbswdh urn~thq~l raps.  Al lsubseq~~antana@es(e g Sereno, lW7, Parr~sh, 1993: 

Acarchosaurs, t 
w a n d  Wilkrmor 
! l l~ rnoredetar l  
between nostril 8 . - .  

I (1396) and sent 
wcmcodylomo 

md orbit7 laterally - .. ... '. 
bralncafe lateral mnd~butarfenfftrain posterlor vnwer pwwoes. B, arnvirrlral lmra surmunlllng thtfenesrr& wMs and rllum elongaRd, 
anlerloi mpcess on ~IlacMade, fauth lrochanterm lemur, canal b , s m .  

metatarsal 3 longer than 4 t paeetallormn abmt .  s l~ rnod  (S ng 

alonp:he back D AVESVCHII 10550f palatalteeth. dcaneal lube esfw 

Rbula and d1staltarsal-1 on carcaneurn E CRUROThASl. cervlcal r lula 

and rorarold renlral astragarocalcaneal articular lacel large. M m y t a r  t~b~ar facet !iexm calmneal ~uuer soan maoerman ra11, ca~caneal 
tuberd~stalend rounded Pemril~ndrutatca canealm~dyls,orleodermsculpture F publcacetabur; d. 

calcanedl tuber distal emf ~ 1 1 n  dorswcntralMal~gned rnedlan deprcsswn G IEM€T&TARW!A. for r. pubs 

longer t?anrsch~um.r~braremur ~allomorslhanl 0.dlstal tarnl4subequal rntrals#4~se wldth, tOd 
mth 

metatvsal~l-IW t ~ b l l y  ap~ressed m~tararsalsIl-IVmoreIhan50"~ ttblal length atsaiceof dorsal A, 

p c & a c r a l ~ e n t r v m 8 I ~ g e r t ~ a ~ p r ~ c r a l ~ e n h u m l 8 . d e l ~ o n l c r ~ s t  on humerrr subreclangular,flbulala~r~ngan~cakaaeum redwed 
In $,re astragalar postenor a r m  and talcaneal lvbnrudummtaryarabwnl I DIHOWVROMORPHI, subreaawularand dl~llnctw offsel 
femoral nead asfagajar ascsnd~nq Range olranterrortace oftrbla, astraga~aramerone~.al comer acule.cakaneal dlstal amcularhce kss 
than35"qnllhatolastra+alus.an~cularfacetfor m w r s a l v  kss than halfOf bwralsurfateof d~sb!mlsald.m~dshaRd~amefersaf 
mewarsa!s I and V ler; lhanll-IV rnetalarsal V has no'hdeddproxlmal endanu ayrkblar face for dnhl t a r s  4 IS subpa-allel to~haf i  W K : ~  

UIROShURITORMES para~klwram-shaped cervical centla. acetabular anhlmhader ancularsurfxe on tM fernurthrextenlh under W 
proxlwal head vreaklydmalu~d lc!ikl (anterrurJtmhankrm the femur 

wporlron rmsa 
nioless man 0 5! 
 part metabrsur 
, H ORNITH001R 
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u 
1IX) mm 

k) 

forms such a Orrridrosucfrtls (Wdker. 19641, which 

place i t  close ro the common a 
stout legs (Figurc6.3(d,r : b blunt and u p  A 

turned and it mav haw been usea m dig around-in the 

mil for edit I roots. The brdy is , m a  

~ h -  . 
y, 

6 .12  (hro&latcT~icarchosaurdimity  an extmsh heavy h n y  plabes that 
into the sk ry defence a p i n a  the' mi 

'rhe crurotarsans. rnemben of  t h e ' c d i l i a n  line' of carn~vowsorrnarrlme, therauisudianr. 

rrchosaurevo!ution,a~chamderi~ed byananklr joint The rauisuchians are laqc Lam Tr ITeS, 

that allows rntation between the astragalus and calca- somc quad~pcdnlmdmme posribty i cd  

neum (Grtno. 1991). The basal ~rumrarrans, thc phy- to the ~rrz~oruchidae,~auisuchidac,~ nnd 

toraurs, arc Lmmn mainly fmm the Upper Triassic of  Ch~ttcr~eetdae. Relation~h~~s among ..L=L are 

I Germany (Hunvrbllhler, 2002) and h r ~ h  America unclear* Raui~hia may he a cladc, or nra- 

ViY5hkarskcbnnmmn1ngpfi*rc;~ddr~ E ~ @ ~ ~ W . L U ] ~  un l ~ t ~ ~ ~ ,  
fm,t ,ilj"m ir*il<l Gq 

Pura.clrrlrrrsfrom India (Chattejee, 1978) is 2,5m long ph%letl~ proup that includes cvcr-clu 5 to 
lnRrrish IqRb:(hl aficrCrurrkshank, 1 q j 2 : , d - f i ~ b ~ ~ ~ ~ ,  19h5 , andewhibzt~crocdilian-likeadaptations to fish-tat in^ Cr~iodrlomvrpha (Benton and Cln wcr, 

, >  . 

The h r l y  Tr~assicarchrlh~urq took over thecarnrw- 
~ O U S  nlches L~rmerly ocrup~rci hy the gr>rgonopsid* 
and titanosuchids that had dred orrt at the end OF the 
Permian. Prntrmsttchrrs IF~gurc 6.?(a, h)) from South 
Africa (Cruickshank, 1972) s h o w  four archnsaurian 
hallmarks: an antorbital Fenestra (an opening in the 
side of the skull llrtween the nostril and the cyr - k t  

thathoud anairsinur),an wqified laterosphmoid l a  

midline strunurr In front ol the braincaw), a lateral 
mandibular fencstm (an opening in thc sidc of the 
lower jaw) and Bancnd (inqtmd of rounded)  see^, 

I ' J L I I I  I+ J 5lcndt.r .1rlinlo7 1.3 rn long that 
prolmhly prcrrdr~n \madl and mr.rl~um-sizLul rynaprids 
(~hrrt~cel)hal~sns, dicvn<duntsl and pmmlophonidr. 
It har qllor~ limhr ~ n t l  adopted 3 sprawling posture, as 
In moql k r r n ~ a n  synapr~dr and I~rrng lirards and 
.;abm,~ndcr.;. 

In the L r l y  and lM~d-Tr~3>~i~, further basal 
adxmur  finengcs flourished for a short while. The 
~r}~hmsuch~ds.such Vjf~skkovto from Ruwa (f ipurc 
6.2(cj), reachd very larw slzc, up to 5m bng. 
powerful animals wrw top predators. capable of 

niddlc of the 
~ncfftry of a 
398; Box6.1). 

(Figure h.3(a. b11.The long narrowjaws are lined with 
sharp teeth rhat interlock ~n suchawaythat hrusrdchjrs 
could srt7e a rapidly darting fish and pierce rt with 
~ h c  long teeth.and then hold ~t firm while ~t expeIled 
untcr iron1 the crdcs of  ~ts mouth bcforc swallo~v~np. 
The nostrils of  Pnrasuchus are r a i d  on a mound of 
txlnc just in h n t  aFthe qm lnotat thcttp ofthesnout 
AT in crocudrlians), m i t  could haw lain just 'below the 
,urfnce of thc uxter mth  only its nostril-mound sho~v- 
ing. Pnmsuch~~ like rnmy mdcrn  cmodilians,did nnt 
only hunt firhe in the water. Twa specimens of  Para- 
~~ulrur havekeen found with stnmach~ontentsoismall 
tetrads-the bony remains of prolacertrforms and 
a small rhynchomur-that may haw been schd on 
the river bank and dragged into the water. Phytosaurr 

- ,  
~ l e  tubers anc 
P amnur of 
.in, a n e w  

r.1 .I 

~d (Walker, 1 S 
powerful hlri 

:)).The snoul 
3 .  

) :'were the 'I 
radiated nc 

d i n  - 
Sct 

ajor 

?00?~ The poposaurid Posrwudrrs \ I  -.<. . I J -  s 

2- 11, 5-m-lung camivorc from 'kxas, UF4 (I.nn,np and 
Slurry 1995),wa a tup predator. with a high ,Lull ~ n d  
dwp i4~r>\llnrd with Tong recurvcd tccth.'l he Aull w.15 

narrrlr* from sidc to Side, and in rnaiiv ~ ! y \  it r \  \upcr- 
hciallv ~trnllar to the skull of  a carnrvoruub therrtptxl 
dln~~raur (seep. 155). .. A 

Snlrrorrrcliu~ a raulwchid from Argentina 
fknapar t r ,  I98l), i s  onc of the lorgcs~ rauikuch~ans 
rra~hrnp 6 ar 7m in length (Figurure 66.31)3. Thc skull 
(Figure6 3(h))shmaspe~ialietdslit-li~eopcn1ngjusf 
behrnd thenostr~l,andapossiblejn~ntjust below.1nad- 
dition,the hip bonesarepreserved In thmdimensions. 
and hnaparte (19Sf)  was able to show how highly 
modified Savrosuhw v m  for a spec~alizd erect gait 



la] 

EvaIwtinn of the Archosaumorphs 143 

(m b x  6.2) in which thefemurr~mained~ical ,  the i n  a~wciation with a rich fauna of aetosaurs rhyn- 
p l l l a r - r r ~ a  p 0 5 N T P  (Figure tr._i(i, j)). The ilium has a chosaurs, m a l l  and larpc synapsids (dimdonts and 
verylnwbladeand i t  w ~ o r i e n r P d a l m u ~ ~ a ~ r ~ v ~ F I  lavri- qmodonn) and some rare ternnospondylq and small 

zontally wrtjcalSy, which meant that the sockrt for d~nosaua (see p 155). S a n r ~ e r h w p r o b a b l y  fed on all 
the femur (the acetabulum) faced downwards rather tjf these animals, but the rhpchwaur Hypemdapedan 
rhansideways.TheskelctonsofSaumsuchuswrrrfound in particular, as i t  was cxtwrnely abundant in the 

Archosav~ s h M  dramatic cbnges tn the~r posture and these are reflected in  the two I'ivlng groups Cmcodit~ans are 
essem~aliy.though secondarily. I~ketk~rsprawlingTnam~cancestorS, whereas birds stand Iuliyupnght, orerect illlustration). 
The key changes happened largely in the Trlass~c 

Earfy Trtassic archosaurs suchas PmteraunOrrswsre sprawlers. Sprarllng isthestandardrsptilian~sture, mwhlchthe 
limba are dlrected 51deways and the body IS held onty a l~ttle way off Ihe ground Snme later archosaurs, such as Evparkena, 
pmbably had a mi-erect  pmture, in wh~ch the body could ba holsted clear of the ground durfng walk~ng The fully nmcl 
posture,inwh~chthal~mbsaretuEkedbeneaththebodyand thewholelenglhofttlelimboperatesloproduceastrideinMever+ 
Ilal plane, appeared, possibb several times, In dlfferent Late Tnasslc archosaur groups: omtthosuch~ds, raursuchlans. early 
crocodylomorpbs, pterosaurs and dinosaurmorphs. The erect posture also amse Independently dur~ng the Tnassle In the 
cynDdonts [see p. 292). and itis seen In the~r descendants,the mammals. 

Why thechange7AduantagH of an erect wstunarethal more Ofthe l~mb Is used in walking or runningand strib length is 
increased Also, hmnq tlm limbs tucked benealh the bady means that erect anlrnals can more readify suppan therr body 

I weight.Wmasprawl;r llftsib belly from the ground.ihelbDwsand tn~isaresub]6ctt~1ntense bendrng shesses.Anered 
anrmal.Suchasanostr~choran elephant,cansuppOrl its bodywe~ght wlth much lessstmasihe upper andbwsrdsnents 1 
oltl-telimbaremorein line 

ln theswdchfromsprawllng tpaner~posture(lllustrat~on (a, b)), muscleforceschangedand thesecan be seenma corn- 
paruson ollivlngcrocoarl~ansand b~rds,and~nthe loss~ls(Hulch~nson an$Gatesy.2000) Whena sprawer sstandlngstill Its 
body R ab e locol,apse Th s tones the nneejoinl up(abducllon) astm boay Qoesoownand Ihe lendency  sopp posed bythe 
adducror rn~sclesthal IIP benulnrnrl mb.rumlnqfrom [ t lcp~a~sann ~schiumlo1ne undersrdeolthelemur Inerectan ma S. 
on tne other hand. the tendency s tor me femur ro mwe n towards !he rn a ne (adduction) SO th s is oppoSEd by ~ L S C I ~ S  
abavetheIlmb, the~llotrochantenc(~l~ofemoralis) muscles, whlchertendtromtheposterlor partof the bCadeofthe~lrum to the 
d o ~ F  surface ol the lemur. attachrng on the fourth trochanter 

In walklng. spm-iersswlng the femur througha wide an: and the retractinn rbackwards pull3 phase of the stride is pow- 
ered by the large caud~lemora',~ muscle, which attaches all down the s~de n l  Ihs la11 and runs to the posterlor margin ot Iha 
femur Bdrds, on the other hand have t~ny tails, a somewhat reduced caudiiemofal~s muscle and most 01 their strtde fscom- 
pnsedfromrolah~nof Zhefemur along ~rslongax~sand movementsat the knee powered by 'hamstnng'muscles that run from 
femur to t~biaand below. 

These changes m rnu$cle tunction may be wen In the ewlut~on of basal archasaurs and MIIOUS dinosaur groups on the 
way ta btrds The dtofemoral~s (IF) muscle dnrtded I s  functions dunng archosaur ~ 0 l ~ t l O n .  and the antnor p a t  the 
lllotrochanteric muscle (ITC). moved moreamenorty onthe lilac blade (~llustrat~on (c). 1 b), whereas the postermr partstayed 
ID placeabove the acet.bulum.This movewaspara4laMedy as~mjlar spl~t tn the slteof qnsertlon on the head nf:he&mur tha 
1TC Inserted on the so-called lesser trnchanter, whlch separated fromthe head of the femur and moved 1nwarC andloward 
This farwards andirnrvards move ofthe ITCwasneessary In erectarchosaurs tooppose thetendency toaddmtlonand to ro- 
rate the femur The location of the pubo~schiofemaralls internus (PIFI) muscle (~IEustratlon (c), 2) does not m m  mucn, al- 
thoughdslunct1onchanged1mpmtra~on (lonards movement)olthelimblnbasala~:hmau~to rotat~on af the femur In 
krds The pubo~scRmfemorallsexternus (PIFE) muscle drd move subianlially (~llustration (c). 3) First, in d~nosauromorn, 
the mserhon on tk head of Me lemur moved laterally as the femoral head curved more and mom inwards. and ~ 0 t h ~  P I E  

a7wAmd 
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beom' more lnahd In laf@nl rotatian of the femur. T k n  m b ~ i d s  and clme rsmwes the llubir 
flmmahb m o w n ~ t h e  Ongln 

P ' R b a ~ a r d ~  This cutoutthe rnusc*.~ function In pru~iar~,an ofthe kmlIrand alI(lWgd ~ ' O ~ U L E  mtra~t10n and rotation or the Rmur 

fauna and was large enough to make a (hip socket). ln add i t i on  t h t m ~ e a n u ~ ~ ~ ~ o f - ~ ~ y -  

s t ~ r c u l e ~ ~ t  meal lomorph specialiutlons in t hesku l l  (FigurrLd(b)): the 
quadrate a n d  quadratojugal are displacd h+aA 

1 towards !he braincase and rhecheek r t g l o a  is overhung 

! 6.2.3 Cm~ylomorpha:originofthecmcdilian~ br t h c q u a m o = l .  * 

~ ~ ~ f h ~ r r r ~ ~ o d y l o m o r p h  tarnlly of t h e L a t e T r l a s l c  

i .lrur inrodl~,ms in ihr Ear ly  Jurassic (see  pp md Early luu l l c .  the S P ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
: 272-7), but [hex were a number oi c l a w  re l a t iws  in more  c r o c ~ l l e - ~ ~ i n a ~ p e a r a n c e - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

1 7r,dx51C kmc of 1 ~ 1 ~  T~~JSFIC C M C O ~ ~ ~ O -  the ~ower  ~ura=ic:of%uth h l c a  (lvalker, I9q0) 

Evalulaonolarchosaur pmture (alcomparrsonda wradmp basdlarchosaw (IN) an 
ermbasaldinosaur (rmddlel and a brrd (rlghl, In the thegruundmctlan l a r c e r ~ ~ ~ l a n d ~  mass (MI  create stress- that 
,nabduct,on ,heawarmw), counlPred by ,he addUtlarmUSCbf I'm arm*' In Ihe erect 

f h e ~ f l ~ a d s  medrally lo the hmb the resultanttorce prodvcesadductlM lemur vrhlch becounteraned b y a ~ ~ t i w m ~ c l e s  
(41 Standard or~entations ol rnmsonthe a sprawling tetrapod Five 

m i u t i u n a ~ r t a g ~ o n t h e ~ * ~ ~ ~ m ~ ~ l a ~ ~ o ~ ~ ~  I 1 s  with skelelonf OfmEai lepresenhtrre5 lherighr and headorthe l19hI 
IPmUr MUSE'e'lQIRSanflrmanlOns a r e ' n d l ~ l e d ~ t ~ ~ ~ ~ ~ e m o n l l s  (IF t 

llie r l ~ o l e ~ r a l ~ ~  exlernuS [IFE la) the 
,ITC. number ufdlagnrlrtic cmc~r lv l l~~~rphcharactcrs  

I hr the p roo t l c  and rhe squlm~sal, whereas in later croro- 
b' Ihe puborschiofemomil~l~~ernus [PIF 2) ~ p u ~ l ~ r n o r a t t s e n e r r r u s  ( P I F E , ~  (eased 

In Hulchlnsonand Ga(esy, 2m nlaln b,,nes of bc wrl,t \ndrsle and ulnarr) arc d l l ~ a n s  ~t rlopes further c o w a r d  a n d  ah meets lhe 

donpted into rd-rhaf id  eirmm., instead or k ~ n g  ha rmphmno id ,  a m i d l i n e  element* fyF'1-I ar- 

t,unon-rt,apd ( ~ l g u r e ~ , ~ ( c  l i , l h . l ~ ~ r ~ l ~ m t  olthr chwun. I h a  lie in fio1-11 of the ba5i~wr*g01d and 

shouldcr Rlrdlc (the coracord) his a long backward- pmObC. The ~ l t o p o s u c h l ~  and s ~ ~ ~ ~ ~ ~ ~ ~ ' ~  .Ivew 

pllnting and the prlvir an o ~ n  acetabulum grauvd a clade S P ~ ~ O W ~ I ~  in some rec~nidad'r 

Id1 

Fig. 6.4 . . 
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they were often the domlnant herhivnrer in the nxter. Indeed. many ol the specimens are found 

Icprcscnting 4 M %  ofall skeletons found (see Box in rnarlne xdlrnent+., and Wild (1473) rewlnnructs 

6.31 FArly forms [Dilkes, 1998) were small, but h t e  Tun~tmplleus as a coastal ~wimrner that fed on  small 

Tnassicrhynch&urssuch~ Hjpmdnpadon [Benton. fvhesthat it caught bydartingilshead about. 
food. The tr~lophomurids are unusual 14g3b; ~an~eger ctaL,2OW) wereup to2mlong. Hypero- The frilophoauridr rhychosaurs and ~ r o l a ~ e r t i -  

has a dceg cheek region wrnpnd mainly fornoalldied out in the LteTr~ass~c.the r h ~ h o s a u r s  

fmm [he juPl and maxilla, and the premaxillaeextmd and many of the prulacatiforms before the end of 

bwrds and downwards as rounded and pointed the period, about l2aMyr ago, and the others rtght at 

elements (Figure 6.5(c)). The lower jaw is also deep the end of  the period. These three groupr and ~ h c  

and khedentarvb*trstwommof tccth.oneon thecrest archou aumrnorpha, one of 
and theorher lowerdown on the in~lde ( ~ ! ~ u r e 6 . 5 ( d ) ) .  the rn; ssida (Benton, 1985: 

The skull rs triangular in plan v~ew [Figurr 6.7(c)). Evan$ 1W8). The prolacer- 

fie back of the skull 15 broader than the torol lengtb ':r----> ..," .Lb,.Y-,.. p13ups (Figure 6 6), 

and th~s  vast width w m s  to have prov actem, such as a long snout and 

m n g  jamlosing muscles. Therearc bra n a d  banes, backwardby c u d  

on the maxillae in the palatal rcgi ceru ld ribs. Dllkes (1998) found 

rows of trethoncithtr sideof a n,.,..., p ~ w . , .  ...-. .he prolacert~lorms split into two clades 
The lowcr jaw clamped fir e P r o h ~ a ,  lying clo m in the cladogram, 

maxilla,justlike the blade r s and theremain~rrgp IS c l w r  to the base of 

handle (Figuw6.5(f)).Thi! o Archmummorpha 
$ding back and Farwards, ,. ....,., to side, is thc Thtphylogcnet~cschemesnown here ~ ~ t ~ u r c 6 . h )  is  

prpc~slon-shearsystem, just likca pair of scissors. Rhp- very Rrfferent fmm older views , l9M). 

chosaurswere h ~ b i w r c s  that fed on tough plants, pos- Rhynchosaurs and ~ l a c e r t i f ~ n  rdcd as 

sibly $eed-hrns. Hyperodapedon has massive high claws true Ieprdosnurs, relatives of the ds. and 

on I& feet (Flgurc 6.5(g)) that were probably tired for thw were thus $aced on the o~r.er major dlaps~d 
Tarrystropheus for ex- 

amptc, th thc 11wrds,such ar  
r (F1guw6.5fh)) and 

ertlfom.had a p p P a d  brrt m the mid-Permian, mp- speciallzeu reern ano verrmrae (M'ild. 1973). These 

r e s m t d b y P r n t o m ~ ( ~ p .  T 19),andtheyrad1ated must k ces, however, as they are far out- 

in the Triasic Most of the Triarsic forms probably weigh :nce fnrarchosaummorph affiniw. 
looked Itkc li~ards, but by the Mid-Triassic, one of the 
most unusual rqrtlflnn h e a p  had arlqen within this 
clade. ~rolacefl~forrns 3rr ~ h d r a ~ t t r l ~ e d  by long necks, 6.3 111 f RIASSI C SEAS 
but that ot Lrrysrrclphe~rs h m  Cenrral Eumpe /Wild, 
1973) was extraonl~nart, hr~ne, more than twice the Them wcrt. gr(~uP5 of r e ~ f ~ l c s  In Trlass'c 

length of  the trunk (Flere  h.j(i)). The neck was not sear (McGnwan and mot an^, 2003, ~ ~ c ~ ~ e l ,  2OOnc 1, 

grcahy flexible as ~t 1s composed of anlp9-12 cervical the plamdon??, p3chvpIwrmurs no tho~urs  and 

vertebrae.~achotthrwbearslon~ thlncenical ribsthat ~chthvosaur% all of  wh~ch have the eoryap=ld skull 

20 mm runbackbeneath thebackboneand may have prmlded pattern (set F, 112),wlth one (upper) temporal tents- 

lh) anachmfnts fur powerlul ncrk rnurcles. Juvrnilcs of tra. Each haswry different aquatic adaptations and the\ 

Tanysrmphms have relat15ely rhon nerkr and,as they represent a majar radiit~on of manne p d a t o b  ''-'.' hurOmarphs onhcTrwmic f ~ t n b h ~ m u n d  bl!oF,~vvi, , l rkv~l latenland YCnIrd 
lC-Bl th 

grew larger, the necksprouted at a remarkable rate Its probably from l n d ~ n d e n ~  s o u m  among the earlv 
rhmhmur HwRod'prd~15'c1~u111n 

ratrlil~newnew [dl i o r r  MW ln rncdlal via. .~.i, rmlrai vim, CmsrrSCC,lon function is a mystery. The sharp tceth (Figure 6.5Ih)) diapslds. 
th'rath-bniln~bsm'f"e~~l [maxifla) a d  lowrlax (drntaryl 

tn,hathepmlrfil, (., skC,Cfon: (hhI1 be 
Pm'cmlfon i a r m m p c v 1 h ~ l * u r ~ ~ ~ ~ ~ ~ ~ ~ ~ f a ~ ~ r ~ ~ c ~ n n s ~ U w I n g I h C t n O m w I Y  dDnptcd - rF,Rum bl lRm 

suggest that Tawystmphms fed on meat (fishes a d  

Gwv l%ktc*)aftcr &nton. 19a3b: (h, ~).&~~(rild, 1473 1 1 wphalopod h00Was are known asstomach mntents), 
whercar the limbs and other feature4 may indi~atea  life 
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cl,nhim nf p~rri~i,n~r, Fr~h~pbumraur., nrsaur bnnch ofmharurian rolutiona lrrmed '" 
nothuuurs md ,,luri nuLmb (smrn3 1 ~ 1 :  R i r p e l ,  

~vernclakrtr l is  im Box * . I  ) Srhrumnhlnr hn thr 

1Y95, IYYR, In analyrs, pla&onts fell b~rt l - l ikrfeatur~ofat lb i~th~'  islOn~hthanthe 

btwccn pchqleurouufi and nnthoraur~, but Rep- an adspation in mning and a 

6.4 THE ORIGIN QF THE [IINOSkURS r l l h  Pterowuria (Streno, 1993 1, bu' nore . - 
firmly located in the pphylqen~ e of 

fie major trf archuraurs in thc Mid- to l a te  A \ T ~ ~ ~ J ' J ~ ~ ~ ~ ~ ~  (fintc his slender little 
z~ of a blackbird, . ~ ~ ~ ~ ~ ~ i ~ ,  marhd by the split of the Cnlmi~rsi and the rcytlle was I7Ornr 

omithodin lee pp. 1 3 ~ 5 ) ,  a starting point and it was certainly h' mliGh are w r y  

for the radiationor thcdinos~urs.Th~~ld&t dinosaurs much shrrrtcr than 'la I hid  b c m  inter- 

date frorn ,he earliet ~ a t c  Triac~lc (rnid-Camianh, ~re tdasa even a 
and hence in some 

n u s .  S d e r ~ m d l u r  might 
: it has the proportions of the 
mall mamma! that leaps imund 

~ i t h d a r & o f t h e ~ r l ~ n ~ n ~ ~ ~ .  T , ~  smalt r g t i l e s  horn the Mid-Ti+ass,ic of 
stage, and there has been 4 heard  debate Anlung lhe abundrnt rcmahr@f ~=h~~ [ ru rouu rs  

phairngrr. Som. b t c  ~ , - j ~ ~ i ~  lihlhprun m,+rd 
L2 

Argmtina fall cluser to the dinosaurs than the 
lrom sw't7crind,5andcr ( 1 ~ 8 8 )  founda~pecimen o l a  lengthr of isrn. nv had long hulln-shaprd hndi 

th iahappened .he th~r~~ l l cce5s f~ l  romp 
rFvp'idl, [hi b r l  m d  th i  rhm- pte"'UUrL ~ S e ~ l r O 1 l  M'nuwchlula@~rfon is 

young nnima" lm' 50mm in length (Figure recth only at the hntof thp  m,t,a ,, ,hosa"rs. &r opiartunj*tic nd 
an cxtinc- incnm~lctel~ knm*n. but is a bal dlnuaummo'hn - 

R ' 7 ' g " ~ n ' c . r ~ c c i m c n s h 0 ~ t w o ~ f ~ t u ~ e ~ t h a t p m v e  
tremendously elonbatpd llrnbr, ~h~ baler ichrl event. undrrslandinR Of The origin of whrrrnc ,Marnsl~dr~~~ [Sereno and Arcucci* 1944) a 

''"l'~ynilr. l1leorhit is  refalivery large and I he limb 
Fp, 2 4 ~ 7 )  were imporrant In ,urar Rldrt With ,tUd, ,)[ the earlrmt I>~\~ld~nnsaurl lorm (see 

66.1), charactrrlzd a 
l""'c P e r h ~ p  this juvenile had just Crtya<eou7 riu,hur rmchrd hklgrril number of  shared characters 199')- such as: 
h ~ ~ n I ~ ( ) r l l , ~ l r ~ t  sayeirn  hran r m b q .  .5,,an.netkh in whlrh the r r r q i d  wnchrar follnw'a 

I  hc l d r~c r  ntllllosaurs (Rirppel, 199R), 1 4 m  long, stronplv 5-shaped curve, a forclimb than haK the 
hm rTnng;lte he~dr md large tcmpoml Fenesmt, bur ~ ~ 1 . 4  ~.l.~ionrhiC of,,,eTriBSSiC 6.4.1 o r n i t ~ i :  dinosaurs and relati= lcnglll of the hindlimb, a much reduced ~ a l c a n c u ~  
wcrC ntht-rnri~ similar to pachypleuro.raun in their tcc,ne.third orle's of thcsizeof theastragalusand fur- 
"drpt'llon' Thrv "'prrar '' c l n r i ~  rrratcd to pie- The piamdona, plc~iTlrumu,,rr, nothoraun ind Tneclusesl ma,or o u t g n l u p o ~ t ~ c d l n o ~ ~ ~ r ~ m ~ ~ b e  thc 1hcr 5~tciali)ed fraturesOfthc foot' 
rl'rra'lr'*'l grr"I' thallirrl ~ppearedin the &~I~-I~~~EEIC, i ~ h l h ~ t > ~ ~ ~ ~  WC.r hlrmrrly Ic,g, Romer, 19M1 mm- fSer 6. I I ,  l'hi, ma\, cccm an unu*ual ,\[(trt,~lr~l~m (Figure h.lllc. dl) was, a lightly built 

rald""t"i "rm'aiti~*l'~ in ihc lurrs.ic ind hillid in I ~ ~ ~ ~ ) ~ ~ E ~ ~ ~ ~ ~ ~ , , ~ , , ~ , ~ ~ , , ~ ~ ~ ~ ~ ) .  wnren ~ ~ . l ~ t ' l l u r ~ ~ i r .  p17. I?-( ,) ,  palring.hyt Wllll)ler( 1 9 ~ 6 1  nOllll i l m ~ l ~ l ~ t l ~ ~  hctwccn i l e t h - t ~ t c i ~ ~ ~ m ~  I-' mlnn(vthat prnum'hipreyedUn 
qlrrnthcr \tcrl~*tlr.~lnct. thun. n i . ~ n y , l o t h ~ ~ h ~ ~ ~ ~ ~ .  hlndiml\l r r  r r r i n  %nlil~ h.l,nltlvin~ sue" " i)nodont' an" 

thElwogrt,upr,T,rnlCU~ar]Y in 
8ut.d lhqjf dl[ tbe~emarine~rou~sare m,rdlficd dlaprids thcan~clu,,,l 15vmplifid lor hmge-llkearrm j r -  ~ " ' ~ ~ ~ l T h o ~ ~ ~ ~  a w"' perhaps and 

6-3.3 1chthyosauria ntunckind f,rdnotherCCarmll, I r l q  hiassawand ~ ~ 1 -  in ,vhlch the astragaiur and calcancum a c t  ~ncccts. Thc !.kull$s incompletely the Po'[- 

lumW, Itow). and morr partlculdrly nn>dlilpslds, with a kind el.mller: rnll !he middlr lhrr. cranial remains .how many dinolaul-likc chara'tm' 

5au~)P1~rr~lansatleatlyingon theIcpiduMurumorph ., " h e l d  uprjghl pinttinn so that lhe rllch ~ a r a ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~  urrlcd webme 
i h t " v  1 '  ' w the 5 I lnp ~ i ~ ~ ~ l ~  IW), I q~ j. 1 9 1  ), writion or an,mll Up on its the dlglriprade p$lure. (necessary fcrr thc S-cund neck), an arm hat Is lr$' 

" ' v i O u s '  P 1 h t i  ~ i -  
,rhlhnriaurs un,..rtajn, C,"SC rtlrlim ofthe 

Pterosaurs are diKusd in more dctdil Iarrr (see pp. than half the length of the b~ll'llingc of an 
nrik i'rnmlind form, saddin  and Qrh- IepidouummoThr loo, or an nvtgravp wi- 224-4), Ptemgurs anddinowuromnrph~ together are 'Pen acetabwlurn lFiqrc 6.8(d1) and other "11  in Triasicand coniinued douuromorpha + ,+rchouuromorpt,a (Motmi rr #,,. of the 

and limb bona assaciated with fully 
thruugh@ur ~rr t jzoic 

Era with essentially the Nlme 1 gqtl 1, termed theornithodira. 
small mptile the upper ~ ~ i ~ ~ i ~  of Upin, erect posturn. ~ a ~ ~ c h u s ~ ~ c l e a r l ~ ~  bipd-mnning 

'Idat rhthywaurs include Utat Equ~lly, jr ildrar that the marineRmupl inloat Sclmmochl,,5 (Figure 6 B ( ~ ,  h)), appears to be m out- on its hlndlimhs, and the long prtsumably 
srrauru5 lapan (Mutani 

~ 1 . 1  l9g8), a 3-m- leas1 IW c lads ,  lhi  Ichthp5aurta the ~UmPTer).r). gmup to Omlthodlra, brv] rnrmb,=r or the di- u d  a ta~anc in~  organ. P m.* haw is hand' 



tibia hgeq 
than lemur 



6.4.3 Radiation ofthe dinosaurs--petition or long-term cnmpthtit~ut\ Figure b I U). ?'he dinosaur 
massextinc~ian? ancestors were regrderl nr  rupcrlnr an~mals with I 
Therearccurrent7y twnwaysof~cwingihr radiationof 
the d i n o w n  in the Late Triassic. Either they radiated 
opponunisricallyafrer a mass extinctionevent,or thry 
competed over a longer time-span with the ~ a p s i k  
rhynchosaur5 and basal archosurs, and eventually 
premlled. 

Untii recently, most authors ( e . ~  Bakkr, 1972: 
Chnrig, 1984) favoured the competitive m d e i  lor fuur 
reasons. First. as mentioned above, many coruidcrd 
that the d~nmurs were a polyphyletic assemblage and 

.... adwnr~d locomotory ad.iptatlur~r (emf ga~t) o, 
ph~iological advsnrts [warm-hlnurIrdnr.ss or mid- 
hldcdness: bath cases have hecn argued! I that pro. 
gr~siwlvcomputed with.sndc~usrtl thtextin~rion~t; 
all of the synapsids and h,rsal archrmtrn. Third, the 
appearanceof thcdinosaurs ha.;oCrcn becn rcga&daS 
a great Eeap forward in evulutiun,~ry rrrmr. 

A fourth reason why mdny palaeunttdugists act- 

eptd the cumpetitivp modct fur the radiation of the 
drnomurs was mow general. I1 had communly $wn 
asr;urncd that the evnrl~tinn n f lift. ir in sun 

311th and dnjr 
wmt before. 
L . - . . . 

W? \bay pm- 
ndfs are in- 
&, modern 
. . 

-.. .. . 
hence that dinosaurs a w e  xvcral times as a rc+ulr of grcsriw, that more rcent pl, 
slmildr co~npetitivepresgu~s.Second. thcuriginofthe evlrably better than those that 
dinumurs was seen as a drawn-out affair that startcd rnammsls might he sa~d ru be r ~ c ~ r r  cumpetlrors tnan "- 
early In the Mrd-Triasic and invoIved enmsiw and archaic mammals, archalt mammals migt 

thand~rio.;aursanddino~ursmight bebettcrthaarheir 
furerunners. Thl< sssu~nption of pmgrm h a  never 
heen demonstrared (B~nton, 1987). and i n d d  the 
m a i n r c h a ~ p n ~ n  ~ n r l d  florarand iaunsmighteqequally 

k a5nociarcd with qanrions into nerr. ecospace, 
involving no dire0 mmpetition with pre-existing 
formsatalf. 

Sa-eral lines o f  evidence (knton 1983a, 1986a. 
1994) suEest that thedlnusaunradiatd afierecospace 
had becn cleared during the end-Carnian extinction 
ovnt (Figum 6.10) and that thc dinosaurs did not 
pstablish therr pre-eminence after a long per id of 
competition with precursorgmups. 
1 'Fhe fossil m r d  dws nor showa gradual take-over, 
but two rapid expansions after extinction c\mu. The 
6rst dlnosaun in the Carnian were rare (1-3% of  indi- 
vtdunlr). An extinct~on ewnt at  theend of theCarnian 
ssw the disappearan= of all dominanl herbivore 
groups-the dicpodontn herbivomus q d o n t s  and 
rhynchosaurs. Herbivnmm dlnmaurs then radiated 
seeminglyrapidlyin themrlyNorbn. rising to5(cW% 
of indi\iduals. Uinosaurs diversified further in the 
Early Jurarsicafim a second mass extinction ar the w~ 
cnd 6flhcTriassic whm the mainiigbasalarchosaurs 
audnther gmupsdrrdout. 
2 Thc firs1 dinosaurs had the kcy characten that 
assured theirlarrt success, but theyd~d not rakcovcr a t  
once (Sereno, 1999). During the Caroran, aIl three 
maiord~nosaurianIincag~eswerepresent,but thcmpds 
ant! ~urupodumorphs d ~ d  not radiate for some F10 
hlyr afier their origin, and ornithischians ZC25Myr 
latcr, in the Earlv lumssic. 
3 Thr 'ruperlor ddaptatrons'(1f dmosaun were pmba- 
hly ntlt HI proround a< was once thought. Many other 
archi~ lurs  JIK) PWIIVLXI erwt gait in thc Late Trinssic. 
,lnd v c ~  the\ d~cd out { ~ g .  aetrrravrr, raul~uchlanr 
ornithn\uchidr arrdwmeearly crocodylomorphs). 
4 Thcrc werruthrr extinctionsat the cnd of rheCarn- 
ian. 7hr Ilicro,dir+nr flora of the snuthern hemisphew 
q v c  tvav to a r+.orldwide conrfer flon about this time 

I ?ern. 138).~hrrcwrr~1utnoversin marinecnrnmllni- 
~cs ,  particularlv in wcls, and thcrc war a sh~h h m  
pluvial (heavy ra~nfa'tl) climates to arid climatc~ 
throughout much o f  thc world [Simrns and Rufill. 
1990).Theclimatic and floral changesmaybvccausdl 
theext~nctionsof thedominant herbivorous tetrapds. 
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5 The idea that simple mmperit~un can drivc the rc- 
placement 01 one major group by another is an ovw- 
srmplification.Compctit~onbetween familicsor orders 
of animals is very different from the emlogical obsrr- 
vatlon o i  competition within or htwecn species. ln 
palaeontological examples such as thi$ mmpetition 
has ohen been assumed to have bccn the mechanism; 
but the evtdencc has generaIly been shown to be weak 
(Bmton, 1987). 
This kindof macroewlutionarydebatcis hard tawtout 
in c lmr l~  testable form. Many palaeonrologists would 
prcfernot toinwstigatesu~hqumtiaasregardingthm 
as story-tell~ngolthe worst sort. InteUi~nt pople are 
bund  to ask questions about rnajrrs events whether 
mass extinctions or evolutionary replacements; i t  
would beunsatisfactory simply tosay'wedo not know, 
and neverN.And,a the quality ofourunderstand~ng 
of the fossil record improw (more fossib, better 
dating, better geographical coverage), i t  ~s porsible 
ta home in on events and d i d  them in increasing 
detail. 

6.5 FURTMER READING 

Research on Triassic wrtebratr including asjwcts or 

f a u h  change and the origin ofrhe djnosaurs, i> prr- 
sented in volumes of culkctrd papcrs, ~ c h  85 PPdl~n 
( 1  986) and Fm*r and Sues 11 994). Tetrapods tlC ~ h r  
Ruwan Pwmo-Triassicmnrmmarizedin Bentnn etul. 
(Zmb) .  Sereno (19911 and Kenton (IY94al prehent 
mmprehensiw cladistic overviews of archosaur 
phylogeny, and Sereno [ 1994) gives a broad picture of 
dinosaur phylqeny, 

UseCul web pagrs include http:l/rainh~w.ldco 
columbia.edulcoudvIUO1l~.html on the Tr!a5$1~ 
and its fossil tetrapods, http:ltuw.muwumr.arg.rd 
rarnlresourcelpalamtciuvrrl t>n the Permu-Triasvc tn 
the Karao. South Africa and httpdltcrlweb.o~treel 
p1rp=l>irpidaPrmn~rn11p=hmniota on diap5id 
phylqen)r You can srr a deklled thrce-dirncnswnal 
dissection of the skull of ~e'rauisuchian'Snrrrasuchu~ 
at htt~/ldigimorph.o~~p~timmslSaurosuchus~ 
galilcil. 





A& more a b m  the Bear Gukh fishes and therr setting at htlp llwww sju edWresearchlbear-gulch and me Bearsden 
~~mmts8on at Iltlpj- huntenan gla ae ukmWarch~vdtharWshark shtml and h W J h  hvnter~an gla ac uV 
museumlearlhmear html 

1 ~etmt ~ Y ~ I ( S  ~ower  ~ a r h n l l e r m  r m ~ s  in central scatland (wood. 1982: coat- and ~equnra, 7gg8, mlbj 
Montana. USA (Lund. 1985.1989. Janvlerand h d .  1915) have reveafed a wealth of new fosals, offen beavtrfufv PnSsrw 
The Montana fauna, from the Bear Gulch L~mesfone (Namrrr~an. c. 325 ~ y r  ago), IS yrl~cu~ariy strrkng -a world shar& 

(see ~llusrral~on Ill Slelhamn~hus and SalCBfu~. Wfih thew extraomnary shoulder spmes. are the largest. 
unlrsud petalodontrf~rm sharks. such as 8 e b f l k a  ( s ~  Figure 7 1 (I)). Wlth their d~fferentrated durophagws denlthonl, ate a h  bed 

known hen Hafpagofufator,a r e l ~ r ~ e  ofthesubterbranch~a~mn Chondrenchetys, has forked appendages on the 
b,,, ~ ~ r y ~ n  themale Delphyodontos,apossib~eear~ch~maem.seemstohaveno hnsafallarrdaspherrcal bodynwered with& 

dentrcle~ Anotherchimaera. Echinochrmaera, has dentlcles m dierent parls of rts body The male aka has pelulc cbspersand 
forehead 'claspers', short SDlnes over theeyes, as In somemodern form. The other Bear Gulch tlshes mclvde.a'~elesarpef 
~oefacanth, Aden~tewr a narrow El - I lk  actmopfewfan bony flsh. Paratarassius and me olden knmn fme ampqa 
Hard~slklla, - -% 

 he lossi l~ from Montana and Sculland are preserved exquisifeb me Scob~h deposit, at Bearsden m r  GIasgm, :* 
contams m r t w  and nm-rnarm beds, and shark l o l i i l ~  m e  found in both The depont war dlscowmd by shn mod a 9- professional colleCloc ln 1981 (Wood. 1982). and d has Yelded superb s~ec~mens of ~kman~sf!on 

mustraTlon ah ' 3 
other sharks l~ke those from the Bmr Gulch L l m e s ! ~ ~ ,  as ~ e f r a s  numerous palaeon~sco~d bony fishes, acanhodransanda :' coelaEanth. 

I I Thp mrrk l r r r (~ l  sham and chlmaurasand (f-hl Ptherfnhes an l l ~ a  mrd-taroonrrerovs BearGukh Lfmeslofle 01 Montana. USA 
la) the ch~ndrmherYtlorm H a ~ l u f a m ~ l b l  Ine SYMOrfdan Fakalus (c) lhesvmmrldan Sle Ihnlhus (u) the holaceflnalau 
Delphycdmlos (e) fheholoce~haan E ~ I M m h ~ e r a  (0 ~ e c ~ c a n t h  AtJemerus (QE the xt~nopierypan Pamarasw (hj lhelarnprey 

Hdrdrshelb (MwJanvlerand LuM, 1985.) 

II Aspturnen of Akmon~snon. a dose rebhve of Stethacanthus trommeM10-Carbon~femus of Beadsdr 
remarlable sMuMer s p  fhcsppclmen 1s05m long (Courlesy of Stan Wood I 

baseplate. The spine is made from dentine. the main 
constituent nf teeth,surmundedbyamllular bone. 

t hc str;rnix~dcrntids, or edc<tids, arc k n o w  a l m t ~ t  
cxclurivcly from their tce th ,which~r~w in fp~ra l  \hayes 
(Tlpurc ?.I!d)), and arc common rossilr i n  the 
Qrhtrn~femus and Permian (Zangerl, 1981 ) As In 
chondrichth?m.; generallv, each r p l r ~ l  consists uf a sc- 
r im  uf t r e ~ h  that are ~oincd t o g h e r  in such a way that 
thelargest teeth at the topare I n  use and ncw teeth can 

rotate Into place when the older ones are worn away. 
This system means that there is a constans supply of 
teeth avallable even when older o n a  breakoff. In edes- 
tlds u n ~ q u ~ l y ,  the older smaIE teeth are retained in the 
whorl.The toothwhorl fils between the twolower jaws 

n. G k q o w .  Scd 

(Figure 7.11;)) and operatesagainst simifar sharp teeth 
int11cupperla\cThemst olthceugcnmdunt~cl \kcleton 
rs poor[\ h o w n ,  except In Fudent~a from the Lower 
Carbunl(trtr~~< of Smttand (Figure 7.2!aI) I his shdtl 
h ~ r  3 Irmgdtlrral t in and xcnacanth den l~ l~un.  I t  r \ ~ \  d 

h u n ~ i n g l i h  t h ~ r  m t w d  thrulughpTan1-rhokcd m.lrnpy 
I ~ U I ~ L  ) t i  ' t ~ r ~ h  of prey 

1 hc pc~alul iunl~ft~rmr, from t l l r  (:d-I>r~n~ferirtr\and 
I'c.rnu.~n. ~ n ~ l u d r  iurrnssra from Gcrnmany and tnp l .~~rd ,  
dnd l<rL~rrtseu from the Ikar Gulch l lrnnt4hnc of 
.\lonrann, C ~ A  fwc Box 7.1) R ~ ~ I I I I I S L ~ Q  4 I ~ g u r t  7. I l t ) )  
ha\ Jn cutranrdmary bulbous body dnd a rhnn hC.?rl 
I Lund, 1984 >.Thercwerrbur pweu ftil rid&ttcth ret 

~ncach jaw segment and the tooth form varipsalong thc 
jaw. These teeth were arrangd as a pawmen) probably 
tor cnrshing hard f d  such as molluscs or corals, and 
this i s  indicated also by t h e  armour plates around the 
mouth, possible guards against ahruion while feeding. 



('7 
Fig. 7.1 b r i v  s h a r k  (a<) syrnmoridrl~a(d.r) eugcnmdon~ifumr.nd (0 pctalodum~forrn: (a1 k r w w .  IbI nuk +~l . ,~r~ i$rnrh  
~ n d r I . 1 ~ ~ ~  (c) Sterhucut:lhus (dl trr)[h whnrlof Hrlrmawn: (el tooth whorl ofSsrropno. In plnndt rhcr~p,,rrhv k m p r  ~ l l d  
~ y l n + t  arwrhpwmcnt tn thcmoul ~r~htrum1:ffI hmh~~rrcn. if;igurrla)rf[erkh.~effcrand Wllrlarn.. I ' l i ;  fhl.~herI ~,sd. 1 q x 9 : f ~ )  

n ~ a d r h d  lrnm /jnhcd, 198 I; 1d.c) altcr M<n .Thuunasand \ l i b .  197 I, IF1 altn Lund, IPW ] 

7.1.3 hmnhiformesdenaanthifomes dorsal fin extending along mu\l d the back and a 
andhybodontifomes tapfrlng symmetrical narrow diphywcal tail. The 

strange narrow long hrm of X~nrtrflorhus may haw a[- 
~ h r  xenaunths (Hampr, 20031, mihnter  bnns I d  it toswim  nand nllr o f ~ l o r r ~ . ~ r o w i n ~ 1 ~ k ~  
han horn the Devonian to the Tnasic. m m b i e  etation. Specimms of Xenamnthur orusional]l ha 
modernsharkin their Anstructure. Xmacunthu~from ciaspers (Figure T.2/bl). paired flexhie limb-l1kp 
the EartyPermhn(Pigurr7.2(bl) hasalong~kulIwitha ments located just behind thepelv~cf inbwhiharcu~ 
long spine just khind, large p a i d  6m m rlon~at. dur~ng mating m hold the female vcu~  while 

are transfcrred.1'hr claspers mnhin a number of smau 
hard parts. so they arc Frrquentlv preserved in fossil 
sharks 

Th<stcnacanthr.~n ill-defincdgroup,includcman~, 
(arm, damg from thc Devonian to the Triassic. They 
3hnwccl A c l u e  ,lpprr>~ch In thew fin spines ro modern 
\hark, thrrc arc t w r  dorsal tin spincs. lhc fin aplncl 
h.~re a pcctrnatc ornamen? and thevaredeeply inserted 
into rhr murclc massof thc body. Ctenacanthus from 
theDevonian tFiprr;.!(c)~ispoorly known,prnbahlv 
kcauseof preservat~on problems. 

The hybodontr, may have arisen as early as Ihe 
k ~ o n r a n  and cerra~nly by the Carboniferous, bur 
their m l n  diversif~cation apparentry occurrcd In the 
Tr~asic and t h e  were the dom~nant sharks in the 
Iurassic of Europe and Nonh America. The hybodonts 
surv id  into theLateCmacrousside-by-side with the 

modern sharks. the nwaelachians (see pages 164-9). 
Typical hybodonts, such as Hybodus (F~gure 7.Zd l l, 
were pmbably sluggishswirnrners, but capable ofshort 
fast burnt$ of speed on occasion. The p a i d  61-15 were 
used for steerin~andsrablliration.The tar1 ~slullyhete- 
rocercal, with the backbone bending upwards. Hv- 
btdnnts hawa number of twth shapcs,snme hl@h and 
pointPdandother~low,which suppcststhat they fedon 
a variety of prey tvpes, ranging from fishes tobottom- 
living cnutaceanr. They were eswntiarly a marme 
group,l~ball sharks, but vlrnrspecies becameadapted 
tolqfein freshwaters. 

Xenacanthr, rtrr~aur~tld, h~b3or1tiFoms and 
neoselachianssharranumbcroFcharactcrsthat suggest 
tkcy form a clade [see Box 7.2).There IS usually an anal 
finand theysharca tribasalpcclaral tin /Ffgurc7.2(~)). 
The fin is s u p p o d  by three elmenth the metapttry- 
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BDX 1.2 tH6NDRlCMTHYAN R E L A T ~ O H S H ~ P S  

7.1.4 Subterbranchialia:Holocephali 
llvrng cmdrrchthyans are ~ a d , b c l a a d M  as either sharrs and rays (eiasmobranchs) orchlmaeras (homcephabns), and 
most ross,l taxa an be a s i g d  to Dne or other branch d ~hondrlchlhyan evolution There ha5 'hm a great deal 

The chondnrhthyans ro fdr drlscnbed are Lnnwn aboutthe phwmnt of mpr t a a ,  whmer for example Me holoceohalans are Part ofhe ehSmobranchclade- fVmmorl- 
largclv from the Carbnn~fernus and PermIan vriods, dans and c ~ a d ~ e l ~ h l d s  as nelr ovtgroups or whelher there was a clear drvlslon m e e n  ~h clads Elasrn0branch1' and 
but anotbprcladc that o r l g i n ~ ~ t d  i n  the Dernnisn and 7.2 POST-PAPAEOZOIC CHOMDRICHTHYA~ ~ ~ ~ e r b m n c h ~ a l ~ a  (Gaudm. 1991 ). the vlewampted here (see ciad~ram) 
radiated~ntheCarbon~fcrous.~hesuhterbrm~hial~rns, RAOIATIOH ftre hybodonts, rnnmnthsand xenacanths form successive outarouvs to the ~eosd=hii, but below ~t~theelassifip- 
stdl sunrives today Thr Subclar\. Suhtcxllransh~al~a ~ n -  hn ofebmobran,-hs 1s ~ncertarn and one possible solution based on the work of Gaudln El991 1 and Cmes and Sequelm 

12001a)T shown here me relatmshlps oftbe extant nsoselachlansare debated. butme~anerninfl~c*ed here ~ ~ ~ ~ p p ~ ~ ~ ~  clvdes twen inc t  gruups from rheCmbonifctcrus, the Sharks and chlmacras dlveni f id hugely 
order< Inioptervfi iformc~ dnd ('hr~ndrcnche[r.jfornur. Carhun~femus. Jnd their diversity &lined durlnghe by severar analyses (de Garvalho 1946 S h W  1996) 
dr wr l l  a< the ertant '%rpcrortlzr I I o I ~ ~ p h a 1 1 .  t h ~  C ~ T -  Pernllan and T r ~ a s ~ c .  Some of the Carbifemm ~ ~ l ~ ~ ~ t a ~  anabes of chondnchthan phylogeny SO far do not S U P P U ~  m o ~ h o i ~ g l ~ ~ l  lrea DOaa@ and Dobseq 

maerasnrratfr~hcs (Stahl, IW) emups s u ~ l v e d  in to  the Mesozoic, notably the h. 
(2003)fInd thatGale~~orph~~areparaphyl~rctonlhersharlrsandlhatbat~~d~a~~~ot~~a~~ofS~ua~eaandHypRos~ua~ea~but 
are a basalgrnup to all thesharks, quits separatu.as was thetrad~tlonal, p r e - c l ~ l s t l c v ~  Wlnchl l let~l  confirm the . 

rnns Srbl rhytlthus and Inirrptmp bodont sharks, some ctcnacanths and 11 molecularevldenw agarnst HypnosQMlea, but they find some widen€€ for monoph~ty of GaieomD~hll. 
rbnniffmus of mrdwestern USA lans, also evolved from Palaeowic ancp 
ve lame heads, wry long pectoral sharks, rheneoseladrians,d~vers~fi~d in tl 
fins(ZangtrlendCase, 19;3).The z o ~ c a n d C e n o ~ a ~ c ~ ~ .  

pectoral hnsarratrac rtoral girdle ~n a very 
high position and thi appcd up and down 
Trke thewingsofa blr a mndcrn chimaera 7.21 NeuIbekchii: t h e m o d - ~ h ~ h  
thcfmntofrhefinh hnok-like denr~cles. 
The chondrenchely~ m the The neoselachians, ~nc lud ing  all m o d c m  shark  and 
t.urwr Carlmn~fcrnur 1) has a r a w  amse i n  the T.lie hlam7nk and rad~ated prticu- . 
Iring. eel-likc hodv w Lull I n  l r rhd f l r lng  thc lurdssic and Crmacmur to the - 

E S Y M M O R l l m  
A CHONDRICHTHVES M HY PNOSQCALZA 

n u m l x r  ~f 5mJl t r r l l l  . r l l ~ l  .r htt~.rcrccr~~l l  1.11l L a r r  .~nd c a y b i l i t l r \  ajlt,l\tcr swlrrlnlrrlg lhan in prrcvrror 
c f l r m ~ e r ~ l r  9lnrpl1hcd r h c . i r t ! ~ * ~ i t ~ ! ~ l I ~ ~  IUA ~IIIJII I IL~~JITC~ ,hll~ GladDIOmslrowlngp~tJd~-~atlpns~g,~fcan~~ag~na~s hshes ~ ~ - 3  - sau01n t~99r i  decamalno Rl(a'(19963andbates 

and Spauelra rmla) ~ ~ ~ ~ : ~ ~ ~ ~ p h ~ s  A CHONOAICHMYES pr16~3' ( a  I! calcit~M caflrlage w o l l d  arslng'edoMl' nslluat*at 
01 Ilrcl.ld Irmth pldli-,. I\ l>i~rlll%  rat 1~11r5 ~n the "ppcr rhcj"w\of r ~ c ~ s c l ~ c h i . ~ n ~ a ~ ~ e n  morc widclythjn in ,epl a mstaplerM,:- aqulat lq ~,nh 5~ rad~als and w r ~ n  an t-.:. ;-'i drrected 0rOxlmalfam and a ~ $ * ~ ~ ~ l Y d ~ e r ~ ~ ~  
) "andf lnc~a l r~n  t h r l ~ w r r r  irrs,ured l i l r ~ r u % h ~ n y  hard e,rrl~cr form5 hrcauw <,f f i rnter nloblllty about wopterfl,at 

elongale hyold ra rs and uar~ous:~~ r ra re  characlers{Coales am Sequelra 2001a p 253) 
such as mollusc% Lru%l.l~cans. Thrr FIlltern )OIW rrrrnt and a hrshlv klnctrc pa[alquadrate and s,,~TERBRRICH~~~~~ mmeryp~srn ma! spans Ihe entrrc' r :tse C CLIISMOBRAHCHlI m n * r d a i ( b e r ]  lobeorGiudalbn 

Is a ~ ~ ~ a c - d  i n  ~ ) ~ ' l f ~ p i l ~ ~ l l r r r  air0 from the h i o m i ~ n d ~ b u l a r  (w p 44, Figure 3 1 I ( ~ ) , .  -rhis larue hyomanbl[lubrcrKelnc ES~MOAIIPCI posterrordam ?+rdalta shapedcartllaue F dorsalsplneconcavefo-rds 

h r b o n ~ f r r o u b  l FIRUW ;.3frv)). and YrGe wn,nO hp-: G BVSEWCH~~. bralrca$e with elonwt7 ?'Y ItFl $d WCtDQl16 IrrlttlQtVYQ'U'T 
n1fl.t neoselachian sharkr to havc a widc gap, ;ls the mwoperyglum pmDtew . T ~  H r,,~.odor~lIrnsp~nes flnspines8r1+Q j-alMI r l r  inswfed fin spines I palatwMr* 

LaIcr=himaeras pointed t~ r l~snrnc t l rner  c ~ l l c d  palatoquadrate mover forwards relatiw to [he brain- lusd ,he symphy~a,ca l r~~ r~bs, pe~vr~ me~apevqrum aficua'ts rl*h allol \s. J MEOSEUCHII ertmaranch~al 
O r a t  tails: ~ n l l k e  the murc pencral~red shark-llbp care and the h w m n n d ~ b u l a r  mlats as the iawer Jaw canllaltsan ~ a ~ l b ~ @ r 4 r ~ l h v a r )  only righi and left coracMds furl!! K SOU I process present orbrlalartlculatl~ 
H e i ~ d u ~  An a a m ~ l e  1s isch~drds from the hl rddle opens (Wllga era/, 2 ~ 4 ~ )  snout ia usually lonRpr presm, suPO,brlal wfinnecuiar process pxsert.mocno~aa~ conslrlcrmn r m u ~ . c a m p l e ~ ~ h a ~ l a ~ ~ l n  Qreau&lml 

'urassir d E u m ~  (Fl$ure 7.31f)l, which is cssenr~aJly than thclowetpwand th~srneans rhatrhe mouthoKns lmhmord mrent, notmhord wmtncledalong errl.rD vertebral mlumn enlarged supraneurals Precedrw sem 
dQmI Im, precauda, baed pocessas as elnnpme as Wer caudal SkelRon spwacleuatve VrSenl longl1udrnal precaudal kee1pra501t: thesameina~~eamn=eaq mndernchimaerag Theskull b c n w t h  the head rather than at the front ln larEFr 

n~PWaSOunLm.anter~crtmnslan d~ectnral fin 

In.tt~.lrriys fro 
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long dorsal fin spine 

n4.7-3 Qrl~wblflhranchiali*llr(chimacr=snd rcht~velfnrm~a-rl [hcrarhnnifcnrr~rand [ r ~ t ~ ~ ~ ~ , ~ ~ . , ~ ~ ~ : ~ ~ ) ~ ~ i ~ i ~ ~ ~ ~ ~ i ~  
Sih~.rhJ'mht'6 Ib! the ini~plcr~gian Inkpmvrin  wntral virw; tc I thc~hundrenchrl~ iform ~ ~ ~ ~ ~ ~ ~ t ~ ~ l ~ ~ ~ ~ ~  ld) tkhUla;epha]an 
Hcludur: u~pcrand lowr denlition wf ~hchnlncephalan Iklkli~p?.~.hirtr [ f  l IlrchllruTha13~j IW/~.W,~,,I :=,bl rhrr&ngerl 

Qse. 1973: tf.d) nfwr h f~T l i+n l=ard  hlilcs. I lil: {e) aflcr Rmwn, 1ybj: 4 l I s l t c r k h ~ e f f ~ ~ ~ ~ d  wil]iamr, 19;:,; 

sharks. th~s jaw apparatus, combined with large num- 
benof serrated tmh, 1% extremely effective at gou~inp 
flmh from targe prey. Thc serrated twrh ot ncnsclachi- 
anscontmst w ~ t h  thecladndoat teerh of  rarllerpn)r~ps 
such as the hyhudonrs, whlch had rhrer, Five or morc 
major pnlnts, and were good for capturlnpl prey and 
hold~ng it, but nor for gouging and butchering. The 
neowlachian jaw sFtem mrkr well for those sharks 
that feed on smaller prcy: the jaws open rapidly and 
wldt and they produce powerful suction to draw In 

swimming crustaceans and small fishes. 

Neosrlachian senses ate also enhanced. Newlachi- 
ans haw larger brains than most other fishes, larger 
ewn than amphihlans and rcptiIes of the same h$v 

weight. and t l i e  .wnw of smc!T 1s ~rnproved over 
rar11r.r sh~rkr (at least ro judg by thc r ~ r e  ot the nasal 
c;lp<ulc$) 

Thc swimming sbiliticr of nmselach~ans are rvi- 
dvntly lwrter than thosc of earller sharks The noto- 
chord ir cncloxd In. and constricted by, cafcified 
cartrlag verrcbrac, whereas the primitive rhon- 
drlchthyans had 3 qimple notochordal shwth. This 
strcngthcning of the backbone helps neoselachians 
resist cornprfi*~onal forces during fast swimming. The 
limb girdlesare strengthened by furim or fvm connec- 
tion in themidIine,wh~challowsmorcpowwFulmwtc 
aaivity. The basal elernrnts (the radials) in the paired 
fins are reduced and most of  thc fin is suppart4 

hy flexible collagenous r d  called miatrichla or 
actinutrichia (€iguw7.4(c)). 

'The modern ncoselachiinshll into Sw main clades 
IdeCarvalho, 199h:Shirai. 19% we Box7.2). 
1 The galeomorphs, tht largest p u p  of some 2 3  
species, arc drvided into thr orders Hctemdontiformes 
f the bullhead 5harks.R ~ p ~ ~ e s ) , O ~ l o b i h r m c s  (the 
carpet shark, including the whale shark, M species), 
hmnifomer(themackedsharks,induding thegreat 
white shark, 15 species) and Grchariniforrner (the 
q u i m  and hammerhead shark 100 s p i t s ) .  
Gdcomorphs mainly inhabit shallow tropical and 
warm temperate scas and they ked on crustaceans and 

m o l E u s c ~ f i ~ h c s a n d , o n ~ i o n ,  humnns(f~r.Rou7.3 
The baskingand whaEesharh,up to 17m long. arc ah: 
largest In-ing sharks. but they fced on krrll, mu:' 

floatingcrustaceansrhat they stram From the n*ater..\r: 
wen larger fossil shark has been repwted. (Ir~rchi~roclr= 
a relniveof rhe Iningprcat whitc shark, ts knnwn an!: 

horn trianptar teerh up to IIbRrnm long which at; 
found in sedimenrs dating from  he Pal,~nxcne r L m  

Pleldo~enc,butesp~iaIly In the hllocene and Plioccnc. 
Early mmtrumonr of its jaws b d  on these larpr 
tmh(Figure7A(a)),gaveita3-mgapeandatotal body 
length of  1&30m. A wmprative study of its z e d  
(Gonfried ei QL, 19961, however, has suggested that 
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slils, whrrcas uthcrsharki hdw two dorsal hnsand hw Chaprer8),rmme al'wlrirh at least must havecompeted . 
@ O X  7.3 CRETACEOUS JAWS! lur tI~r -me Id. 

the srtny dogfish. Sqrwliforrns generally live in d q  sudden appearanceofabundant nw=urcfi of fond 10 

wrenand t h y  retain spine$ ln iwnt ofthedornl the radiation of the actinupter~ian b n ~  fishes, par- 
ticularly th~scmionotidsandothrrbml neapterypians 

fie squatiniformsare a small containingone in the tate~rrass~cand the teleostrfiom thcEa+=luras- 

farnily,known from the Late Jurassic to thcprsent day- siconwards. Hcrtwemnew firh Pups,  P M t  

~h~~~ $harks, rrprsented today by 13 spcies of rhoals throughout the wofid, ht-movin& thln-sekd - - 

~ E r m r i n n ,  rhe shark and monkfish, haw changed Iishcs. The early nmselachians, p~rhaps originating 

htt,r M ~ ~ ~ ~ ~ ~ .  ~h~~ haw flattened kdle., from Triassic itenacanths, had ~ ~ ~ p ~ i b i l i t l c ~  of speed,. 

l,rnad praursl fin$ prcljeLtlng at the side and a Ion6 manoeuvrability. 3 tlertblc jmv systrm and e l l h a n ~ ~ ~  

slender tail. ~t times, the squatinomurphs have been sensory syrtems, all csfenkifil for hunting the Fast* 

lonsc to rhe 

Cletaceom rocks show xralch mark t~ march the mld- 
lebralecarcasses aresurroundad by shed squa/il 

rases in sirc 

Read more at M f ~ ; ' l w u w . e l a s r n o - ~ ~ h , o ~ ~  I a move by - 
0nlcretoxyrhina.htm. 

hnp lrnebsmo-~esearch ~ r g / e d U C a ~ o ~ f w o f u ~ ~ ~ ~ r s q l g r ~ o r a x . h ~ ,  h~+p j~,~esns~kansaLCO&uharks btm,and 
hflplhnrw.a~eans( ~~te.html. 

~d indeed to 
rmsaura 1 ~ c c  

largersharkspeci~s. 

7.2.1 changes in huntingstylcand the 
neoselachian radiation 

7.3 THE EARLY B O N Y  FISHES 
jtyv n~~>wlachlnn sh,rrks undenvent a dramatic 

r,,dr;rtinn J ~ ~ ~ ~ , ~ ~  and cretacmus, when thev The r~~.-finned hnnv flrhl.r, hclln"plf*!'8ii, 

1 llvc(t ,adr.hy-sidc the hybodnnts, which d~.*.,p- leart a? early as the ~ l lu r l r l l~3  anJ falm~ s u ~ ~  

pcnrc(j a, ofthe c ~ ~ ~ c c ~ I J ~ .  M a t  of thzearlicr ~hurrolepl~radlal~ lnrhc IIcvonlan(~w~!J.*~k. ' 

Rra7UL,, d i d  ,,,,I in the rarl~,niferous and c~ader~.astradit~onallv~ut.dividd~n~r~~h~~e.thrchfln- 

pcm,lan, hut the xmdc;lnths and nenac~nthb survived dmsteans, hol~steansand t~ leos t~ .~v~~ch  fama 

inlo the T~~~~~~~ There is no evidence that the tlmc sequence of orji?'n< radiations. The !ems 

ncrv shark pmupr wrc etitively replacinp 'chondrostcan' and 'holoqtc~n: hawever, refer t* Para- 

,heir fnpbearr: mdrrd,an ob4ervm ~n the Late Tnawc phyletrcgrnups that includerucces.veoutgr*u~sof the 
Car''h'roclejrra$ a lwO m 1ong.with klloales sig- z The hrxanchiforms, the frilled and cow sharks, a might have had some tmub[e find~ng snq chon- teleostr,andtheyarcurd hemonlvlnthatgrad=-gmu~ 
niricantlv larper than The teeth art very like rmall group o[mostly h l h i c .  $cep-lMtcr $harks drlchthyan fishus than hybodonu. IT i s  d d  sense. T h e  b n y  fishes underwent thr- malor phase5 
Ihose Of "' Iiring (but much smaller) Carchardon are found worldw~d~, Thy eat c.tacanq, bnv fishs also that the dramatic radiation OF n~wbchians radiation: 
N o n c t h t l ~ ~ t h i s ~ a t e r r i h i n ~ g l a n t m a r i n e p r ~ a t n r  and other shark, md bear jIw pung. ~xanchl foms 
(Figure 7.4hj j.  correspond^ with radiations of other marlne 1 basal aciiope*%ian ('chondrostean') radiation, 

have a single dorsal fin and six or -n long gill , ,dalnfs,  the ~rhthymaurs and plesiosaurs (see CarhnifcrouS-Thask; 

rcre aIl appal 
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che~rotepid~d Che~wEepct (F i~u re  5-19), a heavily bust 
fish covered with bnybony scsles.Alsr~ From the Llmr 
kmnim, Mirnia horn Australw E F~gure 7.5(b, c)) . 
IGardincr, 1984; Gadlner and khacffcr, 1989). In - 
Teeth are capped with acrodm.a dense rwretv of  den. 
tine-and it has a disrtnctiw postc1eithrum.a dcma]  d, 
ementin thesho~ldcrg i rd lc re~ ion Theskull oFMjmk 
IFipurc 7.5(c)) shows a number o f  act lnoptcrfgk 
characters. The lower jaw has a large denrary bone - 
bears ~e t th  and cncloscs a sensory canal. Terrh in 

' 

upper jaw are prescnt on the maxilla and p r e m a x i l l ~ , ~  

=element !n the palate,the 
y other small bonm in the -': 

strong hatchet 4..uy.U .,..,,P-~ W 

0.1 m 

rb~t,  which in 
d 

In later acrinopterygians, , 100 mm 

Fb. 7.5 Characrmof M * m k a b e r a l a c t i n o p m  t m  the a p p m  k h i n d  the dermosl 

Larc M n u n  [a) - d o n  ofa mk, shmngganoin,a won of the supratemporal 
r i~ r t l rhnchrm-  mrrop~ct).g~~na: (h) and [c),mp.nd s ~ u p ~ a f b i ~ ~  appear between the nasal and the der- 
skull ~n l a l r r n l  VIA* (Modifid fmm Gard~ncr, I ~ 8 4  ) musphcnotic.Thercis no postorb~tal and 

al, h n c r  prirnirlwly present in sar 

(see pages 68-73]. Note alrn the large 
2 basal nmpter~g ian ('holosrean') radiation, actlnnptervglans arc v~sual predatnrs ?hat . , . ,. . ,,, 
Tr~assic-Juraslc eyesight. 
3 teleostradlatton,lurassic~-present~ h r t h c r  back in the skull, an arnv of  thin dermal - 

bones, the oprmlar serlcr, cwers thc gill wg~on. The 200 mm 

p r ~ d a r  lies ahow the mnxiFla, and k h l n d  i t  are 
7.3.1 Thc first actinoptrrygians theopercularandsubopermlar. Below t h c ~ t ~ t , o ~ m u -  

lar+and swccp~np,round beneath the dcntar). ~c a wries 
Uawl ~ c ~ i n o ~ t e r y g l a n r  a recha racn r l~d  by qxc ia l i ~ed  <IT  nwrlapplng bony plates, the b ranch io~ te~a l  ~i~ 7 6 ~ a ~ ~ d L r l n o p l c r ~ A n r ~ m m t h c ~ r ~ ~ n ~ ~ c m u s ~ c ~ , ~ r m ~ a n . T r ~ ~ ~ r ~ ~  t ~ ~ 1 h d - g  andcx~~nlth+ thc~rvrhnlr~ld 

~ , , , ~ { , ~ k ~ , ~ ( b l  ther&rbd,ld Rdfir~rw{c~rhrrmphlcen~rrd~mphwcr~!rue~.ldithc~flolld[~~lc~r~~)fm fllula*'~lclrrr~'cLrhc panlp~d scaEe~,wh~charethlck bonyelcmcntscomposed nurnber lngt~ lca l ly  12-13 ~n b a s a l a c t ~ n o ~ t e r v ~ i n ~ ~ ~  
raurlLhThwd &,tr.rt.h,h>s i , thcpcrlrtdrlorm Rrlerdlu, Cg) !hcpcrleld~lorm Clcrihrrlvl.: h [hehhhlr ~ T ' P ~ [ ~ ) ~ ~  a r u ~ m n  of  qponpy boncon theinside,covcrPd withdentrne,and 
Arlprt .r ,O) lhcpad<l~eh%h f i l kwlor l  I ~ ~ ~ u r r l a l a f r e r S c h K f i r n t r r l .  I q i i : l h l a h c r E h ~ ~ t f c r d n * ~ l ~ ~ n ~ l d  '978.[c,h,11ahcr lhen panoin on the outside. a layend shmy enamcloid 
,lthol,on ~ ~ d ~ h ~ .  I 8sq. (d) =fin AGqln, 1WZ. (e l  aRer Rle~pcT. 1985.1 C $1 afir-Lehman. 19m.t!) Stahl. 1q74 1 

maler~af (~tgure 7.5[a)) Actlnopterygian (and wr- 73.2 ncbaralactinqteManradiation 
copten.gian1 ~ a l e  also haw a characterlaic rhomboid C:hom~q,s and  in, and thew were bUowed by  he stepotrachclidr.such ,Wrh--'afmrn 
shap~ant  ketarticulafions that lock them The bawl a c t i n n p t q ~ i n n r  Form a serlcs of nutgroups nummus non-nmpt~ryglan5, tradltinnally lumped Upwr Dcrvntan of Europe and Australla (Gardtner# 
togflher I p)).~cales twhcr as'chondmsteans: kn- ~spccially from the 1984), shaw some add*llonaI d e r l d  features of ofthls type haw been to the derived nmplerypranq, a gmup that lncludw 
found an I ofchina and Europe and the majority or pwt-hlacozorc act~nopteryg~ans. ~t ~ ~ ~ b ~ ~ f ~ ~ ~ ~  permian and Triassic. One basal group, skull. f ie  ~ h ~ k ~ l d s ,  such as PryEholepiF Ihe 
the L m r  Canada and Australia. one timc, virtually all the Carboniferoa to T r i a i c  ddayichthyids knmvn bm two snera from the Triassic and Lower brassic of North America and 

. me complete spcimcns: of artinoptcrygians sctlnopterygians were d e d  'palamiqclds: a waqrc- hr ~ ~ l ~ h  Limestone (see Box 7. I ) ,  were small decp- Europe ( ~ l g u m  7.6(a)),haveaduceddmntwphenot- 
known h m  the h n i a n ,  fishes such as the baskcr term fhr mast basal actinopterygians i nc ludd  bodied forms ( Lund 2 W ) .  ic elcmcntthat na longer contacts the nasal and ~ ~ ~ m e r -  
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B O X  7.4 JAWS AND FEEDIME IN BONY FlSAES 

1 svnrsmnxilb maxilla 

maxilla 

- 
20 rnm 

rate 

%lower jaw tbf 5mm 

Amra~llustratesan intermed~ate k r n d o f y s a p p a r a l u s ~ l j - , a -  - 
of Rewlaeonrscirormandthe telensts. The skull o f h ~ a ( I l l v s t ~  5. l~on  I(a)) show how thelaws are relatrvety shorterthan I n h W  
actjnooteryplans (cf Figure 3 19(d, e)J. Tha rnaxllla rs hghlymubll, 

: anda new element, The supramaxllla. IS attached to 11. Thlsmobile 
mull la hmgs at the front and e n  swfng out same way to .e SI~F, 8 Thrs IS assacrated n t h  changes to ths marn law jornt between the 

t lower @w and an Internal unlt composed of fie hyomand~bular, 
, symplechc (another new element) and palatoquadrate, termed the 

jaw suspensorrsrn (illuslratron I(bJ) When Melaws ola neoptery- . 
gran open, the chwk reg~on of the skull expands sldewaw, whlcb 3 glwsa sucklng&cl,es~crentat drawing m smallparhtkaorf~od :% or preyanrmak 

A -  

*:> 
, ' . 

I ~ ~ o f ~ t e l e c w t n e w h ~ ~ : ( a J ~ h B H M ~ ~ h s  ' 

m a l o r ~ e k m ~ : ( b j d e l a ~ l e d v ~ e w o f t h e y n r ~ u n t e ~ ~ n m o ~  
"Pteryplan WaIsmdus, reconstructed wlm thewlerskufl cternenls 
removed [Fwre (alarter Palterson, 1973 tb) after Oken 1Pd ] 

It shelchm of the h e l s  olia! a basal ~~ffoplerypan l cnyndrmlean) (I/ a basal neoptery~~an /hoiBm"') 01 €arb ~ k o d a n d  ,c) a hecrIng I iblu t.*ati l o i n n o  lhe lm c h e d  0opJandorrn ibonomi i l f~eri i leundrr 1975. mrtery of urn bnw IJn~vers~~ press ) I 

f h e k d s o t  bony f~sh~ot'thondmstean'.'holostean'and leleosfgradashmv thmmtherdlfferent sehoflawopenlng 
adaptitions (!!lustrailon 11). Ralaeoniscrformsopened the~rlawsin a mde'gr~n .su~fablalorgrabblng large prey. Mereas most 
neoptevo~ans protrudathelr lawsfofwads and Me open mouth is rough& circular (Schaeflerand flOSen, 1967). Thls P m h -  
sron 1s rnos! marked In higher teleosa, whete the suddenopen~np ot tne mourh pduces  a rr ld lM suchon em fkalaw- 
closing aa~on 15 equally Important When the tube-11ke teleosl m w t h  ts closed by pulling the lower lmu and back, the 

lood ~sreta~ned, whereassrmpledosurt byralslnp the lower jaw coufd blwvsmeof thetoodrrut agaln 
Advanced teleosk. Me Neoteleoster (see pp ISM), show a 

Ivrfher modificat~on of zhe jaw apparas (Alerander. 1967). The 
,,,,,ill, max~l!aloses rts rola asthe maln tooth-bearing element ln the upper 

jawand Zheenlaqed premax~ilatakes over. whereas tha maxillaam3 
as a lever, pushing the prernaxilla fonvards as the laws open (illus- 
trat~on Ill(a)). The maxilla Isartached tothlowerlawand tof ie  sus- 

maxllla 
pensonurn As the mouth opens, an anterlw adductor muSCle 
(~llusirationIll(b))putkMetopaI tkmaxllla backand thelowerjaw 
IS pushed forward The maulla also rotates slightly a b u t  ~ t s  long 
axisanda process on the top of the maxilla, wh~ch interlock wwllh 

f al lower law oneen the pmrnanlh, caws?$ the premax~lla to be pro1 rude8 

III The jawaa~on ant ~ c u l a t u n o l a c ~ ~ t e k m t s  (a) lMml 
d~agramrnatt vlewdthe ngpr w!&ments mlhthemouth dowd (left) 
and m n  (rqM), s M n g  Ihe rWhe rnouememand rdatlons olrhe 
bones (b) la* musculahlae 01 Eprrrephef~.show~ng Ihe rnuscks and bonm 
lnacated In la! If~uure [araRerMe*ander. 1975, courtffl of Cambr~dpe 

I . . -  
I 'bl A, adductor muscle Urt~vers~tyPr~s (%lane1 SchxHerand Rmen. 1961 I I 

the bowfins and the aleosts (Gardiner er a ! ,  

19963. 
'The eprr I x p i m t e i d a ~ ,  con5ist o f  t w  genwa that 

live today i n  Nonh and C e n r r ~ l  America and Cuba. 
Lepirorrcrrr [Figure 7.8lall.a I-?m prcda?ory fiqh,lrxc< 
in warm-temperate Ircrh and bracklsh watersut North 
America. It has long jaws and capturns its p m r  hy 
lunging and psping with ~ t s  long nredle-2ike teeth. 
The gcnus Lep~sos~crrs has h traced hack ro rhe 
Crctacmu$,and rsa godexampleof a iivingfossd,an 
appamntly s l o ~ h e w l v i n g l i n c a ~ t f i a t  hasgenerallyrc- 
main& a t  Imvthwnity.Gar$ rryre formerly more wide- 
l y  distributed, occurring In the Creracmus and Lower 
Tmiary of N o n h  and South hmcrica, Europe, Africa 
and 1ndia.but their distribution hassince shrunk 

Further basal neopteq7lans amce in the Late 
PcmianandTraa~~icandrad[atd In the IurassicInpar- 
tuulat,huronly onelineagchassurvived tothe prescnt. 
'Thc Sc~nionot~dae~ncludr about Z5genr raofmal1,ac- 
tlvclv wlrnrntng tishes, such a5 Srr~ironottrs lFiaure 
7 H(hl I, that havc ncarh ~ r m m e t r i ~ a l  tails and large 
dorsal and ventral 6nr.Thetoath-beariqelemcnts,thc 
maxilla and dcntary, pmiec~ well forwards and they are 
lined with smalksherp teeth.Semionot~&occur Ingreat 
d~vcrsrtc in some areas, such as the Fewark Group 
(Upper Triassic and Lower lurassic) Lakes of the eastern 
seaboard of North Amerlca, where they appear to have 
formed species flocks (see h?.5),~hedaped11ds,pos- 
sible rclatiw o f  the sem~onotids, were deep-bodied 
hshesotthr Triassic and furassic. 



f ig .  7.8 Thedrrcrsir! ot'hml n c o p w r ~ i ~ n s . d ~ t ~ n ~ I r r ~ n ~ I ~ T r ~ r l a a ~ r ~ h ~ . l u r a r s ~ c ( c , d l a n d  mpnr(3.e) (a)thrgrkpr$vs:erdr,(b) tk 

rrmiunorid SPmtonut~s. (c )  the rnrcmwn~rid Mn~mfenr~~u 4dE ~hepynrldont Pmmnerck (c) the hwfinAmma. [Fi@m [;l,c) aftpt 
C;wdeandRcan,1893:4h)altcr5cheffcrand Dunklc, 1Y5O,lcl,1Tt~Aarrram. 19n;(d)ahnWodwrd, I9l6.j : I 

Then~~crrr~iidsnfrhuTriassictoC~raceous were 
snlnll hshcs II'igurc7.Rlc))nFtrnwith a long hrghdorgal 
tin. 'They Ih-lvr. wmr unurual hunts In rhe ~kul1,a sfrirs 

r l fwvcn ndTrd IIIIIC boncs beneath the t r rh~ t  (thc jnfra- 
nr l l i lah) and rwm tubular infraorbitalr behind 11. 'The 
pycntdur~llforrns.alw from the l'riawc to Cretamur, 
arcmnstlvdrcp-budied formswithiongdursal and anal 
finqanda symrnrtr~c.\l I hirrnocercal) tail fin Pm~rrrercs 
1 Figtlrc i . H t c 1 1  r has an rltrng~,ltpd snout and ,I pavemcrIl 
ot cr~~s l l i r rg  ~ ~ r . ~ h r > n  tlrc upycrnnd I i l u c r i d w ~  that u ~ r r  

IIU*~ to c r t l r l ~  1 ~ i a r l T ~ ~ c ~  t ~ r ~ ~ h i ~ ~ w f ~ r ~ ~ ~ r , . ~ \  i n r l ~ ~ n t c d  bv 
I!ICI~&!II conlro1- 4 K ~ I \ ~ L ~ I , ~ I M > I  I. 

Tllr I l:~lciomt>rph~, n ertbup r j l  haul nct,ptcrwinl~r 
thdt d r r l w  111 ~ l i c  I r r a ~ r i r  and survives t tn l~y ,  iip most 

c l t~c ly  rclatcd trr thc ~clcl~~r~,andrngcfhertl~ctwu Corm 
the 1)lvision I i ~ l c c n s h r l n ~  I h i r  hx 7 61. The halecn- 
morph:. dru uh.lr.+rteri/cd by a qwcinfizcd pw j o ~ n r  
involving an addlr~rlnal vcntral element, the symplec- 
tic, as well as the quadrdte lsec Box 7.4, i l lustrar~on 
I (  b)). The earllest halecomorphs, the paraemionot~ds  
of the THa~qic, were small fishes with lnrge eycs and 
nmpteryginn jaw pattern% The modern M n ,  Amiu 

(Figure 7.R(e) and Box 7.4. i l lustrarion I(n31, lir 
Frcah water5 nf Nor th  America, wl i r re it 1s an I 

p w d a m r  on a wide variety of orpanisnl, rang11 
r i r p  i ~ p  t o  its own body length of 49.51 m. Amil i l r  wrrc 

forrncrly diversr and have shown ~lrnv  rvolution 
(Grandeand Derni5, t998).  

7.4  RADIATION O F  THE TELEOSTS 

'ftie trtcoals arc an cxrrcme!y d l w r w  P F I I ~ ~  of hshe~,  
withkcllr)vcr L3.0Ur)livrngspccie~ that i l r cc l .~ r r lh~d in 
40 nrdcrs I N r h n ,  1 W41. I h ~ s  cnormou, divcruty i s  
rlcarfv ~rnposslble tosurvev i n  Jetail 31td onlyrhc main  
group5 can be mcntlunpd. The trleoqtr arc rhnractcr- 
i red b y  modif ica~lons to the ta i l  hat  glw il a 
~ y t t ~ r ~ ~ c t r n c a l  Ihornocercal) apparancc, but w l th  the 
verrehral column not r u n n ~ n g  into the upper lobe.Spe- 
ciali7rdelemmt~theumneurals.run alt>ngr~dethelilst 
caudal (u ra l lwr tebneand helpsupportthc upperlobe 
of the tail. In addition, trlmsts haw a mubile pre- 
maxilla, not sen in basal nmptemianr, and some 

- A n X  7.5 SEMlOMOflD SPECIES FLOCKS 

During the Late Tr~assrc and Early to Mid-Jurass~c, a t~me span d45Myr. here were 20 ocmonr large lakes on theeasktem 
seaboard o l  North Arnerlca arong a great nftvalley that waformed by the initial phases of openlngof thafiorth Atlartt~c The 
sedimentsdepos~ted intheseIakes.Zhe NewarkSupergroup,record~ndetail the hislor~esof filling and drylngotthelakes,and 
m placesannual varves haveallowedgeologisfs to reconstruct the hlstortesand tlme-smles Inaston~sh~ngdeh~C. 

The lake cyctes In the Newark Basm, l~kelhoss in the Old Red Sandstone of nonhernSmtland (seepaUes63-41, Include 
dark mudstones laid down dur~ng anex~c phases and that are especially r~ch m fish I ss~ ls .  Sem~onot~dsare parliculady abun- 
dant, and excavatrons of a single lake cycle of the Towaco Formailon of the Newark Basin tn New &rsey, repreentlng a single 
cycle of lake lormalion deepening, shallowing and waporatloq lastlng perhaps 21.00U-Y3,5(HI years, showedthe~rtrue di- 
verslty The excavalron yieldeC 2000spec1meos belonging to 21 species (McCune, t996).which are dlstlngurshed on Me basis 
ot body shape and Ihenatureof Zhescalesthat malong the midllneol the back{ses tllnsttatim). 

Th~s IS only a small sample of the total diwnityof serninnnt~ds In the Newark Supergroup and many hundreds w Ihou- 
sands of specles must have exsled In Ihe lakes, and during the repeated lake cydes Whole faunas were wlp?d o h  by cats- =-established 
strophic drylng ep~sodes and replaced by new specres flocks that evolved raprdly when the lakes became 1. 
Modernparaltelsex~sZ today tncentral African lak~where Mec~cbl~dteleosts havexh~euedgreat diversrPjbympidspec~ation. 

Read moreat http llwww monmouth corn/-bwreltblulhead hlm. 

4 sem~onotid soeca% flock IT?- IheTowaco lakecycle oI1he Newark h r ~ n  Naw Jersy In ashwt m t e ~ a l  d ame 21 specnscmted in 
IheseLakesanO tney areorsr~n$~rshedbytrdy shawafldt-ttht pal(cmsotdorsalsmb Sevenspclesgrwpshbcend+nldrwl path 
wiih a d~l leml rn of doml scare Sequence (Moddrcd l rum McCuna 1996 ) 
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BOX 7.6 RELATlDlSRlPS aF H E O P T E R Y G l l  

The Neoptaryp~~ are a vast a d  dwerse group and there is stilt much contusion over merr relariomhrps Mon mdiea; (e4 
Patterson and Rosen, 19W Laudw and Llern, 7983. Gardiner era!, T996 Johnson and Parterson. 19g6). however, agree on 
the main polnts (see clarnrarn) The basal neopteryg~ans. lormedy termed 'hololeans', fo rm a senes of ~ u l g r a u p ~ t o  m, 
Teleostei. ln prenousverslom, allsubsequent b a a  f ~ rmedasenes  of outgroupsl but newrmrk (J0hnmand  Patterson, 1996) 
showsthat Clupenmorphaand Osb r~ophys~  palras theclade Mocephala 

V ACANTHOMORPHA 
X ACANThY3PTERYGH 

Ctadwram showing nfabonshrps afthederiwd ray-l~nned bony hhes 1 Hmpteryg~r) based on !hew& of Pan8rsmand R o s n  (1 9771, 
Lauder and Ltem (1 983). Gardlner eta1 (1996) andJohnsonandPa~son (19961 See RumS.7 mr m e x t o r  hlw@otarygrr 
Sylld~mwphle¶:A UCOP?€RYGII, m ~ l b  and preopercutar not ln contattmth palaloquadrate, rnaxrf[a rnob~le. maxrlla wnh pq-lrlte aeterrtlr 
head. mleropercufar present, quadrnto~uyal forms brace lor quadrate symprearc gresenr upper pharyngeal dentdlon coesol&tpd, bn IW 
e~ua l  m numberto Iherr suppons in the dbrsal and anal flns, clavlcle IMT orreuuced l o  a small plate hiatera1 toclmlhmm: 8, rnedmn neural 
spines. auadratnlugal lost or fused wth quadrate E wmermedtae 0, brge rnedlanwmer corono~d proms$ on mandlbie axel lobe ol tall 
redurrd. E, m m a r ~ c a f t a l i  fln F HdLECOSTOMI, a supramar~lla. quadralqugal absent as mdewnderrl element. G I~~LECOMPAPHI 
sym~lecllcand quadrate bones both contribute lo ywan~culalron: UTELEOSTEI, rnobrle premalr~lla unpalced baslbraflcnlar loolhptates. 
uroneurals (elongate urn1 mural arch=) presen~, l ,  mdlan tooln f lab covers basrbraflch~als I-3.S enamel layer lost from most skull bonm. 
~yclold scal~s )I wrlacally hefed rostrum. oreantcularekrnent~n l o w r  pwabxnt. no ~ m m l  layeron skvll Pones n~ne or fewer hypurals 

s~l~acularcanalgreat~ reduced. lossolseparate surangular bone and a~pearanw of rerroartrcular, Ihwe epurals M lour 
pharyngobmnchials lhrm hypobranchlals N LLOPOCEPHALA two urnneumls exlend anlerlorhl overthesecond ural cenlrum. 
0 CLWPEOCEPtIhU endopterygoid teeth absent, urnneural 1 erlends forward to preural2. PmOCEPHAU, ~prcemralsoss~f~ed, b r a 1 2  
and bra1 centrum t lused, exfrascapulan and parretalr fused, 0 EUTELEOSTEI. swpraneurals dwelop m pattern 2, membranousamerodorsaI 
~uIoroMh or urantural 1 present caudal rned~an carfrlages presenl, R UEOGUATHI. twlh aftachmenl lm P (nqnqed), mrtd uroneuraf 
absenl cheekand ope~ulum 5cakd.S MEOTEHOSTEI rostra1 camlaga TEURYPmrrGII, reduirmtrl  second preunl neural splne lo  
ahan-s~me,fusronofa~w~hphteto thlrdep~branch~al.U~NOSOu~mRTA, reduction or IOSSO~ pha~obranch ld l four  
YAUW~OMOUPHA ~RIE doml and anal f ~ n  5plllea, m l  can~lage. mealan caudarcamiapesabsent. medrarpelv~c ~rclc~smsfied 
drstally. W wefldevel~pad ctenod states.expansmn otascendrng and arfrcular prernar~Haryprwsses. KACAKMOKERYCI. mhrpemem 
01 qlbnnCh~aIs h a n d  Three 

In an aliernatlve v~ew. Arrat~a (1 937.2001) argues that the clade Telemter should be restricted to nc& J, as she has evl- 
dence that the Pachycorr~dae, Asp!dorhynchrdae, Pjcnodontiforrnes and Oapedidae foma clade that IS a sder  group t o a  
morerestrrcted Teleosfe~ She also reverses the order olElopamophaand Dsteg lwsomorpha,  but confirms theclade Oto- 
cephala 

MoleCUlar data an reranonships ofrhe m j o r  neopteryglan gmuw was l lmlted until a flurryofpubhmLima appeared ill 
m3 Gardlflei etal (1996) noted that, among basal wpteryg lans,  mitochondnaland nuclear DNAsupporta pairing ofkmia 
and Lepisosteusas a resurrecton of a clade'Holoster', separate from telensts, a resull confirmed by Moue eta!. (2003) on the 
bas~solm~tochondrraI OlVAsequennng New molecubrstud~esof highetteleosts h a w  malnly used mltmhondnal DNA. lnoue 
eta/ (2003) confrrrned :he lower part of be cladogram. lndudlng the chde Otocephala lshlguro etal (2003) alsntound the 
O twpha la  clade, as well as an Esonformes-Salmonlormes clade Chen eta/. (2003) and Mya einl(2W3) found the broad 
pattern rn theupper partd the morpholopical tree (seecbdqram),  except that Polyrnlxl~formss and Paracanthopterygll are 
paired as a s ~ d e  clade 

m d i f i c a t i o n s  to the jaw murcu la ture ,  Living telwsts 
fall inta f o u r  m a i n  ~ I ~ d ~ O s t e o g l o s s o m o r p h a ,  Elopo- 
morpha, Otocepha la  and EuteIeosrei. In addit ion, a 
s e r i e s o f e x t i n d  f o r m s  fall alltwm t h e  bawl neoptery- 
gians a n d  thcse living teleost g roups  (see Rox 7-61. 

7.4.1 Basal tc!eosts 

The mnrr p r i m ~ t i v e  telcosts, thc p a c h y c o m i d s  and 
ss l? i do rhvnch~d>  nf t hc  lurnssic and Cretaceaus, h a v e  
long hodits 0n.c o f  t h e  most asfonishing pachy- 
c o r m i d s  t m d ~ i ~ h h r l t r ~ f r o m  the M ~ d d l e  I u r a r s i c o f  Eng- 
land and rrance Il:ipurc 7.9(a)), wns a monstrous 
scaleEess hltrr-fwdcr up to !Om In length ( M a r t i l l ,  

1988) LwdsiclltI~)s had a huge branchla1 basket In l i r e  
throat  region, c u n s t $ r r n ~ u f  rhe oss~ f i ed  g l l l  arches cov- 
crcci 157th c i l l  raker* ra;h hea r i ng  hund reds  of t w r h  
t t r g u r c  7 Yl l l I  1.X6th~ti 'h swamw~th ~trmouthgaping, 
water p ~ ~ q c d  i n t o  thc nmuth and ~ T ~ I I  ~ h r v u g h  t h e  ~ i l l h .  

a n d  plnitkttm .rnd ~ l n ~ l l  tishes were hltcred out. The 
a s p ~ d t r r h y n r h i d ~ ,  ruch as hrprdorhynchfrs (F i gu re  

i.91~1 r , w e r r t m a l l c r a n d  had l ongpo ln red  snoutr. 

Thc phn l l dopho r j ds  o f  the Late Triassic and Early 
lurai~~c ,  ~ c h  as O r m c h t ~ r ~ f l  (Figurc 7.9[d I1,were small 
h u n t i n g  fisher that show advances In the jaws: there 

are t w o  supramaxnltar, there i s  an addtrional rwrh- 
bear~ng element, the dermahmoid, h i d e  the moth- 
braringprcmaxilla~ndhe~uadratojugal i s f u d  to the 

mthe r  impor 
f the Jurassic 
tsXiphaoEnw 
,..,.*Anne 

rant  cxtina g 
: and CretBU 
;weremostly 
m 19771 7h. 

quadwte (Patterson and Rosm, 1977). The leptolcpids 
of thc  l u ~ c  a n d  Cretaceous (hmtia, 19971, such as 
Vum5ichrhp.s (Figui re a lso small, often as 
l i t t l e  as 50 rnm tong y haw fcdon plankton. 
Thew fishes haw h ertebrae and the mi- 
are cyrlaid (circula,, .,.,,. ,,,, ..,*iMc). 

An ;mup, the ichthyodrc- 
tids o mus/F igure 7.9( 1, g)). 
such a kargepredaceous fishcs 
(Patte.,,,,,,, .,,,.,, ... . ,. .Y+~sw;rUowtd t h c i r p r e y  
head-first,as 1s n o r m a l  amongpredatory f i s h ~ A  spec- 
i r pen  of X rpha r t i nux  4.1 m long,- Found with a 1.6 m 
ichthyodect id  in its stomach am, and smaller relatives 
have bwn found w i t h  as m a n y  artm m g i 7 a h l c  fish 
skeletons preserved inside. 

The os t cog luw~rnu rphs ,  a rrlatively small gmup of 
ahuut ZOU bpecifi that live In freshwaters mainly of  t h r  

w u r h e r n  hemisphere,amstpossibIyln t h e L ~ t e J u r a s s ~ c  
CLi and t V i l w n ,  1996). L i v i n g  forms i n c l ude  Oste~los-  
rum from Sou th  America (Figure 7.lO(a)), w h l c h  has 
p ~ t e r i o r l y  placed e l o n y t e  dorsal a n d  ana l  fins.and the 

e lephant -snout  fish lllormyrvr fram Af r i ca  (Figure 
7.10tb)), wlliclt ltri electr ic ui-pns in thc tail fcgion. 
O s t q l m s i h r m s  arc  characterized by features o f  the 
M i n g  system (F igurc  7.10tr)) that have shifted the 
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.I0 The oatcoglo~mmph I-) and clopomorph (-1 tdcoas;dllumt: (a) On-hsum. lb l  thcdcphxni k h  Morm)'rns: 

u 
20 m m  (c)in~nal jawsyncrnof Hrodo~rh&ngtoothedtan~and platcdrmenb Ilsrcral jaw hnhonps rernowd):(dTtktai~mn Mqdltrp; 

(t) theeelAnguilla: ( f )  the leptoccphalus l a m  ofar~ cloprnnrph; (gl theskull of [he sagopharyngoi ru; ] Figures 

(s .b,da afterGmmvood rta:, 1%6: (c) after lauderand k m ,  1984; ( R I  aRcr Grcgnry. 3433.1 

tne 

tn l ,  
pi- 
nbe 

:--I d I 

4 
,< f cijlized marine larva, snge, the leptDcephnlus (Figure outFmupr +a Emelcdstcl, hut paired on the basis of 

; 7 l o ~ f ) )  ,hatisthIn and \e3f-~haped.Theleptmphal~s rnnrph?ln~ica\and molccuEarcr'dencc (sw i-h). 
: larbaecan pmiuPlv mlRrste long distances before they I he c l u ~ m o r p h s  mnraln o"er 330 'pecies of 

(I) O 5 m  
I 

meumorphose. rytnnr hrrr,n~-lrbc firhe< and o m  150 fn55ll SpeFlr's 

~ ~ 1 %  have many akPleta\ modlfimtions includtnp, that date back to the h r l y  CretaceoU5 (kcointre 
'Ig' '" R'r1r'1nl'snd'qh4nthe~ur~=~~ ( a - ~ ~ i l n d c ~ ~ ~ ~ m t ~ ~ i c ~ ~  I..~,~. llln 

Chm,mld L71,aIL, lIhF,b,glIIrIItrIo owrail ofthebody, loss ofthe caudalfin. loss Nclson. 19%). They are genernllr r m ~ l l  silvcr~ marine 
g'r"nh~urlmsd'l"~'r"h'bl~ urdfur ' l t n  knjlngiil hr.~lp~dnrhi II.I~~ i ~ l , j . i ~  ,,,. mi lhr ,,! ,.,, ,,,,. hund Ortn d l r  ofthepelvicglrdle,lossof~~,~ionofe~mentsin the fiches, ~ n m r  of nhlch, like the herring (Figure'.' I ( a ) ]  
"I ihch.y"f'pid i'ln'*fdri'rtf' ' h e l ~ h l h l n d ~ c r l d ~ ~ P ~ J ~ ~ l  t ~ ~ ~ ~ l ~ ~ i ~ ~ ~ ~ l ~ l ~ c ~ ~ ~ h ~ ~ L ~ ~ l ~ ~ , , , j ~ L ~ l ~  

,tl,,6,,,%,,,5 l k l  KurL,s(d,h,df,kT vTr,,Il> lVX8 iclihcrN'Lh'''x'n r n i i i " ' c k h ~ L ~ 8 n q  ~ d t ~ f ~ r \ . h d l r i i ~ - : . ~ ~ ~ ) . l ~ ~ ~ ~  lnw 
,d,c,tLhorn, lLH).I:iI:lIn,,dl ,,Id ,fIInI 

loss of tales. The deep-sea eels callrd and anchoy, occur m h u ~ c  hoa153nr' plank 
P.lllcntm .?nrl Ktrrro, 4 u;- I accophnryngoidF are more rndlfied, having l o ~ t  run ~ l u ~ c c ~ r n o r p h ~ h a r a c ~ c r ~ l n ~ ~ u ~ c = ~ ~ r ~ c u l i ~ ~ t v ~ ~ ~ f  

rkull bunts. ["deed the skull ( ~ ~ ~ ~ w  7 lo(p] 1, ~ ~ d n l n t n , ~ ~  wutcan unurual orranwmcnl ntfbeh(lncq 

iust &huge ydtr ot rawswL~hatiny craniumwt in at  thrbafcnfthe tail in~*-hl<h I+I~ fir\! h"~'~lralh' l '~fr~c 

yrlm"rv 'lrr dX3G fwnl Ih~' mdt1ll.l ant! 1hc lower 1.1" 
7.4.) ~ t ~ ~ ~ ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~  

front, ~h~~ fishes uoar quldlvan the deepdarkwean proxlrnal end and the sccfjntl ~YP'".'~ I< filrcd ural 

dudcrdnd~lcm, ~ ~ H . ~ I . A I J < > ~ v ~ I ~ ~ ~ ~ ~  in the tvngllr, floom and leWr t h ~ r  huge mouths open to wrre p m  ier~ehra 1 IFlpurr 7.1 I (hll, and %t.~lall7cd -c 

rr stem In most and bmlDrmcl'sl 
Lrhlnd, hear IarP teeth that blre 1 h< C I Y ~ . , , ~ ~ ~ ~  ,/,ltr,l,~y fiXnlS., ,nC,,ldC Y t  

aplmah many ttmes thcir own site. 
The cluvomorph alr ,JC extends rnttr the ~uikclpi- On pars'Fhcflo>d In the nnf nf thr r p a l n  nf w15, tarp,,,m bnnrR4a, md , tal and proutrc h>nm ~n the hramcarc. hltrct bony fishes mouth (hence lhe nnen6io~mfir~h, whlrll 

KWY p a known ironl ,he brly~wtarCous (F:nrPY mean~'bonv-tongUC.frlrm-~. 7.4.4 Otoccph~la: h m i n k ~  and- have a3au~g-ahapcd air wcrallcd thtswintblndd-ln 
Iy'fi). The tarpon. M~~,oirlops I Figure 7.1 ~ ( d l l .  IF t h c ~ v c a v l ~ t h a t ~ s u s r d t o a c h i c ~  neutral hunydncy. 
cally'fish-shapfd'anditseemshard to*howIt 

The otKephalans a p u p  (Johnwn and Gas. 1s pumped unto the bladder, or removed the 
as a close relative of the eel, ~ ~ ~ ~ f l ~  ( F ~ ~ ~ ~  

1w6) includes the ~ ] ~ ~ ~ m o r p h a  and bloodstrcaminorder to marchthe'wclgbt'ofthefishto 
7*r01e)) All elopomorphr are chararterlned by a spc 

~ ~ ~ ~ ~ ~ ~ ~ h ~ ~ ~ ,  - as drstinfland success~ve the pressurn that act5 at whatm7er depth il findq itself. In 
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B O X  7.7 THE GREEN RIVER FISHES OF WrOMfNt  

modern herr~ng-llkefishts. 

and the car. The s 
the taut surface o 

Read moreand see colour v ~ ~ Q G  flacular Green Rwerlossils at 

h~pJ(www.ucmp berkeley.edMM lrlrer ~ m j ,  hftp~/WWW f~$$l~f lw C O ~ ~ O ~ ~ ' ~ ~ ~  and 

lnlErcalar~um 
The f a ~ p s t  teleost group, the eutcletlstr, mnsias of 
37,OW s p ~ i e r  in 375 families. may divided 
info three man subgroupings. tht ~ ~ ~ ~ ~ i f o ~ ~ ,  
e ~ i f o r m s a n d  the neotelmtq (laudcrand firm, 1 
Johnsonand Patterson. 19%). 

The slmonlforma, the 5melh salmon and 11 

F i ~ .  7-13 ~ t f n o t c p h a l ~ n t r l e o ~ t r , I ~ ~ p ~ l m o ' F h I t a - C ) ~ ~  POSS~MY ITICJU~CS the early form, rhe tinp Gtrdw& 
Mrarinrh-n(dl lalIhchcrringn~,pt~t:{hlthEr~,l, ,(~ Fmmthem~d-Crcta~ous~~igure7.121a)).~ruc~almon 
c ' u ~ m o ~ D ~ 5 h n . ' n ~ i h c  h ~ r 3 ~ c ~ c ~ 1 ~ c n l + . ~ ~  1 rht t -wtac~nu appear4 only la[rr Th, ealhrmrc a 

gmvp c 1 u w ' m o w h I h " ' ~ ' ~ i u m ~ d ~ t h c ' v ~ ~ ~ ~ 9 ~ ~ ~ ' . ~ ~ ~ ~ P * u h ~ ~ h  confalnlng plh and mudminnow 
tr'nl"'l v l h m ~ l o n ~ f ~ m ~ ~ m h ~ ~ ~ ~ ~ [ ~ ~ h e m n r m r m  bIC 

ous the rrwnl. rppe3r )rimiliw n5ur10phlun fi*hoims~rre5amshd~~cd 2nd n d n d  I t ~ ~ g i l r r ( a j  ,, Kluu wt far and appn a k c r C ~ ~ d r t a ~ . .  r % . ( b l l u d r m  Laudcrdndi Icm, 1487, 
( c ja f tmfor~  Iq;j:(d)afrcr FsnkdnJ Fink 1981 I s~mmetrlcal wtth the anal fin. ar saurirh~hyida and 

gars 
Thevaqt majorityofeutefmts, some 1 S,IX-JO s p ~ e s  

clupomorph~ the swimbladder has a unique erren- o f  aduanrrd tel-k faU in hr .lade ~ ~ ~ ~ d ~ ~ ~ ~ ~ .  The "' jnro Ihc bralocaw and rs also concerned vlth Nenrclcorrei ; r ~  c h a r a a ~ i ~ d  by specia~lwd muscle hearing. 
the upperthmatregion that controls thephapgea] 

CbwmOV'h to the Eh-nmichthn- mothplates in the mi of fie phamu. imporrant T F c a l f f s h e s p l m e ~ a n e G ~ ~ ~ ~ o ~ ~ w ( ~ ~ ~ ~ ~ ( b ) l h c a w m n m a n d t e l c o s t s ( ~ '  fomrnmwin t h c t r r i ~ ~ ~ a u s m d a r e n o t k n o m  adapta~ion for manipul.ling prq. l-hc bml h,+,g hrodDnrld Fohmdpn, . (d) theclu~h ~m ~ e )  !he ~atcsromd nmvm r n ~ ~ * ~ * ~ ~ ~ ~ ~ ~ ( ~ ) ~ ~ ~ ~ ~ ~ ~ ~  Awm 
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(Figure 8.2). Ju-i= 
Triassic be P- I371 and warm condit~ons prevail& D D ~ O $ A U A S  Many~ino~urianr~a~s~emOfthChindIimhsr- Hcmemsu~~rus, lrhish has only 

prtrnitive two- I' 

'ghr to the Potar regions (Hallam, 1983). kerns and bted to theacquisition of upright pmturr (see p. 143). s h w  thecoelophpuirl chdr~ct r ro f~ l l  lsfhlum that i s  

conifen of s u b m ~ i a l  varieties h ~ ~ w  bem found as rJr aurtabulum is fully open and the pubisand ischiun~ two-thtrdsorle-~~f lheIen#hofrhc~ubls. 

north as ~a~fleolatitude, and rich floras known grc # long elements,-p,e legr brought in A collection of rnuethdn 100 lndlv'dualsof &lo- 

Gmnland and Antarctica. vcrtiml midline bodr ( ~ i ~ ~  ~ . 3 ( c ) )  bya physisfound together at Ghmt Ranch,N.lewhlexlco In- 

we* probably similarry warm, Ihifrofthearticu~atorysurfaCefmm~ctopofthefemur cludesanim~lsr~l~ginpin body length rmm'.Xro3vZ rn 

although them haw been suggestlons, )ret to be cnn- nRI 
a distinct bll on its jmjde,~he rPorientation ofthe (Colbert, 191191, hfalts and fcmalm wddbcidentified 

that ~ce-caps existed at both pol- during part din a partial sidewaF has changed on the basis of varialionr I ~ ~ ~ ? P ~ P ~ ~ ~ ~ ~ ~ ~ ~ ~  One - 

the angle ofthe kneP and a n ~ c  joints to simple hinges. adult sperirnm gives tvidence for ~ ~ ~ ~ ~ ~ l l ~ ~ :  it hasa Of the Crelaceou' 
similar patterns to uul 

orpb Ph rmmurrrim fibula rrd"c&, often to a ,hi" and the smaller specimen insldc lrs rib cape. 'The Ghost Ranch 'urrulc' qions had wrm-tcm~l. di- danrs, 
W I I  miewd herp ornitluvhiuu -. tibia has a 90'wist so that i t  adis broaddl site muld represent the mass burid of a whole herd of and the  bound*^ bm.rrn the subtmpical and conlid.& lJlri (we pp iOc 

flora was 15" closer to the poles [ha,, it is hmbacktofront anditsdis &to $ide, Coelophys~s that had bcen overwhelmed by ~ ~ m c  &a- 

nus r m s ~  @[ the USA, Eumpc as far north as f i e  ankle and foot ofdi! sn distinctive. such as a flash f E ~ j d . ~ ~ s ~ 1 @ o n s  are malnl~ 

hnm'rk and nf South AmerW md *inn 
13.1 ~i~~~~~~~~~~~~~~~~~~~~ enjoyed h, were disturlxd by walrr currents 

5. Dinosaurs and other fossil 
reptiles arc 
equatorto tf 

'If 'limatic mnns hm 
Sruri~hian nnd ornichixhian dinoaun, hm lang were close relatives of the melo- 
kn ~ ~ h e s e - c a l l ~ ' ~ ~ ~ h ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -  " mabr L1'dll~emor plaainfitworld.5 florudur- mm*ir.ly nr morrprimEtiwIt~EtUrE 

is- hLt in' Ihe Cmaaus and lura=ic landcapes .uri&ianr in 
pu (omrdSand fie 

contained low ferns' hama 
zed <Iub mosses'seed Cwtacmm the hs t  f l o w k g  plants (angilKperms) ( ~ i ~ ~ ~ ~  8.4(b)), whereas Cozlrosaurus nas a pair of 

theorher hand,the pubis baEk -,,> ' on the ndw! hones (rigu hmc tnu apmrrdl and they radiated rapidly during the L~~~ in pal ' ischiurn and there is an addfional - 9 come From the Jurassic 0 hrica and 
Cretaceou until t h ~  reached modern lmls of domi 

P'CP, n front (Figure 8.4(bi). ached lengths of 5-7 m lt shapes 
et al ,  1995). The earliest angiosperms 

r 
incluad m ~ o l l a ,  k c h ,  fig, wittmv, palm and other .., , ..om lonl:and slender in ~arnqm~~urls~oshorter 

f a m l l i a r t l o w ~ r i n ~ s h r u b ~ ~ ~ ~  trees, he themdl include all the fl&h;h-rsting dinosaurs and higher In C2mmsallniT. nnt' unusual ceratosaur 

nd ranged in size hrn small t,,rke).-like furms 6r9~P  werc thc ~bclic~lilrid+.knmcn Primarily lrom 'he 

the giants of the cretaceous. Ihe  her- mid- to upper C r ~ l ~ c e o l l ~  of Amrrica7 man" of 

-Murids fmm (he of kutb  America (see which had ~xtxrnely shon skulls In 

,, lf41 regarded as the first thcropods, 35- as ~ r n o t a u r r i ~ ~  ~ r g l l ~ f i . . l ( d l ) ~ t h e ~ n ~ l  and parietal 

bough rqard them genera]~zed b a d  
auriKhians or basal dinosaurs. -1 here have k e n  over thcews. 

doEcnsof s tw~ ieso~ the ropo~  Fhylogc!eny ~e.g.~suthier,   he remaln~ngthcr(Pldr* the trtanurans.41w 

I'1Ah: Hollt, y994; kreno, I Y Y ~ ) ,  a l l  ofwhlch aprrr. on acter id by a nunlhcr ~f tcarure5. large 

the broad uulllne5, but differ in dctaijr I uw the most opening in mallit,!, tcrn't''! 'l'e -xillar)- fcnest ra 

Ihoroughrewnl ~ ~ ~ h ~ t  , 2 ( ~ 3 )  fur theoutl~ne ( ~ i ~ u r e  8.51~ and 
lljljt'l row d0e5n"t'xlcnd 

of thempod gm"ps, and ,-lark "1, ( 2 0 ~ 2 )  and theantorbital f r n - t r ~ . ~ h e d u r f l l v f r t a j ~ ~ ~ ~ ~ ~ p l ~ ~ ~ ~  

Maryadrka cr (lw?) for mameap~or~nr  and basal coelousin other wunh* t h ~ ~ ~ ~ ~ ~ ~ ~ ~ [ ~ ' ~ ~ ~  
andthrrelsamarkrcl hccl on t h e u n d c r ~ i d e ~ ~ f ~ ~ e ~ n t r a  

b~rds{weRoxS.j). 

Fin I' Jums'-cwtrausd'sh~ng'hc g'3 D1n''uurl~n pclvlr gldlm ( A )  lhrrypiEal saurlsc+,ao first unpqujvocal theropod$, the co~lu~hystrids. of thcantfliordor=lryrtebrac. 

p4vlrg1rc11r.m lnnal r,,. ln"mrruny( hl lrpTlll consist ofsome f,,T 
six ~ ~ t ~ T r , a s s l r a n d  Farly juras- 'fie -1 tetanuran' were La@e ptPdaurrs and 

"land and mafl~ln-shom 
orn;llq~~him p~nCg,~~ee in ,a,Cra, YiWWin 

neuuiur s i c g n c r a , ~ ~ o P ~ F m f i o m t ~ c ~ p p e r T ~ ~ ~ i ~ o f N u r ~ ~ ~  t h y  fdl m 0 =lade mild Ihc CarnmlJria (Rauhpr' 
wllhhrrlhamnd l h a 1 1 ~ 6 c a s m w h a ~ ~ ~ a n d  of 

i c )  ,'ria. ~ a ( l ~ r ~ i n d I , m ~ I O I  TpnmolllIIm 61111hOW *meria (Figure &4(a)] Has a ltghtwlghl dinosaur 20033, characl=n==d by lhe shape of 'he 

On t h  La'clums~c 11 5QMyr a p ) . b m  - rourm,l rith a long dendcr tail and a long nnrrow-mou~d opisthomelous cervical enIra file poacrior face of 

1 9 s . c o u ~ o f  ~hc ~ n & ~ , y ~ t ~ h i ~ ~ ~ ~  -, has five M& vcrr&rac, a major rhangc from the m * r a l  rum bacbds' and a very 

. " 
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Ij.ninnosnrrrris has a law hcad IFigurc 8.6(a)) with an 
extra joint in thelower jaw b e t w n  thedcntary and the 
elements at the back. This allowed Tyrannomurus lo In- 

five sacrat verleb c r e a s r ~ t s ~ a ~ e f o r b i t i n ~ l a ~ e p r e y . l t  kdebatedwhether 
mannosaurids were active hunter5 or scavengem But 
they could certainly bite! Bones fmm the of a 

Trtrrreratopr show puncture ma& ug to 37mm d q  
made by Tymnnosaunutetth,and tbcse indtcate a bite 
force of up to 13,400 noufonc, a3 powerhi as the 

u 
250 mm 

strongest btte of  any  living carnivore [Er~ckson er QL. 

(al 
199h]. Tyrannosaur stomach contents show that they 
digestd bones w ~ t h  acid, as mdem cmcdilcs do, and 
a I-rn-long tyrannowur coprolite Full of Tricemrops 
bones [Chin et aL, t998) and another wth boncf and 
putntiwrnusde tissue of perhapsapachycephalo+al~rid 
(Chm fi aL, 2003) offer further intimate evidence of 
thelr Fcedingadivitits. 

Tyrannosautids had tiny forehmbs equip[ 
erther twa or three fingers (figure %.6(b)). b 
would seem to have been quitc uselw as they wuld not 
e m  reach themouth. They may 1 d ta help 

0.5 rn Tyraannowumsget up from a bin * prov~d- 
ing a push while the head was thr I thc legs 

straightend. These dinosaurs have t q m a l l 7 d  ankle 

A' ''' ~'lhpodxta''mifiphr"id and ~ r i ~  l a 1  lilrr.il, (I,,, I ,.don,lkfl ,,,. ., sic- l.l, 
rtructurc, the mrctometabnus (Figurn 8.6(cl). in 

('' U 1 ' O p h ~ u r w i c ~  ~ ~ ~ ~ o ~ f i ~ s s ~ u l ~ .  (dl brrtnlc.rn.rrkull 1 klgurr ,ficr(alhcrl , ,,rry. \\,,il rr  , Jr 
~ h k h  thc threecentral metamds (numbers 2 4 )  are 

OllwrRauhutl firmly p d  against each other. lnstead of being 

stout fint mar.@. Carnouurs include the mega- 
cladc-they hd~e!on~\~1ne50n t h e ~ r b ~ c k s , a h u ~ ~ ~ f ~ ~  

k u r i d s ,  e l~ l t i a l l y  M e g ~ l ~ o u n ~ ~  fmrn the M i d  
on h e  hand, and m dmpk rrap.(iC-lil. l u O  

luraw.ic of Europe. ~ ~ l o ~ u u m s  was thr lrrt dinmrur 
I rigurc d.i(i) ). \V<>rr thew rcguiar prcd~rnrr on other 

tfl hrnamd.in 1124.1t5 ~lat~vc.M~~~osnur~~sfrom the 
dinouun.nrdid the! jlerl~n~.rnr~ttr~> 610t~i1d.FOnds 

Upper h n u ~  of ~umpc (Figure xila)). u.5 hdf  thc and n v e ~ s ? T l r ~ ~ r c h ~ r ~ x l ~ ~ n t o r a u r i ~ I ~ ~  ~ t ~ h  dr thegiant 
si7c sf ~/ iout lm~r from thc Upprr i i~rauir  of Nunh 

( :~rn.hnmibti t t .n, ,n~~ l n j ~ ~ r  blim.~is, llad r .kull 1.6m 
*mi.ricr i ~ i p u n  8.5lhll. w h ~ c h  war f I-l2m lalng 

/ony ihpurr 8.5ldll .III~ W..I\ o b t l r  .#i ihc i . ~ r ~ t r l  pre- 
IMrdrm. 1~7bl.i'herkull i%rhnrt.lnd narnlwrrun~sidc d~tury dinauun fScrm! nid.. I W h > . l h  nwdiunv- 
"'sidr.~hrorhit is hi$ and rmrlier than the mtorhltai er~cs of ditln\~tlm 111 A l r i ~ , ~  J I I~  ~n h4acl~g3Kar are 
f~"mlra. there aw heavy crests over the orbils and the shedding Iipht t m  um~inrnial  rnnvimrnr, ~ h r u v ~ h  the 
mandihr~larfenestra ~smuch reduced. (:rttaccr)uc (KT DCIX H.1). 

Further wrnouursare best known from Africa Thr 
- - 

spinosaurids, Zirar reported From tgypt ln I91 5,arc rep- 
m n t e d  all over Nurth Africa by their characteristic 8.3.3 W u m u r i a  broad teeth. New finds. of  Baryunyx from England 

(Charig and M i l n ~  1997) and ~uch~nirnusfmm ~ i ~ r r  The mmainin~ thempods form [he major .lade 
( k e n o  et ai ,  1998). show the characreristiis of the Coelumuuria (Rauhut, 2On3l as they a i a n  a large 

law been use 
tion, b) 

own back and 

Fig. 8.5 Carlwwul skulk fmm iht Jurwic (a, lr) end Crv~acrnus 

(L.$) la \  .\hagmroarrir: Ih) ,lllosuuw (cl Suchornrmw. 
(J)  C~rrmkurmirrnrtler~~i~~ T'nknrmnlrea arehahd.  ~~~~~~~7 
ofOfl%rrRruh~il I 

nun~hrruf dcrlved characte~w~rh eachotherand w i t h  
~ h c  hfrclr I rcc 1 3 1 % ~  8 5 ,.most notahlyan enlarpd maxll- 
LITJ Ct.n~,~r.l dnrl nr, serrations on ~ h r  pr~rn~~xitlary 
~ ~ r t h .  The ha,al cwlurowursare the cneluridr. such as 
Corrtpsogntrrllrr, from the Upper lurassic of Germany, 
nnct~f thermallest d~noraursat 0.7-1.4m long. Itsclow 
relatwe from Chlna, S~no~aumpreryx. apparentlv has 
leathers: d ~ d  fmrhers appear long before the ur~gin of 
birds [see k ~ x H . 2 ) '  

The tyrannosauri&, such as Tyrannosaurus. ar- 
guablythclargest terrestrdcarnivorcof ad timeat 14m 
long,radiatedin ~orfhhmericaandcentralkiaduring 
the Late Cretaceous (Holtz, 2W4: Brochu, 20a3a). 

round in cross-sectran, t h ~  m ~ l a t a ~ I 5  a r t  triangular, 
and metatawl 3 is'squmed'at rtsupper cnd rn such il 
way that it barely reaches the astragalus abw, or is  ex: 
cludd entirely fmm contact with it.Thearctornetatar- 
sus may have had a dynamic function during mnninp. 
uherr the thsce metamtsals bunched tightly at maxi- 
mum loading and tbcn rprangrlightly apart as the foot 
was nlsed. This pve these dinomurs a strunpcr 
mctJtarrur than in other therupads In which thc. ~ h r w  
bnnes were not tightly bunched, but no1 ur rigid as In 
b~rdr, in which the three rlernena have fused into one 
[Snively and RusseI1,20031. 

Rut c d d  T. rarunfastw not? I t  may havebeenahle 
tu sprir,r the Hollywond films but in lifc i t  pmb- 
ably could not have achicwcd more than a fast walk. 
Hutchinson and Gama (2002) show that running 
speed depends on the mass of the ertenmr m d e s  in 
the hind]% Scalingupachicken to the6-tonnemas~of 
T', rex means it would haw to devote 99% of its body 



.ate Cretaceous 
s of thaf age z 
3mus dinosau 
'rica wen S O ~ I  

m a  toIcgrnusrlrs.u hrrhisclcarlv~mposr~ble. W~thits 
legmuscle~u-olume. T. re.rcouldhaveachlevda Cast walk 
at 11 rns-"(10krnh-' or15m.p.h.l,but not the wilder 
sptcdsoF72kmh-' that have becn suggcstcd. 

The ornithornimrdj of  the htr lurasslc to I ~ t c  

Cretaceous (RuwlI. 1972) were highly specialized 
thcropods with a slender ostrich-l~ke body and long 
arms and legs (Figure 8.6(d)). The hands haw three 
gomrful fingers that may ha rckn  used for p p i n g  
prey items. The lighdy built body ind~catcr that 

know from Te 
, even sharing 

Str~trhromrm~rs could have run f a ~ t  and speeds o f 3 5  
h0 km h-' have heen estirnated.The skull 13 comple~ely 
toothlesr in later forms (Flgure 8.6fe)) and the Or- 

nithornim~ddiet may have tnclud~dsmall preyantmals 
wch as lizards or mammal& or even plants. Wcfl prC- 
sewed specimens (Norell er ah, 2501) show tha? the 
toothless jaws were c o w d  by a keratinow beak that 
bore vertical ridges inside the jaws, sirnilat to h o w  in 
duclc%used perhaps in the same way for straining small 
animals,or rwn plan t rnatrrial,fmm pond water. 
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8.3.4 Maianiraptora lkrr~~rnr.rfirr~ h<W 11.. backhunc ruughlv horizontal 

nc -st drrlvcd thrmp"ds,thc hfallfr.'prorn 
8-51, the alvare/+.lurids. fhcr~?~nosavrids. 
rrnnrlo3"rds* nmmaeosaundr and brrdr. contents 
Of clade are' cunlmwrqjal: 
C;nuthier ldenrificd dJ-mI~~~~*lrdurlda 
truodnntldsar ~lat iwr of birds and ftlrming the 
cJdde Manrrapton- A'varasaund 
h ~ w e v ~ .  c l a d  as t 
were nhen hard to placc b l ~ ~ r r e  thpropnd< ofall Thm affiditieqwerr tnra Inng zchrae bear scar* tm the front and back of rhc neural 

asdinasaur~an rnanira, 
2flo2), assignm D'rds 

j 

.bra in fmnt, and helow 
IC chevrons,: .elements that normally 

1 - thar thethet~~~nosaur~&wcrchlia~e-eatersrnther .rat L and dow lncc and pmvidcar~arh- - certa~n mammala the chal~cothercs and glant go1 t arps for rh, .... ...,,. rs In Deinonycl~tu. the 
ually long 
d tendons 

; in tree brancher wrth its long slcnder claws, which it that intertwine al m e .  These 

passed toits toorhlesr beak. rods d ~ d  not cnfliL,, ,...... Y Y..W rie tall kcausc rhcy 
'The t rdontrds horn the Upper Cretacmuq oF remain sepratc and could s l i  h nthcr rn 

h r t h  hrnrr~cd ant1 M~n~ol13,such as Snnrortrrtl!oid, a ~ m r  ertcnt 
had long \lender skull\ (Flguw 8.7Id)l with I he ~ r l r r ~ r  I I~cldr~n~drt  ktrtln~and t h e  1 u ~ l h  deep 

facing furwards so tha~ t h y  mry hsvc hard ~ldr\r  on rhc thrcr Iong hng , ,  ...-..Y, .he hand IS 

I I ~ ~ ~ ~ ~ ~ ~ ~  vlsjon I llusselI, 1969). Tfie hr~inraw iir r ~ ~ . l r l r t ~ s l ( ~  helength uf thedrm,d blrd-l!kefcature.The 

hulhous and rplatiwlv large, which has 1r.d 10 the rr r ~ \ t  of ~crrrn~r~ch~tsi~unusualTvmbil.t.and the hands 
interprctatlonofthetrwdont~drasthemn~~ rntellrpnt ct511lJ hc tr~rncd in to~v~rds each other.~he hand \wal 

I (or Iraq rtl~pid?] dinosaurs. The foot (F~gurr 11.7(e)l rIr..~rlv uwd ~ o r ~ r a ~ ~ l n ~  ~ r c y  and the dam for tedrln~: 

hnr t h r e r  (uncllondl to- of which numbcr 3 i< a~flt.sh. 
rhc lonpps,, J hlrd like qtrurture dfijgncrl f o r  1,)-r 7 hc h~ndlirnhr have Ionp, bird like prriprrrllnn.: a 

runrlrng. \h41r! femur. Ialnp tlb~d and fihuh, lnng mrtalaruk. 

1 he dn~mdcr,r;lur~d\, a f6~nlil.yuCsru or sr.!cn genera l hrtr f~~nrl~un.l l  lair.\ al lr l  a rmall h>ckuv~rdlv-po~ntinp 

tram thc ~~c=t~ccr,ur nf Sorth America, Mllngl~ha J I ~  hrrt roe. The astratylur hdr a lllph pmrer5 thar  rap\ 

t:hlna, h a w  al\o !wen idcnt~fied elsewhere m ~hrl>d\ir .rnrund rhc rllrla and the cakcancum 1s a m a l l  block 
of lrrllated tWlh The kst known dromacusaurid I< hrmP I~rrnlr.~rra~hed to 1t.7he kertratureof the [nor fr  

, [)t,lrrorrycl~~a fmjm the Lnwer Cretaccl>u\ uf h'orrh the elnnplc tuc 2, which r\ armed with a r2st slcUc- 

u \mer~ca (O~rrorn, I'JbY), a sm3tl animal about 3nl <hapedclau*up to 1?(1rnrn Ionp that could be bent r~pht 
kE "w, o 5 rn ' Inn6 I m 1.11 r n ~ l  wr1~hm~6G75  kg (hgurc 8 1) T l r  had and then \.ung d a ~  but  he who* m could 

B's'man'ullr*'nr*n**~~ ~ N ~ ~ ~ P C ~ ~ I ~ I ~ T J I I +  4 II I C J ~ ~ ~ ~ T ~ ~ ~ ~ ~ (  ~ , , , , ~ f i ~  rernnqIruLIed 
andam In laICM, 

I' skull is tncompletclv known. The curved sharp tecth bendonha rhort way below homonta!. 7 his foot claw 
-lcl rhcrhPrinrroilund (kr) the tdamt lds  (tmrnmrfhnd.&d) md ~d~~ [cl,&ull lnlaTcralnewand h ~ v e  dges ,  as in all other thcropods, which would have got in the way during walkrng, sa ~t mu1 
I F ' $ u w s ' a ~ b i m o d ' ~ f ~ m s * ~ a l  ~ t * ~ ) . d n l r r n  

l.ll,*lmi,h"MagaIin cSL, ddIC1 mod16trlkOm 
Rtls~lland~ong, 1 *3; (dl afrer ~wsrll. 1 ggp; (c)  afiq ~ ~ ~ ~ ~ h ~ ,  ,qj2, 1 

were presurnablv as effrctlve in cutting flesh as a steak havebeen held intheuprrghtporitinnmstofthctimc. 

knl fe. Uhtrorn's(l969) functrnnal ~nterpretat~onwas bawdan 

+st bones 

-1 

1Ics post 
rtrd by~k  
like run1 
und mm 

.s nf the vertc 
ieparate bony 
n a short disti 
I0 .*;I ."l,~,-ll 
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hove and bpl~ 
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B 0 X  8.2 DINOSAURS WITH FEATHERS 

plete,rnth tuRsof hatr-I~DstructuresaIIalong ~kbackand tall fhedlnosaurwasnamed S~nh~umpteryxanddwasshown to 
be a c b e  relatlve of Compsogmhus, a coelurd. by Chen elal (1998) 11 these l ~ l y  were feathers a' some kind, then al l  
melurosaurs [see Box 8 5) musl have had leathers too, andthat tncludes Tyrannosaurus rexl 

m e d l x w e r y  was wntmvenlal Was not thespecrmen lust a bird somewhere In the cladoqramabwe Archaeopw? 
Sureb the so-called feathers were not leathers at all, lust shreds of skrn or scales7 The specimens came From the Yfxlan For- 
manon, now dated as Ea* Cretaceous (1 2 5 4  20 Myr ago), near Be~p~ao, Ltaonlng Pronnce. Chtna Thesan around B~lplao 
had a l m d y  producedspectacularspecimens of earty birds (see Box9 3) and marry other fossil grwps.all show~ng soft-tlssue 
preservahon Arter 1946,new d~scuwrksof d~nosaursmthleathersfromthesesrtes~methrckand Ia twomanrrapt~rans, 
pmmhaeopIelyx and Oudrp~erp {JI ef a(., 1998). the thenztmurold Berpraosaums (Xu ef al. 199%). the dr& 
meosaunds Sinomrfhmunrs (Xu eta!, 1999b) and Mfcrompfor(Xu era!. 2M13) Schwe~her (mf) also reports flbrovs 
feafhw-l~kestructures ~n Iheahamsaund S h u v u u ~ f r m  Mongolia. H~fossllsarecorrectly Interpreted. there Is noquenion 
then that allcoelumsavrs,fmm the M~ddurassrc onwards, were teathered (Padran d a l .  2001a) But what kinds offeathers 
and does thts mean they could all fly7 

It ts unl~kely that thedrnosaurs w1thfeatherscwld!ly~l3e krndoffeathermnst~plewsualhe!satligMIeathw from the 
wing, a qu~ll {illustratlun [a)), rnth a central holTnw shaR, Ihe raehI$ and a vane on ether srde In Rjing blrds the vanes are 

1ches.Ihe barbules, wh~ch ~ntt  I I ~  k~ndsoifeathers ~ n a  modem b ~ r d  

from the rachs 

Chevron mds 
lnslst of tufts ofthm hair-Ilk# s al aftachment 

ftlopluWs d 1ur r~ rd~~11$wlha f~ f f01~1~e  barbsat the (up 

Fb.a.8 Thcbd~C*amusdrom.l-urid De~r~ t l rh l l s Id l  & e T ~ # * ~ i ~ n r u n n u n ~ ~ w . ( h )  t m ~ l ~ ~ ~ ~ ~ f l h ~ * k ~ l ~ , ~ ~ ~ ~  . sernlplumes, whlch havef~ne barbslikr r, butalsoarach~s 
of a maxl l l~~~" t ' ih .~h~ lng  the =tion,/d) recrm~rructod n n k ,  ,h\wllg ~ h c  rt~rva~urc. dor.-,l vrrrrhn In larrml conlour leathers whrchare Me'typlcal I rach~s and stlR barbs on erlher srde 
''I-. ( f l u u t l ~ f l t o f ~  ~ r ~ ~ ~ o f ~ ~ ~ l  Wcbrae.~.rlhnsrr~.tchra d ~ d  ~rrc l t r~lptr .  prr7tprprFhyu;ll rodr Is)hrbc) c,,- Theset~ve leafher bpes ( t l lu~trat l~f l  (a)) 11 ! thal matchesadevelopmentalIhwry lor Iheor~p~noflaeathers(Prum 
~ h 1 0 w l . ~ h ~ d ~ b 1 2 ~ k t g )  kh~not~nanr t r~ornm, [h l  Icfi hwrin ~ a r c r a l v ~ m , r h o w l n ~ ~ h c ~ ~ ~ ~ ~ ~ f ~ ~ ~ h ~ ~ [ ~ ~  {*hHC and5rusb. 2W2). ~ ~ p t l ~ l a f l ~ ~ a ~ e + ' b ~ l $ ~  her-tsimpleconlour feather or downfeatherwrth barbs, but nobar- 
1.%9 ) bvles+ wntourtea!herwlth barbsand barbules+contourieather in whkh barbules~derlockand pmdeceaclwedvane-r 

fltgMfeatherw~th asymmemcal vanes 
S~losarrmpteryx, the most basal of the faathered dinosaurs known so far, has tufts 01 srrnple filaments (~llusrrahon (b)) 

h'r ins%ht that h l f lo"yrhl i5 was an active hipcd like 3 The t lnv dromamsaurid M ; ~ ~ ~ ~ ~ ~  fmm Aongtheback thv khresare8-13mmlongand themareabout ten fibresper mlll~rnetre Toi~ards+"eend ofthe tall. tbef~bres 

mrdern t%htkcu b i rd  that could b3lancc nadr ly  nn n I owcr ('rctaleuus ~ , f ~ h ~ ~ a  (xu r t r , ~ ,  3)"3) so w], may be up to 40mm long The ther~zrnossauro~d Ee~praosaurus ha< srmllar Illamenk. 5U-7Omr sng assocrated w t h  the 
foot. The claw is ldcal fi,r drwrnhtmtlli~ll: prr*r.rucJ that i t  fL:lrhprr 7 llCrt. arc mws of 

bones of the forearm and lq These are not Ihe same as any  modern tealhers -they do nut bravrh fro7 the base as down 

prev hmon!~t l ' r~ (~~rcra l l~* tc~ lh l~  C ~ J W ' ~  rail up ttr tlrKht ~ c . r ~ l > r r \ ' ~ w ~  ~ k , ~  H.?) hlllntl rllrarm hone,hut 
feathersdo nor are they br~stles On theother hand they occur on Ihe skln surface t?ey conslst q'' lamentsand prellmlnary 

vfc'lmwrlhthcclawhcld up kmp 11 from ~ c ~ p l n ~ ( l n  3 1 \ 1 ~ ~ ? t a < h t ~ a l o n ~ 1 h ~ h i n d l ~ ~ b . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ l d ~ ~ t  
geochemical studres suggest they are made from the prmern beta keralrn as are the Icalhers o' -gdern blrds (Schwerlzer 
2001). whereas mammalIan halr and flnger nailsare madefrornalpha kerattn 

the~und,rd ldonefoot ,balancdandsla+hd wlrli a I ~ ~ - t h r ' w ~ n ~ r ' a ~ ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~ ~ h ~ ~ ~ ~ ~ ~ ~ ~  Itsbody More derrved manlraptorans show some advances Prohrchaeopteryxhas ~ : r o  Iclnds a l  feathers 4 1 I contour leathers on 
kick at its flanks. causing a deep prch up Ir)  wcipht. hut Xu ar nL ( 2 ~ 3 )  awue thAt mldht haw the Q~lthatare uplo 160rnrn longandhavea nchls and rwoasymmetr~cafvanesmadefrom nuwc.cus f3'efal barbs and (2) 

rn long. mart likelv p r w  for k ~ n o n ~ r h ~ r s  wrn\  gllt lLd wi th all fnurllm~rlutstmtched+ Rum leathers over the body and upper legs that compnse t~larnents about 30mm long that are pathered ar the base 
to be ~ e ~ o ~ l r o s r l r r r r c ~  a fairly abundant relatlW Caudpteryx(~llustrat~ons ( C  d)) has both ol  these feather tyOes ac well as snme 14 contour teatSers attached along rhe sec- 
H ~ i l o ~ f l o d o f f  (we pp. 206-71, that reached 6 7 m  
In lcn@b- hnonycllus may have huntcd In packs Irk 8.3.3 Sa~mpodom*~ hme new o~scoverlestrorn C~IM confirm matalmsare manlraptoran mempads {seeChaprerSr and~atfearhers e v o h d  

wild dogs t d y ,  which would haw mabled i t  tw i nhe  earllest coelurosavrs, iinot earfer (rflustrafron (e)).fhe krst feathers.incoelundsandIher~m~aunds wereshort frla- 

and wakrn much larger prey anintab before The Saumpndorn~r~ha, the second major saurischim merits, pefiaps lomted along the m~rldle of the back and.ta~t, or pernaps more wrdely over the b w  6jhq presumably had a 
killlng them wth fatal slash- to the belly region. clade, amw ~n rhe Late Triassic and the tarry forms of 
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lunctlm In lnsulatmn and poss~bb also m dlspby tl they were bnghtiy colourd Contour feathers appeared firsfalong the 
~ l d e s  of the tall. and lhen behlnd the arm In the manlraptorans The~rtunctron In such non-llylng d~nosaurs is mysterious, un- 
kss [hgralsa formed parl of a dlspl~y structure Only In the f~rst blrd, drc~coptmyx,  d ~ d  contour leathers takeover a malor 

~ m d  more ahout the d ~ s c m r ~ e s  and see colour Images of the foss~fs at hnpJ,Iwwwpeabodyyale.edu/exhrbrmddl 
CF[llnfro html and http /h nhm ac.uWmuseum/temperh~btd~nob~rdsl, and ol imag~natlue Ife r8storat1ons~ at 
hmp fm austmus g o u a u h h ~ n e s e ~ d ~ n o s a u d ~ a t h e r ~ ~ d ~ n o s a u r s / p h o t o ~ a l l e ~  htm 

[he h t c  Tr1.1sb1t and b r l y  Jurassic d ~humb claw and no claws on finpn 4 and 5 (Figdm 
F r o ~ . ~ ~ ~ r ~ p o d , .  There h35 hen snme II A Yla) )  and a short blade on thc ~lcum. More derived 
whet her the prus~umpods form a disu ~t 'prosaumpods' include Plntcosuurus (see pp. f&8-9) as . ' 

t- well dh ~1u11uls C U L ~  as R I B ~ S ~ E I ~  fmm Argentina 
ee Box 8.5). and k ts from kuth  Africa, which were 

cds up to I0 m lo ng. 
ppCad first i n ~ k  Uppei Trms~c . 

(Renton er nl s, ofSoui s a n d  K1rckng,2003) andradiated 
c hallmark of the dade: a in the Early Jurass~c with forms such as Vulcanodon 
rdy length), a downwards from Zimbabwe. Thc basal murop& had folir Fused ' 
ary (F~gure 8.9(b)), lanreo- sacral wrtebrae,a straight femur and seemin~ly nodis- 
crowns (Figure g.l(d)), a tal ta~Is.Thesefeaturesmark thehgnn~ng'ufmdlzfi- - / ncA x-tlh im nr more crnral  \*crtrbrae+ a h u y  ralionsto fhc uurnpnipatrrani~lskeIeton m u d  by 

r h e e v o l m n o f  lealhm (a) the f l ~ e r n a r n f e a t h ~ r ~ ~ ~ ~ ~ ~ ~  
mdim brrds (b) hhm@llt~us lealhea from ihc bat) of 

S 1 n ~ u ~ f V ~ .  (c) COmplelesp~crmen d ~ w , ~ p ~  
SnQwlng me Presence nlfllamentovs fealhers aswell as mour 
feathers on theanand tall. (dl contour feahrs t rm I& tall 
C a v o l ~ f ~ .  (el SlmPhfled Dhylogenehr treesnowlngtbe 
Su-s~aPPMtance ofsrrnplc trfamentm re4therr 

cornour leathers [figures (a, el from waow sources, (bd) Flu. 8.g The bnsl laumpodornorph 7hcmdontoraumfmrn the La~cTriasic. skdmn in  Iatrralview; (MI jkull in wntraT.dorssl and 
CouaeVof Z ~ O U  ZhDnphe @ Palr~c~a J b o n e  r e p r ~ u c e d  1 . ~ ~ 1  [Flgurcla1 r n o d ~ M  h m  Brnton erul I Z M m ) :  I M )  murtcsy of Adam Yam.] 
W l h  kind permrsston ) 



'unctions: 
nd other 

in sauropodr 
tern may hav 
and with Ion 

f 202 TheAgeofDtnomrrrs 

thew massive we~ghr. The cuhelopk;lrds h m  the bur theotherdig~tsbcaronl~sm~ll hmf-li 
M~ddIe Junsric of China, such sr ~ ! ~ ~ r r m r e r r r ~ a  Figu rc hne. 
H IO(a ) ) ,  are ~cneral lv r ~ r d c d  as haul saurnpod< 
1 Upchurcli, I9Yn). although they have bcenas5tgned a 

po,lrlim C!L*W to titantmurid~ by Wilmn (2002) The 

? skull of Slr~rnosnwrr~s is less open than that of other 
nla~ronwlanr and the jaws were des~gned for slic~ng 
tough qaat lon .  The orneisaur~ds, such as Mornen- 
t=/~ilisnuntsfrnm the Uppcr IuriwicafChina,withan im- 
nrcnwly tong neck, appear to hc c l w  relar~wr of thc 
euheloporiids. vertebrae, fupportcd hv a latr~cmvrk o f  na 

The rernain~ng saumpods, the neosauropods, in- struts(F1gurc8.10(d)l.Asinmodernbir&ai 
cludr Ce:imrrrus (Figure 8.10(b)) from the Middle cdinvarinuspartsofthcbodyand theywere 
lunsric of  England, alrhough i ts prmse rrlationsh~ps connectPdtorhelungs.A~rm~haw~l 
are r~nclear. In Gtioscl~rr~ts, the external mandibular I to reduce wight, by mplacing bone a 
frnmtra in the lowcr jaw has k e n  lost and the Lower tissueswithcavitlm; 
temporal fenest ra I8escompletely beneath theorbit-The 
nrck has bPcomee10ngatebylmgthcnin~ofthcwrvifal 
wnehrze and inmaslng their number to 12 or more 
T h m  are fiw or six sacral vertebrae and I ~ P  limbs are 

rather pillar-like, as in elephants, an adaptation for mammals,whichbmatheinattdalway('in-out') 
weight-supparting. The fingers and toea are much Weight reduct~rin was clearly imporrant 
shancned and phalange lost (Upchurch. 1998). The and this and theeffic~ent resp~ration sys 
cct~ounrids aredoseto the ancpstryof thcdas~icgiant permitted thcm to Fundion at large size 
sauropods of the Late Jurassic. which spht Into two necks. 
major I~nea~cs. the d ~ p l o d ~ i d s  and the macronarians The Matronaria include the camarawurids, bra 
(Upchurch, 1998, W11ron,2002;see Box8.5). chimurids and r~t~nowuridt  Thr camarasaurids ant 

The diplodocids, such a.; D l p l d m s  (Figure brach~owur~dr rh,~rc a AuI1 prtrrn (F~gu r~  R.la(g, h) 
s.lrItc)) fmm the Upper Jurassic of North Arncr~ca, in which there rs an arched lntrrnar~al bar iormcd b3 
have a r k p I y  sloping quadrateand a long broad snout verynarsclw prernaxlllae betwcen the enlargerl nmtrfl 
w~th  a < ~ h d l l  number of cylindrical penc~l-like teeth at and a clearly defned ~ o u t .  Rrdchimn~rrus from t h ~  
thc In~nt.Thejutt~ngtee~hmayhavebcenured ina pin- Upperjurilss~cofNurth Anierica dndTan?ania ~soneo 
cer-l~ke f.l\h~on ta crop vvtatron. Fieo~uropod char- the largest cl~nosaurs known inin1 a reasonably corn 
a(1cra tn thc rkull are: the nastrdr and nasal bone5 haye plcte skelctnn (Figure #. l O ( r ) l .  11 1% 13 m lung, 11s head , 
rnt~vcrl wcll back and the skull nmf b rhortmed, the ~ 3 ~ h r .  12 I ~ J  r~bn\r t h ~  ~rm1n0 aid I ~ T  wclRh1 h.1~ Iwen 
II~W~I t c ~ l ~ l l t ~ r z i l  fencqtri lier 1.1r~rly h e a t h  rhr orh~t, rrtim.~tctl -1'. nrr ttmlin. 13rrrrhrcrrttr1rrr. i\ dtnc,~,rurinn 
~lli. ~crth pt~lnr fixward\ and r h ~ v  arc res~r~cled to the p~r~Hc,  do1g11~1 ~ r v  rt,lrll hlgfi Into trrta. and ~ h c  hvdv 
anlrr~ltr ~ d r t  rifthr lawr.Therc has lung hcen a dcbate rhnpe dltCcr\ lmm o k r  ~lurr~pud\ In h~vrng Inn~e:rr 8 

ahrri~t the runctiun of thc lung neck of QtpIo[luc~rr Irer furetrmbr them h~nd and a \hortrr ~ari The nrck i s  
lhru x.1). The lrnlhc of  tlrplott'onrssewn telatlvelyslen- greatly clongd~rd ~ n d  ~ h r  ccrvlcal vertebrae arc cav- 
dcr. bur rhc handr and Fcet IFigure$.lO(e, i l )  arcshort- erntlu, In i d c r  t r l  s a w  weight. l here arc rna$*~wly ' 

Fil Gum&<,all luranlc 
aP(IFxLrPt~l.kl l r ~ ~ ~ c f ~ ~ ~ ~  t.1 ~ k u ~ l n f r ~ e u h ~ f n p o d l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ l ~ ~ ~ ~ ~  

rrl=J waght-s~~pporting atrvcturcs The wrlst coorams elon~atpd neural hpinw on tho dom1 wertrbrat, which I f i , , ~ ~ i r , n , ~ ~ ~ r b l l n I ~ h ~ d ~ p I n d ~ ~ D ~ P ~ ~ d ~ ~ ~ d ~ C C r \ 1 C a ' r m e h r a o f ~ p w ~ ' c f  h ~ n d a n d f W t n f n ' p ~ ~ x f Z ' 5 k U ~ ~ o r 1 h c  

only twrl carpals and thc rnkfe only rhe astra$alu% all indlcatc that Plctrlrrura~txrrr had pwerful rnuwlm and ranrarA*lur,d r,,,,,,r,c wlrrur: (hnh hull and <Mcron of rhebnch~ouurld A ~ h l ~ l r ~  ~ J ' ~ ~ ~ " ~ ~ ' ~ ~ ~ ' ~ ~ ~ ~ ' ~ ~ ~  AnnmMuns 
I 

Ik armuur plrtemd 
O f t h C t ~ t a n n ~ u n d Q 1 t ~ ~ ~ ~  1 ~ w ~ l = r a * ~ ~ 8 ~ ~ ~ ~ ~ ~  'q84''b'afrcrtmwth.rlnd 

uther elements having keen lost or are p-t only as ligamenfb toIlh ~tscrane-l~kencck upanddown. 
Marr,n, IY76, (<, 19131, te, 

~war~1qf4.~'k~'hcrB0nap1tc'197'1  
canilaginous masses. The fin1 finger and the first two Thc titanomur~dsare best repmentcd In the Upper 
toes b@arIongclaw that mayhave beenu~dIndlging, Cretaceous of South America, but ~ccurred elsewhere 
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,4 THE ,VE A S ~ T Y  OflnlTHlSGHlAH pachucephalouut* 3 r d  horned c e t ~ ~ ~ ~ s i m ~ )  and 
the Thyreophora lthc armou*cd anlyl4)wurs and 

BOX 8.3  THE NECKS OF SAUROPODS srcgrraursl [see h x 8 . 5 ) .  

The ornithisrhia a x  thc second major dinwvrran 
Sauropods all had long np* and ln some such as ~~p/odocvs the neck at 6 m  was as long as the body and rarf tWether, c!,delnd they are relatively easy to diagnose.Th=y havc 
fhsesauro~odso~e~te~*kefh~l i l lan girafres. reaching hrgh w~th  Iherr necks ~ntpthetopsoftree~? Indeed, 

~,P,odocUS, polnlsbackwads ( F , ~ ~ ~  ~.3{b)) E, weH as 8.4.1 ~ i S ~ l n o ~ u ~ ~ - ~ h c ~ ~  ~ ~ ' ~ ~ ~ ~ ~ f ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
OerhaFhave reared upand balancedona lnpodformedfrom 11s hlndlegsand tailtoreach UP lornor mc.rep 

over 30 d e n d  characters of the skuU and skele- 
~ ~ v ~ ~ h a s b e e f l  dlsputed Crowtherand M a  (1976) whoshowed lbatthe necmf &t,osaurus tor emmple, hadto pyanosa~ws from the Carman of Ar~entina is known ,, (Sereno, 1986.19491. 4e held at a lever berow shou'defi (5% Flsure 8 10(bj Close study of the necks of Ihe dlplodoclds ~ ( m ~ ~ ~  The orn,rhixhians during the h r n i a n  (late from only its jaws. neck and fek limb 

b t o ~ " ~ s h a s  confirmed thrs conservafl~ ~tevlpolnt ~fevens and Parrrsh (1999) measured angles 01 movement b,_ - Triaslc, 2 3 ~ 2 2 0  ap),or earll,-r,butfo~~il$ are ex- ( B o n a ~ ~ t ~ ,  1976j. cheek Ftgl're I 'a" 
Iween Ervlcal vertPbnearr along the necks of thme two drnosaurs and entered the figures unto their ~ ~ a , , ~ ~ ~ h  rare until thP JUrm~C, ~h~ OmhhlSChiSn5 have low triangular c m m  with 9 rre!t-dcvcIoped nar- 
Summlngallthe hormnlal an* vertical measures showed that both dinosaurs had anarrow enuelowol neck movement 

herb.n,orous and [hey dlvjdc into two main groups, row neck beneath and they arc*r o'er to'he Rw4ecan bfho*QhtOf huWCnne (XWdmg from the 1001 of the neck at most D p f & ~ ~ ~ & ~ ~ c O U r d ,  
swing lhelrheads 4m 10 ellher slde. O1plodOc#s Could ratse ~ t s  head l o  shoutder level, about 4 m above the 

,he Cerapoda biFdal ornjthopods, bone-hcaded the iaws.k-avmg a broad shelf on the '''' 
arOSdurushadamoreflextblen~k and could rase 113 headtn 6m Oddly, bothdmo;saurs could bend thrroecks 
some 1 5m below ~lround level t h y  were not burrowers1 The downward nwk k n d  may have been 
Planls from pondsand nwrs 

Stevens and Parrish (1 999) have shwm ~ r e r r ~ r  or 
h?.V saoropods COUM haW Swung its nKk above he hor&, 

thnrughout rhv Crctacc:r.rrt~+ (M.il.;c~n Xc G'prhurch. 
2003). Thc .rktrll (I-ip~rr 8. ] ( I t  i l l  ir;;lr supcrlicially 1iL.1. 
thilt U J ~  O I ~ ! O C ~ ~ - I I S  ,lnd flw Ilridy ru.1, rt,~cfrrl wElh ,ln 
armour of ruughlr. hcx,!gnn;rl h m y  pldtes (F~girrc 
Ic-lfl(kll. New iln,tlyhcs ((:urry Rupers ~ n d  kurirer, 
2001; Wilson, 1001) uuggrsl th:~t .Vcr,~rgtosrrc'nrr 
and Qira~s~~osnrrr~rs knm rhc Uppcr Crctacmus of 

Mongolia, formerly cla~wd as r~ l~ l t i ves  oC i)ip/n?~krr& 
are tilanoraurids, although Uprhurch (1989) makes a 

stmag casethat they-aredipfodocids. 
Bmrhioxrwm wits huge, bu t other saurcspds might 

h.nc Iwdlr 1,lr~c.r. .ilth<rugf> mab\r ,rrc ~,k;l,nlplctc. The 
t lI. lr lar~lur~rl , l~~:~~~rr r r t r~r r r r r~d+ mrgh~ E~,IUC wc~ghed 
50- f l l~J1~111~~~~5 j r ~  i ~ i ~ , r l t ~ \ c  !*)the ~ h m ~ r c ~ i c ~ i l  maxgmum 
sirc th-rl ~uiyI~nJsnirn~lctrulLtarhrcvc wit l ln~j t  rcnd~r- 
itis 1iwII' ~lr~.ll)fe t1) walk. A5 body s i ~ e  Increases, the 
cnr r r -x r ; t~~~ns l  arca v f r l r ~ I c ~ ~  incrcaws in proportinn: 
small .~nirnalr h.lw slender legs, uhcn.a\ largeanimals 
havclegr Itkc trectrunks.A! bod!. weight.i of morethan 
1[3(3-150 Ionnm, the cross-sect~flnal areas or the legs 
wouldhmesolargethatnllfourIimbswoul~lmeetas 
a so l~d  mass udderthe body. 
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gests that Plwno~urrrshad checks, pouches ofskin thar 
lay on  tither side or the tooth rows. that could retain 
unchewed plant material while urher frlnd was bein8 , 8 . 4  CHEERS AMP CHEWIHG IN  01111TH0PODS 
pmwscd. Cheeks are typical of ornithlsshians and tures. Heiemrh'nntosnrrnrs (literally Vlffrrcnt moth 4, ..... 
other rqttilff in which the skin of the face is 6 m l y  rt- tilt') Iradiftercnriated a can&@ ~ ~ ~ ~ t h , ~ p d  dlnmunwere unique among reptllesm thatthey cmM Wrheir food ChewlnU. inwhkhthebackte@thrnrn 
tached to the jaw margins just b l o w  the tooth tows. I f  about IZcheek?ceth.'lhccanfn~saml~n~~~d~h~ srdeways and back and forwards, ss normally thought to be a specnl feature of mammals We chew~urfood befom mjlm 
h n w a u r i r s i s a n  o rn~ th i s~h~an ,  i t  rsfolbwd bya long one fits into a deep not& i n  the uppm jaw. In order loald dlgest~on.rept~lesand birds lust QUIP the~rlooddown WtfihOPOds hlfontwosolm~nstothe problem.and 
gap~n t he i r fm i l  record: thenextnrnr~hisEhiansappear men has no t u s k  and 11 has h suwestd t h  both of these are drflerenl from the mammaltan technique (see PD 2 9 2 4  
onIy some 20 Myr later. ~~ero,jorr~osalmms a rotating twer law f he art~clllar-quadrata loin\ at the and a S W G ~ ~  ball and socket joint a1 

ttpfrontbebeen ~he&nuryandpredeotary, allowed rotatlona~ thepwsopenedand closed.mls mode Of law r*tlon pro- 
vlaed one solution tothe problem of creatlm an efltcientshearing scissor-~ke cun~ng movement m e e n  the cheek leeih(m 

1.42 F a h u r i d a e  mamrnalswithtusksuch ascertain p ~ g  ~llustrat~ln (a)) 

deer. ~ 1 1  kter orblthopMsadopted the other opt~on, of mtanng Me maxilla. in order toachlwe laferal shmrin~.anfl*isadaph- I 

Small orn~thischians, oficn called bhroraurids, have H~cmdonrmauwshows~e~eral rcaturesrh 
t lm I s ~ r d t o  Ile at the root of the great S U C C ~ S S Q ~  fheorndhoWds In the CretJmous (Norman and Wetshampel, '9%) The 
hypsllophodontlds, .lguanodont~ds' and hadrosaclods have ersentlalb fixed lower ywslhat slmphi moved up an been r v r t e d  from the Lawcr lunssic of xrrnl parts itwithlaterornithopods: thetmth-bearingedgeoffic out dmofiron durrng chernng, whlle tho srde of me sku11 (maxilla, lacrimal, ~uDal, quadrato~vgal, quadrate) 

OF the worid (Galton. 1978; Knoll, 20021, but only p m a x i l l a  is a step dawn fmm t k  maxIUa, the pm; palaalelemenls(ectoptewo~d, palat~ne,gteryqo~djfhpinand out ~hus~eclalized~lflurnkm~lchinae(~llust~ hthmarrrrrs from southern Africa is reasonably corn- maxilla extends back to contact I hc prdronral and ducesthesamslatera!shearlngettect (~llustratron(c)) as d ~ d  Ihef~tat~ngmandlbk Of the hatsrod~nt~=und=. 
plete. It is a f i ~ h t l y  built anilrd 0 9 m  long. with long lammal, the jaw joint is set wen kPow the Iewf of ,stornlthopodshad single rowofteeth on thecmkdthelr  ~aws.Asinall te~t1les,lethwerere~la~dcnn1tn~uslYas 
h~ndl imbs and short arms (Figure 8.11(c)). It has the tooth rows tntncreasc theduration and fomofthebite - Gcamewcrrfl outandreplacementteethllned up belowthecurrenw Xunct~on~ng M h  ontheinside01thelaws.fhrs Pat- 
typical orni~hischianpelvis,an i l ium with onarrowan- {con-[ with 0 t h ~  hetbivomur dinosaurs and ns taken to anextreme in hadrosurtds, wMch had adental hattery IR whtch fiue 0; SIX r o w  of teeth below thei* line 
tcrjorpracffisand fusion o f the isch iaandpukat  their synapsids {see pp. 121, 1891, thr <heck teeth - llso be use (see Figure 8.14[a<)). ~sratops~ans could pro.bablrak.0 slrce their plant food effefl?wlYbeween PWr* 
nip<. The skull [Figure 8.1 I (b)) shows even mow ur- against the opposite t m h  of the lowerlaw fominga snearlng iaws. but the other k rb ' i r ous  d~nosauts lacked chew~ngsda~tafions. perha~sfhjs abl lv ezulains Ihevastsuc- 
nithischian characters. The tip of the prcmaxilla is straight line at the cmt o f the  teeth (Figure B.ll(g)), 1% , cess of ornlthopods m !ha Cretaceous after he heyday 01 ihfl sauropods had passed. 
l vo th lus  and mughmd and it is matched by an m- and ihe outer surfacesofthe lower tuth h imidethr -@ 1 
tirely new bone in the lower jaw, the u n p a i d  pden- upper teeth, and wcar them horn thr Unlike + 

lane ol @eumkTnellc 
tar).. Theorhlt also contains a new bone. ~hepalpebrol. ksotbawunu. H c u ~ n t o s n u r ~  m r  capable of 
The t n c t h ~ ~ i ~ r e  8.1 1(dI) arcmorc ~ ~ ~ ~ c a l l y u r n i r h i s -  small amount vf sideways chewing by mtation of rh 
chlan rhnn those of Asannwunrs because theu have a towerjawahut italongaxiF (see ~ ~ 8 . 4 ) .  
bulbous baw tothecmwnandroundeddm~~cl~on the The hypsirophdonti&, ?ypificd bv  Hypsrlophddo 
nlgw~Thewarfacctslie~metricallvoncithersideof horn the Lower Cretaceousof England IGaltnn, 1974 
~rlr pxlintd tip ofthecrown,wh~ch s u k v t j a n  up and but known from thc l a t e  lurasslc m the lare CEta 
down jaw actloo w t h  no p s d b i l ~ t v  of back and for- reow, ranged in length fmm 3 205m nr  m. Thebodi! \a9 (bl (c\ 
wards arside-to-side chewing. Propurflonq (Figure 8.1 2ta)) and :he qkull (Figur OrnllhopoO Pv mcba~i5 thplovrerjm of uelwouontwnm~a) Slide outwardsasIheytlose.hence ~ ~ u ~ n g a t i ~ o ' ' * e * r i n ~ '  

8 LZ l  b,cJj are rrrn~lnr to thoseof H r ~ ~ t + r c ~ r l o ~ ~ ~ ~ . c n ~ ~ r ~ ~ e x -  mareas laler orprrhgo& have a pkurok~nst~c hangs d i c h  ailom Iha cheek ponlOn oftheaul'and m ~ l l ~ Y m r h  shorn rlapp'edln 
cept that the qkull lacks tt15kq and i 5  narrtrwcr in the t b )  tomowoun.rarEs as~fieravtsclose(~) {ModrSedfrom H O W  andwehamwl. 19a5 

X.4.3 Basal ornithnpods midl~nr.'l 'hcvcntralvicw(Fig~rc8.12~c~~ rhnws theex- 
tent of thechrtL~. represented In thc brad area of the 

1 hc n r f l i t h n ~ d s  were the l a r g ~ t  ant1 mor1 succesful maxilla lyingnutside t hc tmrh  rows. 
o rn~ th i sc f i i an~ rnu~ ,  w r n p r i ~ i n ~ m o m t h a n  IOcJspcfies A n  early v i m  of Hypsibphorlon *as that i t  livd in o f a  fart.,,lc,,.,np p7ellr, mpecialfg the very l ong  shin fall into four gmuPs that define their f'rncrionr I n  
and achrruingareat abundance ~n Crrtaccrrur faunas. trees, grasping the hranche wrth its Ewr, but the fwt I and  fix^ walkink 

rhcre  are lour main groups, the hetemdonto~urids, (Figure 8.12(d)I was incapable of grasping. being a ~~l~~~ ( 1  97-1 made a ddai led wnoration of the I Ptotrartors. musct~s that pul l  the femur Forward' 
h?rp~i~uphodont ids, '~F~nd~nt id~'and hadmsaur~ds. typical elongal wt with hoof-lrke 'claws: , muscles of [hc hindllmbs of fjypriIoph&o (Figure and up: i l~ofemor~s. pubo~sthtnremorali~ lnrernur 

Thrheterodontoraurjdr Iruedat thesame time aqrhe Further, the en i s  shclthrd i n  osrificd ten- 8.1 r j l ,  ~ S N I  on muscle scars and pmcesscs on h e  ( u ~ r ~ a n j -  
f~brqsaurs. Heferodontosaurus, fmm sou them Africa dons that sti ffe wxl it to act  as a stabilizer hones and compYiscn with dissections of m d m  2 ~caactors, muxles that puU the Femur back:pubois- 
(Char~g and Cmmpton. tW4: Santa Luca, 1980), du r i ng runn~n~  ~ h u s  (Figure 8.81a 1). The birds and alligarors 6.2). fie muscle nama d-iiolemoralls internw (10- ~art l .  caudihmoratis 
just over I m long, is similar to ~ o r h o s a u r u s  in many 11mb proportionsof H y p r r l ~ p h ~ d ~ n a r ~ ~ i r n ~ t ~ ~  to t hw  bnff to they attachat each end. They h-@= and h m i h a d d ~ c t o r f ~ 0 r a l i 5 ~  

Mo 
they br 
tern w; 
could; 

~ddown wrth- 
!IIasattached 
~tion(b))gro- 



~ r h  and armnm 
hc l F i ~  
orsix ~0ws.e  
.A in rhcmam 



21 0 TheAgc oJDino~r:rs 

maxilla 
msxtlla 

1W mrn 
Ic) 

-plane of 
wear 

Fig. 8.14 Hadmuranaromy:(m, b3~kulInfEJmonro~urusin latenlanddo~lv imr; (c) lomr)aw of K n r ~ m ~ j a c r n a  
shuw thcdenialbarter~ts; ( d )  mss-smmn through rhtsneutofa hadmrsurtoshoupancrnsof ~wtb rrplac*menr;(r) & 
Almmuru~in running pow. [Frgures (a,b) a h  Norman, 1 9 8 4 , m m y  o f l h e 7 m l ~ l  ~ ~ c i c t y o f h d o m :  (c,d3 aher r 
l~ldlrerGnTtm.19:Dd.j 

from theirduck bifls.They muld d o u b t l ~  hawsrmrn, 
hut thrskeleton (F1gure8.14(c)) ispar t i~u lar lyada~ted 
(Galtnn. 14703) forrfficientrunningwith t h e h d y  held 
horlzontdiky as in other b i p d a l  dinosaurs. The hands 
brar small hooves on the fingers. sn thry r o t ~ l d  also be 
used inslower locomotion. 

Hadmsaun dl have essenriallv the same skrletons 
and skulls (Figure 8.141, but some h a w  an impresiw 
array oChead~edr.The prcmaxillaeand nasal bonwex- 
tentlupand backwarrlsroform ~nsornea high Hat-sided 
'helmet;~~ther low or high.sqr~arenrsrmrc~rcular,and 
I n  ntherr a Inng 'tube', sprke, o r  forwad%-dimctcd r t d  
IFlgure 8.151a)). The nacal cavities mtcnd from the 

no~tril~~ntothecr~stsand it wasoncea~sumedthat they 
actcdas'snorketr:especially in hrasauwloph~rr .Th i~  is 
irnposrihlc, hmver ,as  there i s  n o  opening a t  the topof 
thecrest.Thereare fourgeparateairpavages within the 
cmfIFig~lrr&.15~b)),1~orunniltgup fromthcnortriIa 
and twe running back down to the throat region. Air 
breathed inor  out thmugh thcnose had ro travel round 

this mmplexpahpagc system. 

What w a s t h e f u n c t i o n o f h a d m u r c ~ r r ~ r r o ~ b ~ ~  
they w e ~ u s d d c  visud spclcsandsexual sipn:~ll~ngde- 
viccs (Hopson, 197% \~V~$.hampeI, lW7J.just as mod- 
ern birds uw mlourful  and ohen efakoratc paztcrnsof 
featherstorecogni~eppotcntialmattsdl~d lvhignal their 
position i n  dominance hierarchleu. Males and females 
of the same spccics h ~ d  rather different crest$ (Figure 
8.15(c)) and thr crest was undewloncd in juvenrles. 

Further. Wei,hdmprl (19971 ha+ shown that the 
hadrcsaursaupmcntcd thcit visuahlrpldy wt ih dn au- 
d ~ t r ~ r y n n r t < > ~ ~ . ' l  I l c . \ h . ~ ~ o t t h r . l i r p n ~ ~ ~ g c \ w i t h ~ n  the 
crests are likc rnu%iral wrnd instruments. A powcrful 
rnort would crcntc a low rcronatingnotr.~nd thc shape 
of  the air pnrwger i n  n~alcs and female$, and i n  p v e -  
niles, wnuld give a different note. Species dlfferenccs 
w~>uld have hecn Even more marked. We can imag~ne 
thc LateCretactnurp1ainsufCan;ldaand hfonp l ra  rc- 
verberaring ro deep growis and hlaringsquawks as the 
hrdmsaurs wen1 abut their business. 
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Fig 8.15 tlarln>.*lur r~ull, mdrmlw (a)  m r a !  l~ncrofhddrrrsaur~rne~wluuo lmma FR~I~CII form (I\ ,  Krilowr#r~~$~ tncmrrd Kcnerd 
,It. Hrlrdl) l ~ ~ h u ~ ~ ~ t r ~ ~ S a ~ r o f o p I ~ u ~ :  D. E~I~MIIWIOS~I~~IK C Parruaumlophut. F. Lamkom~rrrrr G.  C~rytlro~rrrr~sl; lb) ~nttmal  <lru~turc 
~f tllc~rcrtota p?rhibkfmlc h r ~ ~ u r d o p h r t r .  sho~ang [he wmplcxprsa~crwithin rhe pmnrx~llac~nd namk. thc passa~euf ahr 
I .lmuw) and t~ocmr~-secr~on-thmugh rhc crnr: l c  I wwal dirn0r~h1.m m Lambeou~rrw~w~th a prohablcfmale [lrftl and male I r ~ ~ h t  I. 

r\IoJiiiedfrmnIlopm, I T ?  I 

8.4.5 Pach~ha1osauria:thebne-hcads acterized by their unusually thick skull mofs (Figure 
8.lb(a)J.Th~hr parieal and frontal bonesare hd  intaa 

The pachy~ephalosaurs, a small dade of  mainly b t e  ~t dome i n  some toms wlth the bone up to 0.22m 

Cretaceous h e r b i w m  fiornNonh America and central thick in a skull that is 0.62m long, llis great thickmcd 

Asia ( M a v n s k a  and (kmblska, 1974), are char- mass o f  bone is ringed by tthc normal skull mof elc- 
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;~munpl wild s h ~ p  19661. All are charactcri~ed bv a trianeular ~ku l l  whpn t %,- c z  5 z z Y ' O -  - s I e 2 j 5 z g 2  
- ---.. 

. ~ L I  i : n . ~ k .  mnc ~ ~ c n v ~ r p a ~ w a u r ,  a hip~vl. adopted a vicwcd from above (Figure 8 17{c)l, an additional 
hu~ri/ont. prrsturr dur~np; the  char^ beak-l~kcmstral hone tn the midline nt thc tip ofillr 

ound thc sku 
, ,, , 8 

I I lpzlrc I. 
w. 

iat the force of the [myact ran snout,ah~ghsnoutarrdbroad panetals at the back a 

cr I .uglr I r TI margins and down the neck to Somee;trlvceratops~ans,suchas Ai:taco~uwsfmrn 
TC thc shoulocrs an0 n~nti l~rnhr 7 his s}%tern offimed~~si- the Lower Cretacmus of  eastern AII~ (Figure 8. I 7(a)), 1 p.lt~on lvaq paralldcd in the d~nt~ephal~an svnap~lds were hiprds that had body Corms very rkrnirar to or- E 
C 

IU.L>I* 1261. C n n ~ r m ~ t ~ ~ c v ~ d c n c e f t ) r t h ~ ~ ~ h ~ ~ r ~   sth hat n~~hopmI~,but theskull 17 cle~rlycerato~wn Pti~lom- 
~I~t.~~rr.cutnrtl mdlc~ I l ~ r e  thrckcrckullrth~n fruialcq. nrtrirsfrrirn thsmid-Cretncmus ofSlr>ngh~a and (,hlna 

I'.IL hn ~ryh.~lr?\nur\ ,]re alw chnr.1~ tcrlrcd hv dn un \tdr.~;lu,~druprd wit11 the hcglnn~n~s r.f ,r now hnrn,a 
u\r~.illc hro.~d p r l t ~ \  il r ~ t l r c  N. 1 h I ~ ) F w i ~ h g e n l l ~ c t r r v ~ ~ l  ~ h ~ ~ k c n r d  humprn frnntaf rhfurblt (hpureR 17(hl).It 
i l r . r t  h l . r~ fc~~f id~n~ntnc~ thcmh\of uptotlpht hicralwr- JIUI *how tlrrwcond majnrwratop,ranchar;lcter~st~c, X 

tclv~c. Th15 Rr~natrachment of the pclv~rrnavrd,~tr to a hun!.fril) furmcd from thc parle~alq and quarnosals 
I tic r lc~d ro dicwp.31c  he forcer nf head-burt~ng. Path, iF~guie 8 17i.c)). The frill prtkbably w m d  a$ ~heor~grn 
c r l ~ l i . ~ f u ) r ~ u r r ~ p p m r ~ ~ ~ l ~ r 4 i l l r c d  tuthehornedccratnp- uf  part of  the law adductor rnuscler, the pmtcrrur I 

sl~ns, form~ng with thcm P clade Marglnoccphal~d I ~ N  addurttrr mandlhularrs lrlude. which would have 
Rou 8 5). on the bms of several ryn,~pomorphles In- producedastrong hltlngforce. 
dud~ngthecombinati~nolthes~uamnsalandprietal The later neoceratopslans have a skeleton with I bones In the skull roof to form a natrow shelf that CK- adaptations for plloplng (long limbs, d~gitigrade 
tendqowrthe backnf thcskull (Sereno, 19861. posture) (Figure &.17(d)). Vcnebrae of the neck and 

[ 
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her? .I 
as t hc  

' J V ~  e n y ~ v t i  111 htad Inarre familiar Iawer ~rr>up< Stegosaurla and AnKv- onnv plares aewrupu LrluLprl~urrnnwr -n, , , , , ,  .,.e sklt'' 

hi'rns inteilcnkd, just n dcrr do 1 , ,  i C  i d ]  U S .  - m d  d ~ d  nnt meet ihr bonrs nf t6r ~kelrtnn a1 but * - . . . . .  . * 1 L-I> c-- I... -*.;.,n l:..*-.."t5, A 

lOIBUr3 I Figure 8.1H(h)) oer the back and In regular mm on wnar wererneseylaln u-ru r r l t  I 11% r3+.= = U : ~ C C  is 
, .. 

rhe flanks. cnvcrcd by branching gmovcs that pmhahly l~oused 
inderO T o m w u r f ~ h a d a s k ~ l ~  z-hm long in ~ h c t h ~ ~ ~ ~ h ~ ~ ~ ~ ,  armoUrcd OmithIKhl,1n5, wh'Cb frlll is longer than the rest 05 the ,hp pk +-"d--:--, , 

Typical stegosaurr, such as Sregoslfuru~ from the blood vessels in life and they must have been c o w d  
~ I Y  b fod  p~trr rh i ta l  upper ~~~~~~~~~f ~.lorth~mwiEa(F~guw8.1s(c)),ha~e skin. Postulated iunctlons for rhc plates include: (' 1 

.. .c., , -. low. almost tubular skulls. T h e  hindlimbs are much armour, (2) wxuai d i s p 2 ~  structum, (3) deterrent 
lecladc Thywophora longr than forelimbs.cvidm~of a bipedal ance- display structures and (4)  tfiermnr~glatory devices. 

-- forms fmm the Early try, the rnvsive backbone supports large Farlow eta!. 11976) noted that the anangemat of 



..-... 

fie a n k y l ~ ~ r  skull (Figwre 8.19(d, e)) is a heavy 
... ..-..,....,.,:,I, ml.rivr-mmwthsoft~enorL 

Ll,.""".' Y. .  ..-. ' 
A brad debate has raged sin- 1970 conoernin~ di- 
nmufian physiolog)r.Evasin~dino~: 
.... ,I:,d rh., mlnv,lintK;r"m - 

(r,b Y > , , V L ' l , .  "V', ----... . - - - -. - ,. 
mntinuedt~ resurface. Bakkcr (1972, lrm) In parrrcu- 
I._ .-.-A ,her -11 ~ ; ~ - ~ ~ ~ ~ - f ~ l l ~ ~ ~ ~ ~ - b l ~ ~ d ,  

p a t l ~  U L ~ U  aYL-w. - - -  

,vrc&thermanlmalsthat mntml thcirbodytem- 
gwatuminternally,rather than ~totherrns. which rely ~ j p  1 ~n oldinosaunin potar rqionrduringrhe 

only on mmnal sourus of heat. Additional lines of crrta on a LateClrracmus pahe~raf i ical  

4 d e n a  have been brought to bear, and the dehte 
mm F ,unralia,rr ~huwnallhctopOP(Radun 

~ s i l o ~ M n t i d . t ~ p i r d  ofdirmrrics fmm 

1-1 Pnestm 
Covered o m  

severalroumtl 

,@-,~~3lI"c,ulr n,,,, ,L...-..- -.-.--- - - - 

bfi of t h ~  skull root by a mosaic of new bane 

plats 
genrrated within the skin ovcr the head. These 

r - the upper temporal fenmtra ~n al l  m e r a  and the 

I ~ranelnmmt-Onlyamallorbit  andnostrilcernaln 
[ rndtven t h y  are heav~lyovcrgmwn. 

g.5 WERE THE DlRDSllUAB WARM- 
.# n n n ~ n  nu unT7 

iur palaeobia 
e a i w  anim 
the question 
**,, - . ..*: 

,a, reguru Y L ~ . Y . . Y . . . Y  --.- --- - 

\TgET' iust like living birds and mammals, and that this ex- 8"A 
'I_;-- A;, ...pp,~ Hi= A i m  was that the dik10sz~~rS \\ - 

- a l l  body sixer could have 
tures of 3CfC or above, up to 

,rrgu,c U.L", I,.... Y - - - -  
- - 

dolhn y,bus a ripiial rqilerould natalwirein 
1 a 6 t u d e j ~ ~ ~ " + ~ e ~ ~ n t ~ ~ x ~ ~ ' c r N o n h a n d r o u t h  
that latitudc,wintcr h d r  ~ernperaturc.. ufectuthermic 'late' 'Ited debkg models for hcat- until tllc I.arIy (~ r~~~isons,  f i ~ , ~ ~ ~ ~ ~ , , , ~  a nndon,trU . . t 1  --I.- - - * ~ : t : ~ ~ .  ~ l + r ~ i n n u i ~ m  mre found first . - .. . dlsslIJation aructUres. As with nhr sails of [he ~ 1 ~ .  fr,, ',,x~ JII'L. The dinosaurs or . , cusaunlmp.  I 2  I1,Slep~r~rruscould havrm~ 

body temperature by adjusrrng the blood fla 
fins and its orientation to the wind. An 01 

animal could cool down rapidlv bv pumr 

. -  

1 
W#" ~"~IuIII"ll>r' Y.". 

m ~ " l l l h c m  tngl.ind (lilows, 19871, iq a typical in in the l g a n  and Funher collecting has re- 
iiinouurs wuu"' '"" err' 

udificdltr form wllh a mivturr of rpiny plates a]ong tile flank a rrrtricrd bum dnminattd by hadmsrurs, hi'5hand i\ustrr'lapn'h 

JW a d  3 1 ~ 4  ( ~ f  ~rnrlller plates owr hips mraropians md i d a t 4  remains of the rnYnthsofdarknn'a 
'erheatrd (Fi~urc ~ . 1 y 4 ; ~ l ) .  The nnkyfusaurid~ such as ~ ~ ~ ~ f ~ -  . , .  . , ,dnnrid a tnannosaurid (Clemens and Nelmh !J'"atd'nosaurnd'r prr .." - - , 
'mi3 nlbh cephnhrs and d r r k y / ~ ~ l l l l U  ( ~ i ~ ~ ~ ~  8 . 1 9 , ~ ) )  haw I .-,> r--,! i - - 1 1 . ; ~ .  in thr IRW Cretaomus 0f 

ubly rriRrdled al\'Jr. t r l  asold 
nd absence uC plant food. 5 0  

nccndnthrrmr. 

. -  -?, - ,)7,,. Jc'C", ,-l,rl=-. 1.. - -- w O ' u " ~ o f  'Icod over lhe ~later and mndtng broad- broad armouRd skulk and a Gy 3mour of side on t0  the prevailing wind, ~ f d o r i a .  soufh ~ustralia, a redm that was locad pWdII,or-prq m t m  
rafher fh;ln qplncs covering the trunk and tail withm hc htarctic CircZc at the time. ha* yielded dl-  
Ankyrosiur~ds JISU haw ms-iw bony - at thp nmaur (RiEh nd, igm): hypsilopll&ontid~an ~erbivom (whcrhrrend~thcrm~~ or ectarhermic' can 

endsoftheirtails lormed bythefusionofhelastEaudal a,loaurid, clomdlllans ptemraurs, turtla amphi support about 5% of lherr " endorhermlr 
8'4'8 A n $ l o ~ u r k a ~ ~ ~ t z w e r e d d f n ~ ~ ~ ~ ~  

vertebrae and the incorporation of br*. plates hm and bhes, nerr gw~Opca~ &dm- forwinter prod at^ and for mothermic (mF'tilc) 

skin (Figure 8.19Ic)). A blow frnm this =luh m,lld :- ,.., A,.n-l,,  ,hat rould be cxpectcd this pradator-~re~ ratio i s  apparently 30-SWb' 
the aPgoQur~ the ankylosaurs ( b m b .  pdator-pFey ratios for 

arose in the Mid-Jutassic. but they am not n the Eady 
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fir, can ~ K C U ~  in modern ectothcrm~c reptlI~.;, nf wcll mdniraptorzns had truerontuur f~athers(seeBax8.~). 

as in endotherm~ [Rcid, 19471, and many an1~T1 m,rm- 7'hi~rlicrapod$ prcsumablye~lved their first sim~lc 

malsnnrl birds haveno Haverslan qstcrns,despite hav- fe~thcrs fnr insulation and this implies a measure of 

ingthe highest mctabolicratesfound tnendutherms. cndutherrny. 
A second histological argument for dinosauri.1n rn- . - 

dothermy IS based on thr presence ol fibmlamellar Cnrt~t~ndprriphemltenrpmrnr~s 
bone in many dinosaurs (Figure8.11 ($)).This isa type 

animals ~nvofvrd rathrr than ei~nply with tl1t.11 ther- of primary compact bone that grows quicklv, wlthuu~ Bamck and Showers (1994) tcstcd for differences be- 
morcgul~toryst;lte. formatinn of gruwth rings,and i t  is now Found in large meen mreand peripheral M y  temperaturesin Tymn- 

ras~-grt>wing mammals (e.g. mttle) and some btrds rrowrltrrrh a seemingly imporstble task without a time 

E w ~ t  gnir nnd hirh sprfifs (e.g. Fibmlamellar bone impljm ~ m l y  Fa51 mdchine,a largerhmomcter and a certain amount pf 
p t h  rates and not necermrily endotherrnv.~ the&- foolhardiness! They m m u d  oxygen iwmpes in mre 

noqurs that h ~ v e  it grew fast tu read I hones (rihsand dona1 verfehme) andpxrphcral bones 

(limbs and tail) to auess tcmperaturer;,on the assump- 
Among living animals, only endothcnns (birds, msm- hirh tton that the ratio of "OllQ in the apatite wquld 
mnls) have c r ~ t  gait, and Bakker ( 1  972) sugested lhat ntlv. aroaucing have been fixed at r f i t  time of hone formation. 
this, and thc supposed ability ofdi, Thr h n c c  that body temperatures lwre4"C 
hst speed5 indicated endothcrmy. rble. h~gE re clcmcnu than the peripheral and 
no demonstrated caumI link betwee f o r  Iht! hispmi-edconstancyorbdy tempcr- 
erea gait and the data un dinosaur running sp&s are a1 oone I t.~$urc aturc, anu ncnce endothermy. Critia haw noted that 
also equivncal Estimates nf speeds. based on (os3llited . 8.21(c)l has becn reported in many !ups I he data could have bcenor~r-interpreted (Reid, 1997), 
trackways and I~mb dimensions, range from 6 to le is and the implied conqtancvof My temperature could 
km h - q  1 . 5 7  m s-': Alexander, 1976; Thulborn, odic in t;ln k achieved by intrtial homeothermy (see 

190). But nniy srnatl hipedal dinasaurs muld achieve I,~.low).The idea has been mended bya comparison of 
the higher s ~ d s  of 3560 krn h-', and 40km h-1 may ~ h c  ox?pn isotope ratins in  he emme1 of cmdi l ian  - 
be a mare l l h l y  rnaxtmum. Lnrgrr dinosaurr; were ,17d thcmpod teeth from four L i e  Cretacmus 
r~hahlyre9tr~ctcd t ~ ~ a l k i n ~ t r r % l r m t m t t i n ~ ~ ~ i t ~ ~ ~  J Eajwlit~n, rilngingfrum equatorial to temperate zones 
syw~ubof l ( r - I~km h-J. : hlnrlrm rqtilcs typi~ally gmw s l d y .  wherein cn-  IFr~ckr. and Rn~rrr, 7fIMl the cwcudihans showed 

I dothPrrns can grow fast -an ostrich o r a  whale rcarhes changes in the ratio of ' R O l ' ~  ihat match modern 

Hnerrrorl~namics ( adult sire in hve to tcn year& Studies of diln,~?.lurlan ec~otherms,wherear; thr theropd bgureswere t h o ~ o f  

noslurs to ac 
There is, hou 
n endatherin 

The Tong-necked saumpuds must have hdd problems in 
pumping blood up thcir nrrkr to supply [he brain and 
hcr I t  ha5bccn suarstnd th.ltIhe~cd~nos~ursprc~lwbl~ 
had trr hdvca pwrrful  thur.ch,?rnht-rr~d hcnrt,a feLi~~lrc 
wcn only In IlvEng hirils ,rnJ nr3mtn.ilr. ,~nd t h ~ t  di-  
n*)raurswere I~III$ mdothcr[i~~c.'r'ht~corrrl.ti~on is un- 
cerlarn, h r l l r ~ \ ~ r ~  not lea'.t hccduv. ~rr~odilian, h~vc a 

fmr-chnmbcrcd hrart. 

Early w r k o n  thc bone hi\tulogy of dinnuunshowcd 
that they had highly vascular hme, apparently very likc 
that of mammals, hut quite unlike the bone of limrds 
and other living reptiles. Many specimens of dlnmaur 

bone, IU 

Fi!. 8 2f Dinuwur boneaf high magn~firzlron (a) Hawrrian 
bum I~sruc, shwngxmnhw rrmadell~np; (b) fibmlam[lar 
hone; (c) larnrllar-rona!bont.shming g m h  ring running 
miallr. (Cnurrqof Robin kid) 

f arrested gn 
r climate5 a 
are known tc 

rnal bone, wl 

,. r 

3 ~ . t h ~  whe11 f 
rc unf~vtlurr 
I bc annual in 
, . ,... 

. a 

dinosaur grc 
ulatory regin 
asr and epls 

Iwne s h u ~  t h ~ t  dinosaurs were fast grower$ 1Rdlsn 
ct dl.. molhl, reaching adult s ~ z e  in only a tcrc gilts 

(scc lhx 88.h Fvvn thc large sauropod, grew ,I! rslr.5 

niore ~ulu~r,alc~~r to whales than to cnxodrli~n~ 
~ b r ~ i l i w n  rr ui ,  2 ~ 1 1 ) .  wching adult w c  In Ill-15 

rcarr.r~~llrr than lUII.Such fart growth ~ndino\nur\ ha\ 
l j cc r~  ~c\umr.d tv imply endotherrnv, but incrtial 
I~c~i~cr~rhr~rmv (we hJuw) cannot tw rulcd out IScc- 

h~chur. !rm ). 

t\%cn Bakker 11972, 1986) sugestd that somc Ui -  
noraun might have had fearhers. he was ridiculed. 
Ncw finds from China. h m r ,  have shown that 
coelumsaurs had simple flament-like feathers and 

y found evidr 
ler in the co~ 
,argued that t 

I I - - -  

I h rd~  ~ n d  mdrnrn;lls h a \ ~  iomyrlck scrnll;irf th~n )rune 

u ~ r h ~ n  thc nasal cavity termed turbinates. Thew are 
cnwrcd w ~ l h  mumus membmncs in  I r k  and their 
Function IS to cunwrve water by extracting it imm 
respiratory arr befure it 15 -haled. hfndern prtetherrns 
lackturbm;~tpsandsotood~d drnosnurs(Ruben.l944), 
c~idcnccpcrha~sa~ainarndath~rn~y. 

Bakker 11972, 1986) was wrong to claim that all 



the pelnc 
IS soon as 
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Horner (20W) made a case for srte fidekty, b d  on ten nests at dlfferentstratignphic levds atthe same sita inMontana 
Sanderela1 (1998) report some 90 IXX] egg c l u t c h ~ a t  aslngle large slte In the Upper Cm$aeowsof northem Spa~n, accu- 
rnuhted over a t1mespanoIsomel0 O(Klyears,aqa~n sugqesttngthat thed~nosaursretumedrepeated~tolay thwreggs~nma 

someofthe unhatched egos from these sites have been dissectedto m f t h e t i n y  ofammnlcd~nmaurs IHornw 
and Welshampel 1988) The troudontid embryojust before hafchrng (rllustratlon (b)) would have beenabowt 0 2rn long,and 
adults reached lengths of 2 5 m  

Juvenkle dinosaurs have b ~ g  heads, short necksand hqfeet, ardthe proporl~am change In a fairly regu la rw OW of the 

adurt*~wtoc whaps a bird smalleslbabydlnosaurs ayoung PsmaCO~unrs(Coombs.141PZ). 15sbout 0 24m Iong,compared wlthanadult kn@hof2rn 
Pened after the haul s  hatched? 

Among modemi re~tl les a d  bl~.ds. many are prsmlal ,  rrreaning mgr get up and mn Im&ialep+ hrs - & 
meanrng that the youRl stay lfl the nest and have to b e a n d  for. Astmng case was m d e f ~ r a f l n c r a l ~  in dlnmsaurs, 

E'cavatr0n5 la Cretaceous nests of h e  ~ ~ ~ O Y U I  ~ ~ * ~ y n ( ~ o r n e r a n d  wakela, 1979) -led r blEtom Of ,& -& A k~queshonconcemsgmwthrates, Htargedinosaursgrew at tixratesofmnymMtm reptiles.Meymigh?hare taken 
nlres, eachabout 1 m long. around a nest mound that contamed fragments perhaps they stayed together forsome ~OOyearsnr moretoreachsexualmatur~ty. 12se~ms that dmmursgrewfasIer, based oncounts of growth rrngsand compar- 

hatching Thrs view was cnt~ctztd by Gelst and Jones (1996) who reporfed precoaal Isat"res in M~~~~~ lsons of ~wenrfeandadunspec~mens(Er~&on eta!. 2001) Small thempods tookonly Iwotolour )mrslo reach mturtty. 

bonssand l1mbb0flffarecompleteand well 0ssifled. Suggestrng thatthe babies were readyto lump up and run onr medium-sized d~nosaurs such as Maiasaura and Ps~cosaunrs, took five to Mrt years (~llustrat~m (dr), and saumpods such 
they hatched as4paWuruS twk 15 years So,a25-tonnedpatosaunrsaddeds~ne 14.5kg per day to ~ t s  body V 0 ~ , ~ m p a r a b l e  tothe 

tasl growlh ratesol modemwhales (21 kg par day) The prWC cums aresigmaid (S-shaped).wthan nxpm~lrHa4 (accel- 
eratlng) eady phase, and then a slowing down. 

RW moreabout dmosaureggsand embryosat httpllmAMl nat~onalge~gmphic .comrleatu~dinwg and am 
Jack Homer and h ~ s  research at httpllmuseum mo~lana.edw'and httpjlwww.prehrstoncplanet cornlfeatures/articled 
yck-homer htm 

~ q n m s ~ n r s ~ w n s f s  i t  1s m n g  20 sav that they were all ectothermr like 9 G 
modem l~zards .and crocodll~ans. Thcre are two malor 2 I. 

1 + exp(-1 Owge - 7.2222)) Emups of d i n o ~ i u n  for which different phpin!ogley ' 3 

alro have had somu dcgrcv of mdorhermp whether 10 ' 10 ' 1 70 to> loa 10. 
bdvwerght tkgl 

\hey mainlai,lrrI t lre~r hodr Irmperature5 at the %me 
high levPls as birds tndav or, more pmbahlv, at a lower Fip.8 22 ~hedfmtofhodvsrzpnn t h ~ r m a l b i o l o ~ o f ~ n n ~ d  

I level. I~zardr(O).orher repl~lm i and mammalr I.1;- body sl7r 

1Q d,noG,urc plnbablv inertla! ~ncrcam. lhcrrndl wnducidncr ~ l u a c o n w w  I A k r  McNab 

1 hommtherm& or grgantotherrns, animals that have andkuffcnk~'LYih.' 
hnmaurneslr, e n p s a n d ~ l l e s  la) nest mound ollhe hadrosaur ~ a m f m m  ~ p p e r ~ m m u ~  wrndcw M~~~~ I 

wcwano plan - and mtof~ showlnff lhecgos In Mach (b) reconstnrm ofan embryo ofthe w r m  T- In mm 
constant body tempmature by nrtuc of bclng large 

l " ~ e ~ . ~ c ) a d u ' l a ~ ~ ~ n ~ l e P ~ n a c ~ ~ ~  rcconstrwctw id) seqvencsot s k u l k o f P s r r & ~ ~ ~ ~ ~ ~  hat~r lWta  shnw,np 
[ K t l k n .  19~2 Reid, 1 ~ 7 1 .  Experrmentron large I ~ v t n g  becoms equivalent ta that of mammals t Figures 12). 

Fhangp'm~roporl'onswtb~owth. o ~ ~ m ~ h ~ u r o w t h  cum lflptlres (a)aner Homerand Mabel?, 1979, copyr,ght@ 1973 M~~~~~~~~ i mptiles have shown that rat- of ~nzcrnal t c m p m t u r c  ~ r e a r a ~ o ~ a t i o n , t h r b o d ~ t c m ~ t u m o f m * ~ u m - t o  

MamnesLta ( b ) b a s e d o n a ~ ~ t l u a l o n  by ~ a n s m n h  (c) bzed on ammralonb JohnS~bbt&m&~~n. i w b ,  ,a a,,er,-mbs changearcvcryslowduring normal subtmp~cal daily air large-sized dinosaurs living in similar climatic wndi- 
19B7 andgra@b3sed oadatamm Enck~m eta/. 2001 0 2 0 1 ~  ~ a t u r e  ~u~isnlw G ~ U P ,  reorduced krnd pemrsslon I tmoerature fluctuations In I ~ v ~ n p .  m t i l c s  over 30ka t iunswould haverpmainpdconstanttowithin 3 a r X  

I 
r - v .  

- 
bodywtight,theratcof hcatloss(thcmalmnductanccj incrtiallywithout internal hcatpmdudion 



wing rnarnbrsna 

Thepteromus(literalIy'win@ reprild)), known from 
juqt over lOOspecies,existed forthesarncspnoftimcas 
the dinnzaurs. They were imprrant small fish-earers 
in the lurnssic. and adopted a iariety o~cculo~ical roles 
in theCrctacwuswhen xrmc trulygig.~niicform~arure. 

The first ptcrosaurshm theLateTriaaic,suchas Errdi- 
morphodoon fmm northern Italy (Wild, 19781, shorrall 
theuniquecharacterrofthcgroup (FigurrFL.23la)l the 
short h d y ,  the reduced ant! fusctl hip Imncx, fhe fire 

long tncg (including a divergent trrc 51, t h c  long ncA.  

the Lrge headwith pointed jawand thrrrrn.Thehand 
(Figure 8.231b)l has three bhnrt grzping finger6 with 
dwp c lan5 and an clongate fourth finger that Tuppurtq 
the wing membrane. I n  fmnt of the wrist t s  a nrw elv- 

ment, tlleptrraid,asrnall pninted bone thnt supporterl 
a rmall anterlor flight mtrnbr.r~c, which joined un to 
the short robust humerus (Figure 8.231a)). The pelvis 
(Figure 8.23(c)) is a solid small structure w~th  short 
hluntp~bcsandischirn.An add~tionaIelernent, thepre 
pubis is anached in front and it may have had a func- 

in supportinI 
I tendons, as 
ured a 3  rud 

: Iluffetaut a 

tyrd in the pa 
>st  ~ l ~ w r e ~ ~ i l  

ed withos- 
t may haw 

nd Mazin. 
lrnphyletic 
.s the clade 
,-"">:* "-A 

tion ;thcguts.Thetail isstiffen 
sificl in some d~nosnurs, dnd ii 
becn dcrduring fligllt. 

Tneptemsavrs diversfwd in the Jurassic .,,, ,,.,a- 

ceous (LVeIlohohr, 1978, 199 1 
20041. Rasnl linesarr often grnl 
'Rho~npharh~chn~del: but mr 
Pt~rtdac~yloidea. whlch mow In thr. Ialr ~ u , ~ T ~ , L  alru 

radi~lrd during rhc Cretaceous. 
Much ofthediversity of ptemwi~n nuy k ~ppreci- 

atcd by an examination of a wlecIlc~n of rkulls (Figure 
8.24). First.skul1 lengthswry cuns~dcraht~ from YO mm 
In hrifiirnorpltntlnn, I~ttlc larger tli.~n .I ccayull, to I.79m 
in P!rrnt~odolor~. TI1e5c hkull, a I u 1  chorv komc llroad wo- 
lut~nnarv change7 frrrwv.~rd 5hih ot ~lrr law Ir>lni l o  lie 
I>c l twtheor l r i~ ,c lonp~i~~n rlC~hc\kullnrlLi ILrlrsn alfthc 
ntjstril and antt,rl,~tnl fcncqtra w~rh reduction SIC the 
naul h n c  

Pterouut skull* s u g p t  1 rdnp OF fced~ng it$<% 

l'hc tong spaccd tect h of R I ~ a n r ~ ~ h o r l i y , ~ ~ - I ~ ~ ~ s ~  Ptcro- 
d~~rty lr~s  and Ornitl~o~.htir~/s I Figure 8.241 b, c, I)) were 
probably use$ for piercingand ht)ldm~Fr\b,whereastbe 
shorter teeth of Uimorphadon (Figure 8.24(a]) may 
have been used for insect-eating. Cre~;ochatma and 
Ptednusiro (Figure 8.24(d, c)) have huge numbers of 
slender teeth in each jaw, i.e. 400-500 tlmlble teeth in 

,nasal bone nasal bone 
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Fig. 8-24 Dwrrsity o i p ~ e r o ~ u m s h o m  by tk&rakulh (11 D l m m p M ( b )  Rhmiphorhynrhua (c) Prnenhqdw [dl Chorhrrsma; 
(cl Plmrdo~~im ( f l  Orn~ikherrup IS) burrganprmrr, (h) Reranmion Ihher Wrllnhofct. 1978) 

P~cruibrrjfr~+whish w r e  pmbahIy used to filter micro- 
~ o p ~  pldnkton from lbc w~tcr. The teeth would haw 
acttdasa finefiltermeshtn trappingthpusandsofsmall 
organisms that could be ticked off and swallowed. The 
iarc? UI 1)~1111garipf~rt6 and P t m n d a n  (Figure 8.24 
{g, h)) are deep and hatchet-shapcd and bear very few, 

c ~ r  no, teeth. These forms aIso probably fished by beak 
ttarr-l~ng and swalluu~l their ca~ch ro rapidly that no 
teeth wcrc ~ieeded. 

P;rmrtorfon. one of the best-known and 1aq-1 

ptcrosauts t'rnlrl the Late Creracmu5 of North Amcrica 
(Kennr\l. 3101 1, h35 a wingspan of FBm. T h e  ~ k u l l  is  
Irmgrrthan thc trunk 1Flgurc 8.25(a11 and its length I5 
doubled by the poinrcd crest at the back that may haw 
functicmed like a ~~mrhercock to kccp the head Factng 
[nnuardydurlnnfl\ghtT H~wever,th~cre~t iss-xuallvdl- 
rnorphic,w theacrodvnamlc functlonmight have bmn 
Imlmportant than d~splay. Each marsiwcewical wftc- 
bra (F~gurc 8.25(b)) ha a pneumauc foramen in the 
side that led into open spaces inside. a weight-reducing 
teaturc. The dorsal wrtchrae are nearly all involved in 

one or two heavily fused girder-likcstructures, the no- 

tsrium and the qnsarmm I F~gwrc 8.?5(c, d)], wh~rh 
stabtlrzeands~p~urt rheshouldcrgidle~ndpclvi~.Thz 
shoulder girdle is attached tn the ride of thc notarium 
above and to a large bonv sternum (Figure R !?!ell 
below,whichboldsthe ribcagc hrm.Thesternumhar5 
a shght keel for the attachment of flight muscles. Tbir 
rnassiwstabilitation of theqhoulder glrdleand pclr I\ I S  

typical ofptcrodactvlotd~and ~t was probably rtkated t c ~  

fllght srrerses. 
Prmnarlor~ was not thc largest ptcrosaur.l'hat hon- 

our goes to Qiren~t1tontlus from rhc ugpcr Cretacenu~ 
of Texas (where else'), which 1s represenred by parrr 
of a single wing, giving an atimated wingpan o i  

I2 m (Figure 8.25(f)). Qirtfmlmtlus was the l a r p r  
known flnnganirnal, three times the site of the lavere 
b~rd,andmorelikeasmallaemplanein size than anrfa- 
miliarliringanimal.Quemlwatlusanditsrelativcs,thc 
azhdarchih, are known from frapmtary rrrnajns 
fmrn thr uppcrrnost Getaccous af many parts of the 
world. 





femur IFiprc 8.26fall in w ~ l l - ~ r e x d  specimens 
p+'ellnhoftr, 1%:: Unwin and Bakhurina, 1 YY4). 

The prrmsaur powerstmkccc~'ns directed down and <. . 
. . I  - . backand themmwrystrokcupandtorward.so that the 

2% a+, 1 wing tip, viewed from the rdr, describnl r figre- 
2. of-ei~h! shape. At slow flight speeds, the downstroke 

- was powered by the masive pectoralis muscle and the 
-:; ! 

. , 
upsrrokc by thc supramramidclll; muscre {Figure 

. -. 
. .:.i' 8.26{b, c)), which ran from the sternum, over a pulley 
, . < .. 

- <  ' arrangement at thc shoulder joint, to the dorsal h c e o l  
-4 . 

- ;>t. thehumerus.Whcn it contractd, thesupraconmideus 
tr ,. .. musclr,althoughplaced below the wing.actualf~pulled 
,.,. i t  up,justasinbids(Rclian, 1984). 

Pternsaun flcw relatively slowly bccause of their 
. , '? . ,. , 

, -, - lam wings, but efficiently, and they were h i~h l y  ma- 
. - 

~ocuvrable. Their wing des~gns were comparahlc to - those of mdern mrine soarers such as fr~gate birds 
la) and albatrosses, and aerial p d a t o n  such as p l l s  and 

-. ,", . falmns (Hazlehurst and Rawer, 1992). Pterosaurs . -- - -.,. ++ . prohablytmkoff from treesor cliffs,orjumpdinto the 
air after a short run to pick up speed. Even in the larger 
ptemsaurs. the take-off speed war low, possibly 4m s-' 
in F'tmnodon Landing was awkward for the larger 
ptcrosaun,justasit ishrIargcbirds,and thereinforced 
pelvis and sacrum would have bad tn withstand l a w  

, - impacts. Ptemuur sensesand brainsseem to haw been 

I adapted for flying-ptcmsaurs haw the large eyes 
and bulbous hea& of birds. lndccd, remnstruacd 
pterouur brains sugest I Witmer er nb. 200.31 thai 
ptcmsaurs had g o d  vision and balance ams in the 
brain, althnugh overall their brains were relatively 
smallerthanthmofbirds. 

If there i s  rclative!~ little contmrcrsy over the flvinp 
>-,  J c 

dlr~lirl~s nf ptcme3urs. thew ccrta~nly is a dehntc over I h.,r wll they rmild -11 R d i r n  (1914) a d  Rdlan 
.rntl R~vnt-r (1W1I 1 r p 1 ~  that thrv ~ m u l d  walh wdt on 

, I'tllly erect hindltmbs. Padian rccun\lrtlcls the p d v i c  
E*ceOhonal Dreservatron alskln and harr rn pterosaun la, block 
rmon3trllcllon of a seclron of pterwaurrwmg membrm fro,,, ,he pirdleofvar~ou~pterosaurrasfirmly firsedbeneath,and 
lower Cretaceous OI Bmrll. (bj the Late Jurass~c Spms, $hwlne the llmh motlnns just likc thosc of a m a l l  hi~vda! dl- 
wlnQ membranes and a membrane b e k e n  !he h r ~ d j ~  (<) detail or nt,s;tur. The wings are held tucked b>ri/nntally beside 
Ihe mQ-slrengmenrn~ fibres of Sordes (F~qvre [a )  nmdflred from thehdydurlngrunningThi~riew hsr been hirly con- 
M,lrflfI and mwln 1989, (b c) c o u r l q o l  David unwm ctusivcly d~sprovrd nn fhc basis of t h m  ~ndcycndrnt 

lines nf evidence. 
I New, three-dimensionally-presprwd ptmsaur 
specimens show that the pelvis is wide open at the 
bottom and that the hlndlimbs point sideways in an 
awkward sprawling p t u r e  IWellnhofer, 1988a). The 

Irp could not bc pul[~d inrn an upr~khr par;rure, and 
htnst. bipedality uvoitld he impossinle. 
2 Lilsulatiuna o f  h3lancc slinw that brpedal~ty would 
h a w  hem hard fbr drc >llrr!lrr pIe~.~<.iur~and i m m i -  
ble for the 1,lrger Cretacwus forms (Henderson and 
Unwin.2IKI.l). 
3 Fusil tracks show thal ptemsaurs waIkcd 
quadruprdallv, with the feet widc apart (hindrimbs In 
theJohn Wayneposrure) andthc hands hroutannther 
xide (Umvin, 19991. 
During walking, the ptcmsaur used all four limbs, i ts 
Icph themiddleand its hands ashondistancein front 
and tn the side, with rhe wing tips sticking upon cithcr 
side uf the hcad. TK rolling, arkwrd locomot~on 
ut the Early Cretaceoiis pterusaur A~fhar~glrrrcl may 
be vrewed at http:llpalaeo.glyhrisac+ukldinosaurl 
animationhtml. 

8.7 TESTUDIHES: THE TURTLES 

turtle; and tc 
i e  Late Trias! 
~l~es,of wl~rcl 

moises. Tat1 

;ic and later a 

1-13 familima 

The ~dinbor  Chelnnia,arosc 
in tl chirved a diversity of 25 
fam nd 295 species are extant 
(Mlynarski. 1976). It erms that n r ly  on they hit on a 
succwrful dc~~gi i .  1he'shc11~ and stayed with 11. Turtle 
diets arc biu,?d-ranging, including herbivore< and in- 

;ccrirorr;on 4and.dnd hrrhrwrccdnd carnivore9 inthe 
watrr,with dictsfrum yH*fiqh to hsher. 

I'hc shdC of turrl~c 15 cumpowd of two prlrlinns, a 
r'ltrmcJ carapace un top and J f l ~ t  plaemn helow, 
which arc nltddrcd III cdch c1thr.r at thc c~deq. !caving , 

hrmd uprlilng\.ll r h ~  Iront fur tho hcxl and .irm\, and 
a1 the hatk Cnr the Icp and td i l  The carapace is com- 
Fn~rdnfhonyplarr. ,~hs~ Lprm wrtl~in rhcskin and~hese 

arc c n r ~ m l  by broad hornvscutes ~n regular ptterns 
I F~gureR.Li(a,f; ).Theplastrun ~sawriallcr unit (Figure 
8 . l i l p l  I that prnrrrtrlhc hellv ;lrca.The maln plates of 
rhc carapace are attachcd to thc vertebrae and ribs, 
whereas the plastron IS Formed fmm expanded cle- 
mentsoftheshouldergrrdleand quwalents of thegs- 
trahaofother reptiles(mp. 110). 

The shoulder pirdlc of modern turtler; (Figuw 



g4J7(3. h)l is tr~radiatc wlth hu scapular heads, one 
being upwards and ane ~mmds, and a long narrow 

rnraujid running back Thc ptlvis is smaller, but alw 
m - p o ~ n t e d  (Ftgure 8.27(a, r)), with a narrow iliac 
blade runnlng up and back, and a narrow pubis and 
&hlum running forwardr a d  backwards resperfivrlw. 
~helimbsare~hortand heldinaspmwl~ngposhre.and 

ctarclargc~n rwrnrn~ngforms. 
Thr neck nS turtles is long and flexible (Figure 

.?i (a3) ,  and rhe head is rrlatlvcly small, but strongly 

8.7.2 Thefirst turtles 

The ongin of turtleswasseen as ratha mrsterious unt~l 
recently. but -a1 studies have indicated that the 

procolophonids of the Pcrmo-Triasic 
are close relatives (seepp. 1 t-1. 

i 
The first turt lm Progunorhelp and PMtmhers*, 

show thc key featurn that arc common to all madm 
forms (Gaffney and Meeker, 1983). The skull (F~gurc 
B.Zl(d, c)) i s  anapid (no temporal fmmtrae) and 
massively built. king firm and immovable. 
hgonurhdys could no doubt haw survived a head- 

I cru\hrngstornpfmrn Plateo~ums.Insidcview {Figure 
8 27(d)), theskull shorn two funher turtlccharacters. 
tooth[- lam. cvldence of a horny beak and a deep 
c u r d  rmbaymcnt on thc quadrate that 5uppnrrr a 

largcrar drum.The palate.(FigureAJ7{e)) is primitive 
for turtles k c a w  ~t retains teeth on the wmer and 
p"rd,and ~slinkrd only lowelytn thc hra~ncaw In 
laterforrns,thetecth are losrand thcpalate fuss firmly 
tn the baseofthe hralncaw. 

The carapdcc of Pmgunod~clys (Frgurc 8 17 ( r ) )  IT 

hruad, and ~t consists of several large rn~dline p la t s  a 
number of l a t n a l  plates and smallrr rnarglnal pl~trs 

I that form sharp prnlrctions round the rnaryns Thr 
plastron o f  Protewchmis IFiwre B.271g)) similar to 

i.n Turtkdnaiu- (-i m m . a  modmn turtk. F M R O ~  I mt rri v i m ,  piqoral dn,~ F L h ~ ~ I c  I:ld~FT. ~d-r! pq,il,oihr,n~mm that ofmdern tunla in k i n g  much smaller than the Ib ~~Th3s"~fGrman~~sku l l  in h e r a ~ a n d  
1 R b  pmww~l~,s,~frt,m t,,c rpp a n p a c e  and in having spaces For the neck and JCR* tn 

T r u u ' ' o ( r G . r r ~ ~ ~ n ~ ~ ~  phtrnn ~ho~ngthrdivismns hch*rcn the b ~ n m  I I C ~ ~ )  
ban fhr horn. mrn,ng -,. emerge. fr'Eh"ih' 'unmlhc~~simm l h c ~ r i u r = ~ l r o f I a u l h * ~ ~ c a ~ ~ k ~ l l  inrntrr fnr i .  11 ,guw~.lr~lrrbung, l q l l ,  . b , L ~ 4 N h r m ~ ~ .  

krnervhot more derived are the Austrd~helidae. lw'; 'd, ' larkr~iaffn~d . c k l n 8 k K g l . ( t w ~ i a l  I l i ; t h j m M ~ h d t m r n G ~ ~ f n ~ ~ ~  ,*I, u~wl ,~ lpmunon * 199J.Mxmjllan Magaz~n- tld. I hm thr L o w  Jurassic of Africa Kaffney. 1994 and 
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8.17(h)) shm fusion uf !he hraincasr and palate. and 
panlal enclosure of rhr rnlddle car rrglon. but they still 
rctaln some palatal teeth .and the tail i n  the South 
American form dt l u s t  ~\stlll long 

The remaining turtlcs from the l u n ~ ~ i c  to the pment 
day form a clade, thr C~richelvdta [we Row 8.8). 
mmposcd of h-a major groups, Pleumd~ra and 
Cryptodlra (Gaffney and Mq+an, IYRR). Thcw tunlcs 
show modifications to the skull, such as the loss nf 
b e  lacrimal bonc and thc tmr duct that normallv 
runt through it There 1s J slngIe wmer tn rhe 
palate.The middle car region i s  completely enclosd by 
ventral extensions of  the ptery~oid and opisthotlc to 
form a hnytubp. 

Most casichctvdian turtlcs, unlike the 
proganochelyrdr and austnllxhelidr, can retract heir 
heads under the carapaa whcn they are threatened by 
danger. and the way tn which they achieve this dmin- 
gui~ha the two groups today.ne plc~trdires pull the 
hcad i n  by making astdrwaaw k n d  In thc neck (Figure 
8.28(a)), whcreas thc cryprodlrcs makc a wrt~cal bend 
(Figure 8.2tl(h)). mi4 di,tinrrjtrn svorhs h>r livlng rur- 
tles, but basal mernbers of both gmups wnnot retract 
zhelrnwks hlnrcap~mpriatesrn.~pi>morphlm~~t'Pbeu- 
rodlra and Cryptrrdira ((;alfilrv dnd hlevlnn, 1988) are 

found in rnndificazions to the lateral regions ot the 
palate thataredcsipned tu reoriml thedircctionofpull 
ofthemain jaw muscle mars,thr adductorr,so that the 
height fur retraction is reducd. In plr.urodrres, the ad- 
ductor rnusclc mas5 pasre\ orrr ,I ruklndrtl hijrr. or 
tmch!ra, formed hr. the ptrrvpoirl (Figure H.?Riclb, 
wherear i n  cryptodircs, thc trochlcnr prlKCss is  hrrned 
further back by rhc o t ~ s  c.lpurlr., the part alf ~ h c  
hrainc.~sr in\nlvrd with hnrlrlng ;lnd balance (Figure 
R.281d)). 

Protcroclrerrrs frum lhc Uplwr I'r~a\rrt: of Gcrrnanv 
[Figure %.17(g)E is classifid as the first plrurodire be- 
cause its +is is f u d  to the unpacr and plastron 
( G a f m q  and Iteylan, 1Y#l( l .  h v i n g  pleurod~rc~, the 
snake necks and matamatas, are fwshwater in habitat 

the Uppm Triassic of South Amcrica (Rougier er a l .  andarelimited tothesouthemzontinents. Fossil fonns 
1995). Austratochelids, such as Arrsrnrlorhdp (Figure are known from all continents and lnclude terrestrial 
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a n d  possibly mannc f o r m .  The largest n u n - m a r i n e  ~ r i s t a I r a n t i s u p r . ~ r ~ l c i ~ i r a l ~ ~ ~ x ~ ~ ~ ~ ~  
turtle, a 2.2-m-long p~eumdire from the Pliucenc t l ca l  pldre with J tlecy, crrrvetl ctln 
of ~ ~ n ~ u c l ~ ~  ha5 namd, not surprl\inplv, t ~ b l t ~ ~ c ~ ~ h s i d r . T h r i l ~ r l t ~ ~ ~ i ~ ~ h ~ ~ , ~ ~ h ~ i ~ ~ ~ ~ ~ ~ ~  
St~#pendt-r~~y<. modifcddrlur~gpnddl~~srh~~t f i l c y h e ~ [  likewtng.ito'~f . 

' fhecr~~tod lrmd~tr  h ~ c k  to the !uracsic, but t h r o u g h  thewater. hllnc,such ~ ~ ~ ~ h d ~ ~ k , ~  . . 
they n d l ; ! t d  only after the Lte  Jurassic. They fa l l  into shel l  lengthsof2 m and wt-ightcof j ~ , k ~ , ~ ~ d  Archelon - 

sjn mdn cI~d@- k'ach characteri7cd by f r a t ~ r r ~  of  the fmnl !he Upper ht, icenu'; nl ~ ~ ~ l h  ~~~~i~~ ( F ~ ~  
skull and shell IMlynarski, 1976; Gaffney and Meylan. 8.2Xlj)) lung. 
19883. KnymtachcEys from the Lower I u r a s s ~ c  of 
Arizona. USA.ktheoldestcryptdirr. I r s h o m  rheorlc 
cap~ulctwh~eacharacteriviicof theclade,but st i l lpos-  8.8  C R O C O D Y L ~ &  - .!, 

C 
sesrespter~idtceth.whicharclost in Iaterfnrmr;.Thc . C' -- . 
baenids (FiFJm 8.2fl(e)l r h e  Upper !ura=ic to ~ ~ d a v . c m ~ o d i l r a n ~ m r n ~ ~ r i w . a ~ ~ a l ~ ~ ~ ~ ~ ~ ~ ~ f ~ j ~ ~ ~ ~ ~ ~  -. D C*SICHELYDIA 
E r ~ e n e  of North Amer i ca  and Europe haw a nrrrow o{cl :dlurs3nc( ~ ~ v i , ~ ! s t h ~ t  Iiwin frahand . . ti CEPIWS*URIA 

snout The meiolanids (Figure 8.2A{fJI, an udd I 
I SOUAMATA 

~ 1 ~ 1 ~ s  I b q ~  JIIJ C;dmett. I Y$9).This ,'- A EUREPTIUA J SUEROmOSSA 
group mamly fmm the Pleistocene of Ausrralia, have l imi~ l~versi lyconcealr thehreadthof~~~ 1- C AUTARCHOFLOSSA 

N ORNIKHOOCRA sklllls UP to S ~ M W  wide and arnlil~rrl wit11 f ~ t o r m c r r r r o ~ a t ~ o n o a n d  rh4rranp~nfa&ptatlons,~mE- -'-- 
h o r n ~ .  dillans arose w n h i n  a lager clade Cmcod$omorpha := + ,- Cladogram thrpostv$tld mmm relat i~lshl~soft~mrnain groups d m - ~ p s i a  reptrles. h m o m h ~ f i : ~ ~ ~ ~ L ~ 4  

The livingcryptodirps, thechelonioidr [marine tur- 22OMyr ago and their firs1 repre*nlar+cs wprc . . marllh sparad a d d q v p a r  q lupa~.tabvtar ~ I I  orabsenl, parnphenodvsgs am. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a l ~ ~ ~ ~ ~ ~  wrenor 
11es)v tnon)rhnids (soh-shtlls) and testudlnoids (tor- bipedal ins~tivores (seep, I 45). Since the~riasnic,most A , ' lw p o o s t - ~ e m p o ~ ~ ~ ~ m ,  s~burbwl  bramen ~n m l a ~ .  slnglecomnold, shaff and slendec s ~ l e m r a l e  ankh, 

toi=),mdiflinguished from their extinct relative by crocdilians haw been semi-aquatlcan$ sol 
B ~STUOIMES, iacrlml -11 07 anssnt wthonnl h n ~ ,  quadrare toncave pofl-and exposed l a t e r *~ ,omch~ -  DPs'Dar*ta15 
absent, slapes wild am &II~, rnaxllk, prwnax~lla and dmtawlXkt8S1hm b o ~ s M ~ m ~ q ~ ~ ~ ~ p ~ ~ ~ ~ ~  n o l h  

characters of the ventbrae and ribs. They aho share a tbrrnswerchighlyadapt& tomarinellfe I,, 
genera l  s k u l l  outline (Figure 8.2Ng-iE) in which the other mopri betame hllv trrwstrinl and I rnterpterygold vacvlty -11 orabsent, mmk car rqion enclosed ventrally E DqfimIDh. u p p e r a n d b ~ r t ~ p o ~  bfi a1 

, + lenestra, assfiedstemum. c~mplexhmasnagalaricint first metatanal lessthan mn :* Ln~aof thefouf imf l l  I 

j can,nrlurrn leeth a&!. puadmtoluga! reduced 6 LEPloOShURomORm ~ m ' * ~ ~ ~ e ~ ~ l ~ ~ ~ ~ ~ ~ l ,  ~romlnenlla'Pra'awrch 

onqwdme lor SuPW pl W cular prDFm brgeand formed entlrth from ~reartlcular bone lMerclawlagraal=wlM 

slcuder lateral processff Ossl ep,mrrdylarhramen tn humerus pelwc 31rdle fenesfrate tF LEPIDOSIURIA lacrrmal reduced 

p.8 A ~ ~ A T I O N S H I P S  OF MESOZOIC REPTILES orabsenl. pus:wnefal and DL 31d leneslra l a e h n  publsand acnlum I tusetl asrragalusand :alcanem. loss ofcenrrale 

lms 01 distal larsals 1 ane 5 n :d In lro planPs. I SOUMA, high degm or sku11 klnesls ~remaxdllae fused .  nasals reduced. 
qqlummal IPOI,cA Rd~9vnt  prlllaklll~ ~ I I ~ ~ I I ~ J I ~ I  amm. lnwPr tvrnll~ral t u rabmt  nn5larlnr rflnch*tlk~nnl*nnfllrndmts 
proauasabsent, r r b s ~ l n p ~ ~ - ~ ~ d ~ ~ , 9 ~ m ~ n a n ~ e n ,  J S C L E R ( I G L O S S C . ~ Y O ~ W ~ ~ ~ ~ W ~ ~  morelhn 26 ~ ~ e ~ ~ ~ a I ~ e f l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

The terrestrial of the Triassic. Jurassic and Cretaceous periods (Chapters 6 and 81 were matnly dlapsdc %, with a few behveen nasal and prebomai: L AUTARCIOGLOSSR, no comacl klween iuoal and s w ~ a m ~ l ,  MhflCHaSAURIR. antomtalqsnesira ' 

anapsids, msent 'a lkme hrtles, and mei r c l ad~s t~c  relafronsh~us (see cladograrn) are clear broad ootllne snwl wall between m m l a d  orbit, IaleramRanened teeth wflh sem~om.ossfl~ed 1atefQSDhenDld In rakra'va'd15ular 

metufllesandnoflol=.Testudlnes. forma well-charactertIpdcbdefhat 1s patfof thelarQerclacla&napslda (seehox5 I ) ,  lower iaw hrzs WQRN~WODIRA ~~esa~ra1centrurn5 lonuerthanpresaml centrum 'a.dc'to@~dQralcrffi~on humem 

yestudmes.the La1aTriass1c and Early .lurasslc forms. Progannchely~daeand Ausrra lochel rd~~ are avtorotlps to the subrectangular I,bula-nng and mlrancurn cedvced an s l t t  ast rawlar WtanOr g r m  and c a l c a ~ l ~ u b e r ~ r m e n b r y  Or absent 
CasrchebO1a. consjst~ng of Pleurodlm and Cr~ptodira. air subsequenl turtles (Gaffney and Mcvlan, lgaa Gaffney 1994) CADCOO~OMORPW malllae enter secondarfpalate, sauarnoal ~loadly ovemm uuadrate latwaflv oaqflronmlabwot prlmaV 

The Diaps1d~Inc lud@~ the Ich th~Saur ta ,  and then rt drvades Into fwo malor cladgs ( B ~ n t o n  1985, Lawrln 1997, ~ , l k ~ ~ ,  4 CMl,aCTn, quadcareheac proot~.gadrarqugalcontacfspo~~rblta! ~ n e u m a l l ; ~ ~ ~ ~ ~ n m d a n d O ~ t ~  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ g ~ ~ ~  
i 

)wg,R1ep~el  1998). LePidosauromorpha a~dA~Chasavr~morpha,wh~chdrverged In the Pecmran and hoti, of which P, 
+nesrra s r a  1 jarlelals b e d  P CROCOOIZIA Davsphenold rOSf~um~o~wenlraf lY exoarrded hs'pTeryaOIE o'ocesses 

I 
rcduccd lo,,uer p o ~ l ~ n  i t  c7racold etpanded and .~nlerlnr maigln concive sc;laulav-7 ~ T W U  e u r W  ffMES~EUCRDCaDYLlA sernndary 

In  the Trlas$lc (see Figure 6 6) Le~ ldosau romor~hs  may Include tne Sauropteryp~a two grouvs 01 marine regtrles that 
pa~ate~armedfrommar~llae and palatines 'sh ty ~8 dorsal s~r fact .w laws miwbrab do'gal head 01 uuadmecm=k 

Prob~b i yande~e*en t l ~  lostthelowerremporal tenes:ra (Rleppel, 1998). Themalnlep~dosauromorphcl~dp ineL,nprdosallrla, latemfpnenold quadra!! bollowand eaulomd dorsal surtace, 6 MRISUCHIA. p k w o d  strongly sflured to uuadratc 
4ncludesthes~he~od~fl~~ansandth~squamales.~lve'llzard'cladesplus thesnakes(ts1esetnr ,1988 Caldppl[ 1 ggg tepand i rnal la rain stngle wave itenlarptd teetn. ante urn nmriyabanl, T q~arlr;itoluoal M ~ ~ O N  d0rSdllY. SlWb WlWblal 

2m2) The relationships of snakes /SerPenIm) are unclear, l e  ahelher a s~s le r  group o f  Ampblsbeenla dr (JS~,~MIOR. p~emanaa-gath unllorm ln Qar L. mwllb ~~bemCaL an!orb~lal kneslra ahsent. rctrwnlcular Process 
bnuu~morpha.(see Box 8 10) ~ [ ~ ~ ~ n f l ~ o ~ d a l  WvB of reelh Y rostrum marly ~ u h j n  baslmwplfa! bqe pendul3ustuka. 

narrow maxilla and teesrl 
The a rchosau r~m~rph  of the m a ~ l c  and Cenom~c, me archosaurs spri ~n the Tr~ass~c 1nt0 a thal led to ~lroanlcular process rF!rmomlly WMnq and elongale solerrat lnvorved eexlrnsrev In s t m p w d  W, lnsef posM*flalhr alcoflvex 

crmodllm. and another, the Ornrthnd~n that led l o  ~fnmuufs,  dl n o s u r s  and h r d s  (sea BOX 6 1) Ihe  Crocodylcmorpha ,,,- fim mudal nrrebm ea=cderms m marethan two k-ngltdfna'l- 
'ludes 'arms, me Salto~osuchldae and Sphenosuchrdae. from the Late Trtass~c and Early jurass1c, and the 
Cmcody'ia, whlchamse In  the Early Jurassic The Cmcodyl~a (Benton and Clark. 1qaa Clark find ~ o ~ ~ l l ,  1gg2) are d l w e d  

l n t o a n u m ~ r o f J u r a s s l ~  and Cremceous lam~l ies  rhalareoutgroups to the EusUCh~aJhe c 1 a d e c p n ~ i g  moderncrocod4les, 
alligatorsand gahals,and whrcharose ~n the Early t o~~d -c re taceous  I 
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Fi@. 8.n Turtlcclassi6carionanddim~iry: rnndcofncrktoldingnn la )a t r  y i r a l p l r ~ ~ r ~ ~ d i r ~ i n d c ~ r ~ l ~ ' i ~ ~ - . ~ n d ( h ~ d q p t n d i m i n l ~ ~ ~ f ~ l  
rucw: cnurxolrnaitr jawddumw r nu~ r l c  ma+? in Fmyrlrrm~ a ~burndlre fc1 ant1 Ulrrl~rlnr, a cr\~[nclirr Id): re-i I thcdiwrdly nfturtlp 
skullr,dll in dnmalwnu: (el i7rtbnrnn.a hmid: ltl Mcr0lflnin.a rnciolanid: lg) To.nlrlrt~ls~ a rhc,ld~n~lrd: lhl Arlrrrrrra t-im~hoid: 
li I ,klflumny<a rmruldinoid: (jl the giant Crctacmjus mar~nc turrlc ,lrrhrlarrin darrsdl wir-w I Flaurrj 13, h) atier Lllimarrki. IY,~: 

Ic-il arm Gaiiffneyand Mmlan. 198R: l j )  aher Zittcl. 1932.1 

~tmerica, disputed the top carnivore niche with birds 
:~nrl mammals. This extraoril~n.~ry hrrtrlry ir b a d  
an)undd~(~nxrvafiw bodydcfign. 

8.8.1 Cracodiiian characteristics 

Cmcodilians haw Iongsnouts with ~ h v  nmtrils at the 
tip(Figurell.29(a1b)) so thatthey can breathew~thonlv 
IIlr rrustril bump showing above water. 1 here ~s s SK- 
ondary palate formed hnm ingrowths of the maxillae 
andpalatine~and~in derived forms, thepterygoidsalx, 
(Figure 8.29(c)). which separates the air stream from 

the rntlu~h cdv~t\-and ~llouli rhe cr~~c~>rfi l im to hrcathe 
with ir, ~ i i o l ~ h  rqwi undcmatcr whilr. fcfcctling 
(l{jrcldn,kya 1Y7.51.(.nkrxlr!1,tn~ typrc~:lyrc~/rantelope 
.~ndr~~hrrmnmmal> hva Ic~and drag rhcm underwater 
until they drnwn, and thcn t r e r  nff chunks offlerh by 
sink~ng thrir <harp trcrh well into thc flanks and twist- 
Ing with the whol' budc In thir uav~hcy arc able to 
achic~c much grcalcr force for tearingat thc m a t  than 
by slmply rwirting~hegr heads froms~dctosidr (Taylor, 
1987) 

On land, crncdlltans appear to bc capable of four 
mdes of locomotion 
1 belly run, in which the body is pushed along like a 

flg.8.29 Cdil ianamto~(8-c)skull ofthe modrm 
African cmcodlle f i r n u s i n  (a) k l c d ,  [b>dorral and 
fr) vcn~nlvrms; (dl r n ~ h a n i d  analogybctween hrbo*-lll+ 
g ldcrnmcturr  of  thrcmtdilitn bckhoncand doml a m  
and a bon-girdcrbridgc. [ F i g u r n  (a<) b a d  on lutdanskv. 1973; 
(dlahcrFm, 1984.1 

t o b o ~ a n  by thc hindlirnbsonly.for~pe down rim 
1 banks: 

2 sprding,  in slow Iommotion, with the knees and 
elhows stickingout sidm~ys; 
3 high walk, in which the limbs are tucked well undrr 
thc hudy, Alr fa\tcr movement: 
4 galloping, the most unexp~ted modr, in mihlch the 
forellmbr and hindlimbact in pairs. 

l'heskelctt>n af rroradiliansdocs not gccm to bewell 
adapted for this last mode, galloping. Nwenhcless 
cmdl l ian  backboner are braced in a manner analo- 
gous. to a hox-gder bridge (Fro:  I984). There i s  a 

double rowof dorsal bonyscrrtff in theskin that adhere 
closely ta the backbone, and thc vertebral column is 

bracedbylongitudinalmusdc~thatattaEh to the 
do~larmouroverthe backand tail{Figure8.29(dl). 

8.8.2 The firstcnxodilians 

The fint rrocndilnmnrphs ~ c h  xs SulropsrrcE~~rs from 
thelateTriassic (wep. 1451 werelightlybu~lt and proh- 
ablybtpedal. 7% sphenosuchid Sphenmrrr1111.r from thc 

Farly lurassic (we pp. 14%) was more cr~~cor i~l i~ in In 
appearance. The first m e  cmcndilians, proto~uchid~ 
such as Proms~rchus (Cnlbert end Muok. 1951 J and 
Orfhosurh~appeared in the Early Juraqstc.Thew sniall 
1-m long animals were quadmfkdal (Figure 8.3111a)). 
but the hindIimbsarelonger than thefotrl~mhs,bcir~~- 
ingtheir biprdal ancestrv. 
The pmtosuchids display a varicty of cr~udi l ian 

rynapmotphies.Theskull ~sorrramen~ed IUII~ Irrtngu- 
larpi~s in the bone surface (Figure 8.30(b)].as in mod- 
emcrodihns,and the posterimpart of thcskull roof 
irsquarcinautlincbC~ll~s~~f~heg~atowrhangolrhc 
squamosalson either idc.Thc squamosat bears a spc- 
c i a l i d  ridgctowh~cha fleshy'carl~d'attached In Iife,a 
device tokeepout thewater dur~ngdiving.Thercarcad- 
ditiarral palpcbral bones in the eye socktt.an indcpcn- 
dent cvolu~onof bonesatsom :n sorncornirhisch~~l~ 
dlnosaurq (seep. 2(15). Thc whole poqtcrinr region trF 

theskull is p r m ~ a t i ~ w i t h  complexairpa~~gswhorp 
funct~on IS not clear. Pru~osuch!t~ shows cro~dt l i i ln 
characters in thc skeleton as wll: a n  elonptr'wni\tr~l' 
coracuid (Fipre8.30[c)),aperforatdacctabi~lnni and 
rcduced pubisIFipure8.301d)).eInngateur~>t 'lrnien~., 
and extensive amour covering. P ~ ~ ~ P I I I C J I L I S  pmhahlv 
Icd mainlyonsrnall terrcsrmEanmals. 

8.8.3 Jurassic-Cmaceous crocodilians 

In thechrsificatron of [he I jflorrtlgcncraa~! tu\ril~nn~- 

od~l~anr, mnst ot thosc of the  lurd*\lc .lnrl ( rcl.u~qrlrr 
were clasrxaIlv placed In a p n r ~ ~ p  called thc '%lcx+- 
fuchia: rna~nlv aquatic form7 that lack  ~hr .  rycun 
linations of the Ilving group. the tu\uchla Thc 
'Mesosuchia'is, howewr,a praphylrt~cpmupmntal~i- 
~ngagreatdiwrsityof forms (Ruffetaut. 1982 ).and tt I* 
more mrr&Iy un~ted with thc Fusuchla In ,I cladr, 
Mesoeucmcodylia (Benton and Clark, 1988: see a l u i  
Bolr8.8). 

The basal memcmccdflans arc the Thahttn- 
suchla, a p u p  of thoroughlv marine-adapted cmm- 
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Fig. 8-90 .Ifrson~ismrmdilirns: IAI the t d y  Junsic protosuthids Proto.cirrl~rtrta, c, dl errd Onlro~rrrlrrtr lb), ( a  I ,krlnnn .~nd 
~~rnr~trrpl~rcr.! h~rkt~ll ~r~dr~n~luim,~c~rhouldt .cg~rdl~ld)pclvrc~irr l le; le , f l  r h c h r c  J u r ~ s s i i  me~r~~rrh~mch~JI;tws~rrror~~kl~~o~ 
, l n~ l  +Lull i ~ % ~ l r > r r a l  rrcw:(#)rhc t . a ~ c C l c t r s m u s n ~ r ~ r ~ r u c h i d * a ~ n n r r s r ~ c t ~ r r ~  fh)rhcTrrtisry rclrrrd kP~,+r r~rkuf l~~ hfrr,rlrlerJnda 
~ h , ~ r ~ t t r r ~ \ r ~ t  l??[[cn~~l  t / i~~f~~~t la)nt~ 14~1th. l?~r~ t r rm la . i~d l  akcr Cnlhcrl dndLlt~#)k~ 1'451: lhlfuficr S,I\~). t ~ ? 5 : ( ~ h l  a f ' l ~ ~ h ~ ~ l ,  l97?,1 

d~ l i~n ,  that .~ru bc\r knr~tvn inm the Juraa~c. 'rhe ste- 
neohil~r~th of thc E;lrly JIILI h11dJIt Iurassic had long 
narrow snnutr, and they huntcd fishes in shallowwar 
and crrtlsrics arr~itnd turope in particul.rr. '1 he metri- 
orhynchidr,such as C;c.ow~rrrrisfrom the Upper Iurass~c 
of Europe4 F1gurc8.30{~, f)), were heavily rnodrfied fnr 
a whully aquaticexirr~nreand forswimming by power- 
ful nndulatlons of thrhudy.Thecada1 wnebrae bend 
down tosuppurtatail Frn,thelimbsarepddle-Ilkand 
the b d y  armour is lost, which would improw the 

hydrudynamicchciency ofthrhody. If ~rllkrly thatthe 
mefriorhpchrds had diffirul~y in w~lk ine ,  on land. 
These cracd~lians may have hunted cephalopodr and 
fishes bysuddenaccelrrat~ons thmugh thr watcr. 

The remalnlng cro~nd~ l tanr ,  the Mctauchia, show 
mod~fications in thc palate. braincarc and skull mot 
T t ~ r  metasuchians include h~ghIy terrestrial forms. In I 
South Amer~ca and Africa, several l ineap became tiny 
and almost mammal-tikc in habits. For example, the 
notosuchid Argenttfforsrchus (Figure  830(~)l. ,  less than I 

1 n~ long, har difihrmtr~trd tccth. Thc pl ln~rd  teeth et 
the ironr may have h e n  uwd in  xel~ing prey and the 
flarrer 'chcrk tceth' Ct~r rutting up the ]tush. One no to- 
s~rcli~d I"mm t h ~  I . n m  (:rr!~c~riu? IIFC~I n ~ ,  Chitnnm11- 
s~rcbrrs, may cvcn have been i~ herbivore. The Sebecidae, 
known from the h ldmcene to M~ocme (60-10h.iyr 
ago) of South America have large skulls (Figure 
~ . . w ( h ) )  with a high snout, no antorbital fenfitra and 
unuwal flattened tetth. The sekc~ds were successfuI 
carnivores that probably preyed an mammah,but they 
\bere eventually replaced by mammalian carnivores in 
the latcr Tertiary. 

hlurcdcri\~c.cdcr<k-td~l~ans.thc nm>~uchians,includr 
scrnlt. Iti~lg-rnuutcd aqu~tic forms. such ~s the gtmio- 
phol~dids,abundant in Freshwater and marinedeposits 
from the Middle Jurassic to the end ofrbe Cretaceous, 
thc dpsaurtdr  rram ~ h r  h r l y  Crrtacceus ta lare 
Fmene (includingsome giant forms, see Dox 8.9) and 
the Eusuchia. Bengrs~rt~rt and Hylaeochnnrpsufrom the 
Lower Cretaceous of  Europe [Clark and Norell, 1992) 
arrfimilartoEu~uchia in manyways.sharingwiththem 
an inset postorbital bar,a$icomxfir5tcaudal wrtebra 
(that 15, both art~cular Faces are ball-likc) and osteo- 
dcrms (bony sci~tes) arranged I n  rnorf rhan two longi- 
tudinal romalonp,tbebody. 

8.84 Eusuchia: modern crocodilians 

Thc Euruchia (litrrally'truc crocdiliins'l appeared in 

rhc Ij~c. Cretaceous and most nf the earl\ represents- 
tiws sre verv like modem forms. The group i s  distin- 
guhhcd from bdssI crl~udillans hy a lull m-ondary 
p.rl,ttr. h)rnid  Crom the maxillar, palatine\ and 
p~r.r\.gn[d\ ( 1  i ~ u r c  R.2Ylcl  I ,  and rnnle other rkull 

~un\icting elf thr crocodiles, allig~tnn dnd gavials 
I Hmchu.2003bl.Thcfirft two famil~c<areknown from 
thc I src Crctaccclus and a l l  through the Terlrary, when 
theu were muih mure wideqpresd than thry are now. 
wlth Jozen, ofspeci~r rcpurtcd from Europe and North 
America as far north a5 Sweden and Canada,as wtl as 
a l l  tropical regions and southern continents. Gavials, 
more Fully aquatic forms w~th long narrow fish-eating 
snours,date back to the Eocenc.Swera1 other mschian 

families are known only lrum foqs~ls, somrwith m~5sive 
hn~adducki bill-shapedskullsand orherswith serrated 
dinosaur-1ikttceth.Thep~pwnt array ofcrord~liansis 
a mwch rerlrtmd repwenlalion nf thrirfirrrnerghry 

Lepidosaurs M a y  inctude 4470 species of Iiuards and 
141-a speciesofsnakes,asuell as the tuatara, Spl~enorlan 
fmrn New Imland, an isolatcd member of the clade. 
This grouping i s  confirmed by molecular evidence 
[ Ifedges and Pol kg, 19% Zaduva and Sl eyer, 200 1 c; 
Rat el a!., 2003). The hrbt known Irpldouurs arc 
spbcnodontians,distant ancestorsof!hellv~ng tuat.ara. 
and the Lepldosauria radiated dramatically in the Mid- 
Jurmic,caincidtnt with thc old& known lizards, and 
again in the Earlv Cretaceous, with the o r ~ g ~ n  of snakes. 
Lepidosaurs form part of a larger cladz Lepldosauro- 
morpha, which traces i ts  origin b c k  to the Permian 
(seep. 113). 

89.1 Sphenodontia: reptflianliving fossils' 

Splte~idon, the living tuntara (Figurc 8 3 1 Ia-c)). i s  an 
unusual lizard-like dnlrnal known tudq unlv fron~ 
snme offshore islands ~n New Zealand. 11 reaches J 

length of 600mm and if h3s noctur~at habits, fccd~np 
mainly on mvertebrates. hpt~enodon r u r  or~glndllr. 
c13ssi6ed as a lizard, but i t  is r o w  re~~rded as the 
sister group of llzards and snakes (e.8. Bcnton, 1985: 
Evans, 1988). Sphenorlon i s s d  to a'l ir ing fushil'hr- 
cauw it lacks the special features of liwrd, .nrd snake+ 
(for example, rhe lrlwer ternpnwl bar ir mrnplcte and 
theskultisin~mohile) andhcc.1~1~~ tt i\tllc >~nglc\urviv- 
ing rnrrnher of a gmup known nnlv mudl c.irl~rr In 
timc. 

The earliest sphcnodonlisns arc Anunn horn thc 
'Triawc when as many as eight or time $enera 11vr.d in 
Rrita~n.Thrse animals vary In hndy Ien~rh from 150 tn 
350 mm andthe skulls and neth of different forms vary. 

sugpcsting a diet ranging from inwt~vurv to herbivory. 
Planorepl~abmuns (Fraser and Walkden, 1984) is 
about lMmm long (Figure 8.3 I(d)), srnalkr than 
Sphenodotr. and i t  has a blunt-snouted skull. The long 



238 ThrA~o/Qinow~rrs  

Mafly c ~ c ~ l l ~ n s t o d a ~  are r m r  Lrrifylno creatures. but !he dyrasaund 
was a Patamntojogrsts first found remarm of Samchus  In the T w  
descrrPtlon was base don only a few b 0 ~ s  and a part~at skull. In 2000. Paul Sere 
crm. 1nc"Jdlng skulls and Pafilar skeletons of penrles.as wellas thecomplete 

t h e n ~ s ~ ~ l m e n ~ ~ h ~ ~ a t ~ ~ ~ ~ ~ h ~ s ~ d a ~ k ~  II 1 6mi0ng,*uh c o r r e s ~ d $ t o  wlmUmbOdY Ien9tholf 2m . and a W' 01 some 8 tonne$ (Seeno el a{. 2001) Mo complete specrmens of ~a~cm&ma,a h w n ,  so he my - 
lenpMkestrmatedblenra~olatlns Irornapht olskul!langth wrsus bodr lenQlh inlwrngcro,-odllrans 
be S ~ W I ~  ~ l e ~ f  ~ ~ u f i u s l s  bmd.  me snowt narrow In tne mkddte, but broader at  front ~h term/,,a, mmsm 2 The Premadlla overhangs the mmer~harter lowr law and the twth are numsmus but mher ~h~ h d  snDvtR . \ y 

shortfsh teeth and huge stzeof S a ~ ~ s ~ h u s s u g ~ s t  that n was notsolely a Irsh-eater. Its remains come horn an anclew 
nwsrstem located a long way from the sea, so perhaps 11 preyed It drnosaurs that lived almgsrde 

Read mow about ~ C O S M C ~  a! M t p l h  nationalgeogri *rcrQcl and MtpIhm?Hsaencenem orgl~ { 
10271fobl aspand see (and hear) the beast athttpl* sul 

m, 8 . 3  mr IPbuJonlians:(a-c) skull ofthclivjnp Splrrrfiwln>r~n Ivcrd,dors.il and r mtr.llr rc*- J .Lctfl.tull nfrhc Id'* TrldSrlC 
sphen~unlld planor.+brounrr(c) left lour and 1 ~ 4 c r  ICR trf thr Icna~s~c r p h c n d a m n d  llurrrum~~~rr~rrrl; 6 f l *h lv lon  0: t'e L1rc lura551c 
plrurr,raur plsunrmvru~~,th mmt of the tar] urn~ltnl [F~gun.r(a-cl afrn 71tlcl 1912 ldr Jrter I raacr ~ n d ~ \ ~ l k d m .  19'4 'c '  

~ S ~ F I I ~ P .  \lichrI 1961 If) dfercarrnll. 19%7.1 

slender rrmbs and hdrroutltnc are very !ward-Ilk, and duced Ilmhq that can not heen much ufr land. 

,"d& rhc~rlacFic sClhenodon[~ans showall thecharac- I he tat! w;ic I{q!t.r th.ln rhc h l v  md it W a f  Whablv  

terr theLcpidosaurja.such ar the thyroid f e n ~ m , a  used a$ 3. pra)pulr1\'e I'rPtrl. 'vllh thc 'hnrt Ilrnb' 

broad In  the Frvls betwen khe yuhr< , ~ n d  renrict~d to ~tccring. I'Ic~nhl.lurq share wllh ofher 

ishiurn, fused *nragalur and calcanpum tn the sphenodonllanq n ~peciillllcd pattcrfi of tooth ~ m ~ l a n -  
ankjeand a metatarsal hmked ~n two planer (F~gure tation In wh~ch [he teeth arc fuqed t n  the raw bone, the 

8.31(~1). rcmdont condltlon r F~gure 8 3 1 la I. 

Later sphendonl~ans ~nclude bizarre forms from 
the Late Jurassrc and Early Cretaceous of North 
America and the late Cmceous of South Arncrrca, 8.9-2 Squamst=zheIizads 

with broad gnnd~ngteeth,and s o m c a q u a t i c f o ~ a T h c  
pleurosaurs, AS PICU~YIUTUS r r ~ m  the Upper ~ a i - 1 ~  t~zard fossils might be e ~ p s t ~ d  1nrwhofTr1assic 

lurarslc ,,f Gemany ( ~ i ~ r e  831 (f)) ,  MTP slender age, in r~ewofthe date of or~vns~f thes~hcnodonclans. 

[ snakc-]ikr l~padosaum h m  (1.5 to 1.5 m long, with re- ~ n d d , a  numbrrof prflerved skceletonsofsmall 

! 



mesokinetic ~ o i n t  

/ 

strep%onylic quadrate 

Fig. 6.38 L i ~ ~ n l  pwmpchnim: (a, bl %kull t r f  lhn~nrrrshowing 
r l ~ c ~ h ~ r l l l l t ~ m l u ~ ~ l a ) ~ ~ ~ d ~ h ) d t ~ w n : ~ ~ )  Ii/.idrkt~llwirh [hejaw, 
n)wr ant1 ~ h r  rtrcprurstyl~~quadrslcs~ungl~a~lrso thar rhe 
p~r~vpnidcns iaw musclr~ Flaw thclrmaximum c l k ~ :  ld, r )  

dl.~~r.~mrn~r~r:I~~anlskullashowinp:rhcadwnta~~olkinr*i~in 
trlll*linpahldpdniclr {lcfr) thalrmuldolhcnrisebrlurrdn~rt 
hyrhchilcin r nnn-mohiltrkull (right). [Fipurcs(a, blahtr 
Alexdndt~, I Y7~,ruu~~~olthc&mhri11ge L ~ n k i t y  Press: 
(0 d l e r  Smith. I qXO.d~".ri~h~ W 1980 Ll~cmilldo 3lapazine 
I.td;4d.etahcrI:r~~ra1d. 1986.1 

diq'rrd rcplrler h ~ v c  heen descrlhed JS the hr5t l~rartls 
( c . ~ .  E*~rr .  I'IHj, bur lhese haw all turned out to lack 
clc-wcut chdr,~c~ctr o f  the k p ~ r n a h  Illenton, iYn5; 
Evdns, 19X81. I . i~ardrand snakes f"cwmaclade,!heOdcr 
5 q u a r n ~ 1 ~  (sec h x A . H l ,  that ~achancreri/ed by a num- 
heroFaynapomurphier, includinga high degree nlskull 
Irinesiaormohility. 

The cranial kinesisof l i d  consists o f  up to three 

separate hinging systcms (Fipure8.32(a. b)): 

n 
I berwern t h c t r v n t ~ l  and p~rit.l. i l  rn 1I1r  lull roofand 

I .I n ~ t ~ l l i n g j ~ ~ n t  ~n t h c p ~ l ~ t c .  thrmemkineticjointa; ! 

2 b r twwn  the b r ~ l n ~ d w  und  he ,kull (parretal, 
, 

kupratemprfll, quddrdtr and pteryguid), the 
mctaldnetic joints; ' !  
3 hehvwn theqiwdrate(s~~prate~l~~oy;~l+squamo~+ 1 

paroccipital proccs) at the ?up, and the quadrate 4 ' 
pterygoid at the b t t u m .  the strcptastylic joints. 

When thc jamopcn (Figure 8.31ta I). the rnouttips - ' 
upandthequadrateboearlvhor~~ontd.~l~eo thrjw 
dose (Figl ln R.Jllhl) .  the m n u t  tip d n n  md fir : 1 
quarlr.atc bwomes more vertical. This klnetic qqem 
has i m p r t o n t  ad~pt ivc  ad\rantagc\ (Smith, 1980; . 

br~rt t ' t td.  19Hh).'Ih~ ptrrygnidrtrl ~nuscle,wh~ch rum 

from the p tery~nrd tu the outsidc of rhr loww jm 
, - 1 (FigurcA.321c)),isable rodeliver a strongclnsina Fom 

tu the kinetic l iwrdskul l  ~ C J I I S P O ~  themtat :. i 
- r 

of t he jdwo fa  lizard cffcctiwlyclnseonafc 1 
t h c ~ r n r  tirnc,excrtingcqual perpcndicuIar~ 1 
(FigurcR.HZ(d)).With akinet~c ( i~nmobi le) i. 
a risk of lasing a food item because t h ~  f n r ~  I 

perpendicular and there is a force d i w e d  
mouth (Figrare 8.32(e)). 

The Squarnata is divided Into r iu clad, 
which 15 t l~c snaka (Srrpcntcssl and !he utt 
which I Ig~ l~ ln id ,  LekkDta, Amphi5hd~11i~, $L 

pha. Angu~nlorplin) are gencr.ally ca l l r -  liz 
lir;lnl group, formerly t c r m d  h c e r t ~ l i ~  lor hauria), a 

dedrlv par;~phvlctic, as it ercludes the rn.~leb. The rela- 
t~onsh ipran~c~n~thcs ix~uama~e~ ladc~~renr~r  certain 
[we lrt lr 11.8l,allhough cladi~t ic e v ~ d r ~ i c r  suppnrt~ 11ie 
view thdt I guan l~  are a srster group nFthr nrhcr fiw, 
~vhrch are ~ t l l l r c t i ~ e l y  termed Scleroplusi;r, nr t h y  all 
share 3 k~ratlni7-1 tnngtle and uihcr fca tuw~ tl..tt-s 
e! t ~ l . .  IYW; CafhvdI~  !YYYl. b1'11h111 \ ~ l ~ r ~ ~ ~ l t j < q ~ ,  

6 ;c.kbrrt~ n1.w Iju .I kirtvr group of r\mlr!r~\h.~cnw. ,In- 

p l~~n iorp t rd  ,~ntl .ktncornnrpka f i r m  J crown cl.rdi., 
Auldrchc~glurw. hltrlcrul.~r cv~dencc (I'nrrrn, L O f l T )  
gncs w)rtrr. ~ p ~ x ~ r t  ttl  be rntjrpholosicnl -rer%, trut the 
~11ncrlrnorph5 arcspltl Into fhree ruhclad~3 dr\tr~hutr.d 
around rhe trw. Thcre II CIIW~IJY a I > r a ~ t d  d r l ~ ~ t e  
abn~rt t h~p laccmenrn fSwpmtc~~  arcthe maker thcs~s- 
trr group of Amphisbaenia o r  members orAnpujmor- 
pha (see Box 8. lo)? 

The h~story of squamates IEntns, 20031 is patchy at 
first. Three of the SIX cladcs are tecordpd first in the 

1wst~iercis 
:es a r e  not 
out of  the 

:sl nne or 
ler  five o f  
'insurnor- 
arrls. lhe 

L. . > .  

EFI BRX 8.10 THE 1)RIGIH OF SHAMES 

Sjpce 1997, twenty or more papers have appeared hat purport ta bckk the qui?SSon of maka origins The Issue issllll unrt: 
~oived,are thesnahesclose~relatm toarnph~sbaantans. oramtheypartofthaanguimorphcbde,cdoselo themsaursand 
a~g~almurs (mosasauro1ds)7 HZhe former. Metr or~p~n IS from land-dwell~ng bunowers.~lthe latter,sna%eswemprimrtwely 
marme. 

Snakes ate known 10 belong to Squamataand to have originatedm among lizards It IS evident Ulat me a m t o m  of 
snakesbad legs addmat those!1lmbswreIaste1ther ina burrowing I~zardMattequired legslessaml ks.or inamarinetorm 
that lost ~ t s  l~rnbs as ltcame to re@ more and morn on ssrpentine locomotion. Rere are indeed saveral groups of limbless 
lrrards loday thaf are burrowers(and are not snakes).andme rnarlnealg alosaursanddofrchosaun had reducedhmbs 

The debatebegan rblh a rPdesmp11onby Caldwel and Lee(1997) 01 thesquamate PachfrhachalromIhem~d Cretaceous 
of staef P3chyrh~rhrsls a b O ~ l 1  5m ongand nas 146 presacral vertebrae The lorel mo rsaosenl b ~ l  It ereus a small De v s 
rod much reduced nlna mb Caldwelfafld Lee (1 997) determrnedtnal P a C ~ t s w b s  a snake basal lo Ihe l~rnglorms.and . . 

that ~mkwwereang~~marphsdose tnbe mbsasauroids.~aldwetl (1999) repeated this Rndlng ma more delailed phyloge- 
net~cana~sis~iSquamata Mosasaumlds and snakes share reduced oss~fiat~ofl of thl 
nesrsand mesokmes~s, enlarged ptelygord teeth and a hinge halfway alongthelowerl 

s pelvis and him 
aw thafallows! 
,ic a n a m  d 

Ilirnk, reduced metaki- 
:ma hterai movement. 

Lee and Scanlen 42002) and Lee eta! (2004) reaff~rm thls vlsw ~n deta~ld ciadlsl snakes and squamates 

resoeclvely .C 

The opposrt~ofl began aIrnostirnmed~ately,wilhcl~se qvestmning ol IheaAegedrn-uro~-~lake link Tchemov Ha! 
(2WO)descrrbed a new Cretaceoussnake with I~rnbs, Haasrophts buithqrlound thatthellmbedsnakeshell lnthecladogram 
=me way from the base. ~ e s t d  mth~n Macrostomafa. the marn clade 01 lmng snake? h i o p h t s  (see ~llu~iratlon) IS about 
1 m long and has t55presacral verlebme and broad ribs, superliclally l~ke a boa The fwelrrnb is absent, but there 1s a small 
pelusand much redlrced hindlimb, conststing of a lemur, trbia. fibula, a s t ~ a t u s ,  calcaneum and remails olfour rbdirnen- 
tary tws The skull 4s small and highly k~net~c, wifh double rows of recurved teeth. It show snalle characters of a rnobtle 
prernaxlllary-max~lla contad. margtnal teeth fused knto smkets an elongale body ~0mp03ed of more than I40 presacral 
vertpneeand shoulder g~rdleandlor~l~mbabsent 

Aqeppel and Zahe; (2000a b) further questroned the mal~ty of many ol  Me supposed h o m o l ~ m  betvmn ~ n a h f l ~  and 
rnosasauro~ds, mast nutably in (lit brahww and m Ihe Iuwe~ law. They I~~glll~ghlcd l l ~e  (rad~l~hrdl YEW lh l l  511dke5 hi@ 
closely related to amph~sbaenlan trzards, w~th whrch they shareloss.redun~mand consol~datronorskull ~ n e ~ . e n c I ~ ~ r e ~ f  
the bralocase. dowl displacement of the p w  adductor muscles, lossor reduct~on of l~rnbsandg~rdlesand unlformlty along 
the vertebral column Zaber and R~sppel 12W2) and Rieppel eta/ (2003) redescribed Pachymchisand Haasm~hrSreSPeP 
trv~rjrand reaffrrmedthe~r earlter ftnd~ngs. 

What nefl?Therearetwu d~spuledissves (1 I Are the lrrnbed saa!mbasalmall other ~~IOWSM~~S .n the phylogeny or 
do they nest hrgher. among the Macfnsmmata? (2) What are the c l o W  relatives of snaltes-masasaurods oramphrshaenl- 
an57 Much af the d7Perence In results depends on how characters are Uet~ned and used tn the clad~st~c analers r l  ffllra- 
aand..?ulaI lohsl characters are ernphasrred. a retat~onship hehveen snakes and mosasauro~ds IS emphastzed. and II skull 
e.ement reduction Lid loss IS h~ghl~ghted, snakes move closer lo arnph~sbaenrans The clad~slic resull Ihei drwes Ihe blolugr- 
cal nndel tor unUex:and~na 'the ongm ~f snakes did [hey become lonoand thlnand low therrlrmbs asan adaptatloo ~ o E G O -  .. . .. 

raantS,rrowng n!*?soll. or to mpro~ethelr serpent~nesw'mm~ngeff ciencyln tne sea'ltdote thalleniat vemolecilar resu 1s 

IHarr s 10031 makesnakes the s srer gro~pol (Ang~ morpha ~ I g ~ a n i a )  sodmerent tromboth fossil-oaledwem 

Pea0 moreat mp I ~ M  bbc CD ukq /h~stMechl6BO116 stm. h t t ~  llwww karencarr commewsflegsflegged-snake Mm and 
hrp : I w  sctencedally cornlreleasest200W030~317557940 htm 

w 



Mid-Jurassic of England, the Gekkora. Scincomorpha 
and Anguirnorpha, and their locations in the clodo- 
Pam (weBox8.8) sug~rst thataUgmups,~ncIudingthe 
snakn, must also have arisen in the Jurarsic evrn 
thnuph their oldest fossils at present are Crctacruu<. 
TheMid-Iumssicscinwmorphs (threcspec~esI and an- 

gtlimorgh lone species) are represcnlcd by jawt, skull 
bclncs and vertebrae, and the gckkotan by sume rrrtc- 
braeIEmns. 1998). 

The Iguanfa ~ncludes the iguanav,agamid$ and trce- 

1ivingchamelmnsroday.Thegrowpar~in the Triassic 
or lurasac, but the oldest unequivocal fossil IS an 
unusual 30-cm-long lizard horn the Mid-Crrtaceousof 
Mexico, Huchueclle~zpallt (Reynoso, 199R).The genus 
Errposfurrrr from the Upper Jurassic OF France wwas 
formerly classifkla an iguanian, burit turnsout ro be 

Tksnakewtlbfirnbs Wbp+&terassnc~fmtha mldCrstaeeous 01 Israel. a r ~ n h ~ c o m p l e ~ c s p s c ~ r n e n .  shown asan K-ray(a). 
andshowng the retnnlron df~nyhlndfimbs.ssenmarwlrml, llght photograph(b) [CourlesyutOhvrer R I C ~ ~ )  

a cornposirc of several ~pciecimcns, inchding a paaiblr 
l~zardand romesphenodonti.tns 

Thc GeWtata are recorded firat with cuntidencc in 
the b r l y  Crctawus. Thcgruup d a y  includ~5thetiny 
gcckog that can cling towalls and ceiling\ Anlr~cmrrrus, 
J clr~uhtful gekkotan From thr lJpycr l u r ~ c ~ i c  of 
Germany (Matccr, 1982). reichcd J 1ot~11 icrisrh of only 
IZIJ-14ll rnm Ihc skelctnn (kigifrc X f 3 1 d l )  15 likc that 
elf muqt modern lilards, with a h d e r  Hexihlr hndy, 
Innp, tai l  and short sptawllng Iirrb\ 7 he \kull (Rgure 
8 33fbj) s h w q a  number of squ;rmatcderivcdcharac- 
tcn: theparietalsareFusedandtheymc.erthefmntalron 
a hwad lransversesuture that can h q c  up and down. 
the lacrimal and quadratnlupl buner haw been lost 
and thequadratcisstreptostylic. 

TheRrnphi~baenia are heavilymodifipd for a life of 

P expanded parretals reduced arbi 

Fiq. 1.33 Fvrsrl I u F d s .  [a.b) skcltmn and skull of  th tb tc  Itizauic ~ p p d g e k k o t r n  Ard~ruuru$mdorsalvtw:lc~ skull of thcllving 
amphlrharnrd Imphrrbaem~n lareralvirr:(dllo*rerjawof thehtr Iuradcac~ncomorph P a t a m d I d u ~ l n  ~ntcrnalnew:lc.flskullot 
~ h ~ L ~ e C l c l a ~ r o u r  tc~ld Puly~lyphenodonin lateral a d  m l n l  v l w  lg. h) rhc L*le C r r ~ c c o u s m o u w u r P f ~ ~ c m r ~ ~ ~ ~ k u n  In lartml 
nmandskelernn inswirnmurgplsc. [F~gurn(a.d-OaRo htgI98J: (bJ afmhlaiar .  1982 (c) aher Romcr. I956.rourtcs)'efthe 
Urrivcrs~tyofCh~cagnP~:ig, hJaftc~RAuaK 114117.1 

huttuwing, with thc~r heads reduced to miniature bat- 
tcrlne rams or chisel% w ~ t h  which they forced passage 
tllrtluph the so11 The Frank of  [he skull istipped down- 
wards and the whule stmctufe i s  reinforced (Figure 
8.33[c)). 'The orbit is reduced and the temporal bar 
has diappeard so rhar the back of the skull i s  largely 
the parfetal lixd to an enlarged bra~ncase and palate. 
The fossil remrd of arnphlsbaenians is limited: the 
oldest foxsil forms come from the !?alaewenc and 
Eocene o f  Korth America and France, but same 
modern familin are unknown in the fossil rrcord.h 
older putative arnphisbacnian from tbc Upper Crcta- 

ceuus of Mongolia turnsout (Kearnev, 1003) to be .I 
xincnrntrrph 

The Scincnmurpha, including today the skinb. 
European lacert~dsand nthers, has been traced bark 111 

the M~ddle lurassic(Evam, IWR).Oneof the hrst gtn- 
era. hramacrildus, is knarm also from r he Lower Crc- 
wceous of southern England. Fammaccllodus s h m  
pleodont dentition IF~pure R.33(d)), wtth the teeth 
wi in a 'half ~roow', as i s  rfpical of most trurd,. Tltrx 
peg-like teeth in such a tlny animal were pmbabty used 
in penetratingthetough skinsof~nse~andwntipcdes. 
Scmcornorphs became c s p i a l l y d i  fmm the Late 



- .  
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Cretaceous onwards, when the herbivorous teild.r, sudr 
32 Pu/yglylrhanadon (Figure 8.33(e. fIj, amw in the 
Ameriuq. The skull i s  strong and deep-s~rled, JII~! the 
h m ~ d  clrwk teeth show that this 11zard led or1 rough 
vegetation. 

The anguimorphs,the final Iizard group, are also the 
mnct divcrse. Modem anguimorphr are the monitor 
li7;lrds (vsranids). the anguids, rna~nly Irrnhless forms, 
the gila monster, a venomous form, and others. Thw 
Grnilies of Late Cma~eous vnranoid anguirnorphs be- 
came highly adapted to marine I ~ f e  ((8eBraga and 
Carroll, 1993): rhe aigidosaurs dolichosaurs and 
mosasaum.Thelast p u p  werefhe mast spectacular,20 
gcnera DI late Crctacmus predators lhat ranged in 

lcngth From 3 to I 0  m I Russcll, 1967 ). Phtecnrptc~, a 

typrcal smallerform, hasanetongatc body,deep tail and 
paddle-ltke limbs (Figure 8.33(g, h) ) .  hIosasaurs haw 
largeskullsand thestrongjawsarelrnrd wi~hshar~mn-  
icnl teeth.cfea~forcapturing hshes and othermarinc 
a~~imals.~~meanunonitcshell~l~avebecn rrported that 
brat puncture hol- that exactly match thetooth spac- 
ingnf a mosaqaur that hasbittcn themacro~5,but failed 
tncruqh them-although thepuncture holesha%~bwn 
intctprcted by mmc as Iimpet resting mark. In addi- 
tion to snmeofthe typical l iurd flexibilityofthestull, 
n>o%murs have nn extra joint in thc lower iaw to in- 
crcdsc thcwpeand thc biting fvrce. 

8.93 Serpent-: thesnakcs 

The rixtlr squamatc Emup, the snakes (Serpent- or 
(lphidia).3rehelicved toh,weariwn frorn'liwrcl'ancfc- 
Iur?, hut the nature ofthow anccsrurr 1s 3 R I ~ T ~ C T Y  11ce 
1 1 ~ 1 ~  X Irj).Thc main ch.lractcrsof m,iker nf crrllrw In- 
~ l ~ r d e  Irnrldu%sncr\ llivrn~. Ix,,~r rlill havc a ~ r n ~ l l  wm- 
nnut 0 3  J hi~iril~mh), n grc,~tly incm~.rcd nurnhvr t t I  

\~rlr,l~rac 112U-501)), vcnnm in ccrrdin d d \ ~ n c d  lormr 
a n d a ~ r c n  t incrcaw~nskt~ll klncrlr. 

l'hc sndke skull (I.~pure R f4 In .  h)l ir nf very 
light cnnstructlon. with wveral puintr r d f l ~~u re .  On 
opcning. the p h t e  rnnvrr forward, the i ~ n g s  (when 

present1 are errcred and the supratcmporal-quadr~te 
rptem enlarges the law joint two or three times. The 
snake then r t r ~ k e ~  a t  its prey, seim it and passes i t  
down its thmat by rnovin~ the lints of backwardly 

venom gland 

extra arlicufution facer 
- ., I 
10 mm 

nu. IS Srukanatomy: la, b ) r l t u l l n f a v i ~ ~ n a k c i n I a r e a l  
~~rm,shnw~ngrhcjawclmc~land oprn.(cl m~d-trunkmth 
ofthcllnnff 4.Irnnrn prtcrrur.latcnlandanrelor r IWE 

FFlpum [a, hlaRcr hlmfldcr, I J75 ,c~runr~vof thuK~mht id~  

I 
Unlvtrs~ty Prcsa: (c)  attrr R a ~ c ,  19M.l 

pointing teeth on its maxillae, palatinesand pterygoids. 
These can be moved rndepcndently so that the prey is 
virtuallvstufTeed down the thruat and has nochancenf 
m ~ p c .  In advanced vcnnnlous rnakes, the acriun of 
rfriking at thc prey query* a polson sac lrhrlvc the 
pala~eandvcnrim 15 y u ~ r t r . d d o w n , ~ ~ n ~ m c i n r h c . n ~ ~ ~ n  

rang. 
Snake5 arc known from the b r l y  Cr.rtacmus and 

th~~radra~edgreatly during theTtrliawf Ragefc, 1984) in 
l incw~th the radrntiun of the rn~mrnal~ (in whrch they 
preyed. These first snakes may have fed on Inserts md 
other small prey.Unly later did wrne gmups evnlvethe 
ability to kirl their pwy by suffncatlun, as boas and 
~honsdotday:theyroiltightlyamund~henbcageof 
the victim andtighten upwhen ~tbrathmout. Death b 
byasphylriationa~rnuchasbycrushingof I hebady,asis 

dtcn .~rwl~lccl. Thth pi>iu~nous forms appearrd t i rs t  in 
thr. 1 AIL- Etmcnc.hn.rlrhh ranrein lcngth upto6-7m in3 

larpc yrthun, hut a hu$c vcrtcbrd from the P.1~rvcrrir 
of North 4frrc~ ind~cltes a 4m monster. Snak verte- 
b ra~  ha\r a complcn shape (Figure 8.34(c)) with extra 

proccsw* tin thc sidcs of the neural archcs that cuntrol 
h e  srdmaycand vertlcal hending of t h e w y  and give 
thpsnalr st~nuder,ihleIlrxib~lity. 

8 .10  THE GREAT SEh O A A G O N S  

[u r .~ \ *~ i  .inti Crct.~cr.ous seas wcre Elled wilh I>a.;ll 
nnt>prcripi.ln .rnd tclt.0~1 tishmandncnselachlan ~ h d r b  
that prey4 on rhcm (Chaprw 7). A broad range of 
predator). r~ptiles also hunted fishes, anlmonites, 
hrlrrnniresand ofhermrinel~fe.Pternssursandcmco- 
dilians ~ i l d  hshm near the surface (see pp. 224-9, 
232-71, and mousaurs (see p. 243) were important 
carnl\'om ~n lhc Late Cretaceous. Certain groups nf 
bidratx~fedonmar1ncfish~(Chaptcr9).butthemain 
rc~tilian predators were the ichthyosaurs and plc- 
s i~murr  both of  which groups had apvared in the 
Triassic I we pp. ldY-j3).Afterearly finds in the 1820s 
and 1830$, thcy came to he knnwn mllecrively as 'sen 
dra~nm' 

Ptc~~nwun .lnd ~chthyovaurs were tradrficlnally 
~roupcd ar Eun..ipqid~, a reptilian sqbcla~s that stuud 
alurt tmm the maror terrestr~al gmups. Ruth 
rctith!neun and plcslmurs are almost certilinlr 

mudified d~apidc, lhr ~chthyusaurs falling low in  the 
phylqcnv, hetnrr the ~ p l i ?  ~Clep~dn~ummurphs and 
ard~u$~uram~orphr. and thc plcsio~aurs lying on rhe 
Ieprdaruurrrn!cxrl?I~ br~nch (w p. 150 and 8or 8.8). 
I~II h group I ~ r > t  t l ~ c  IIJI~P~ tempt~nl fenetra rndclrcn- 
dcntlr ,onlr4 I I~ IC  In thc~r l'crmi.ln .Inct%try. 
~.rur~~y~'r tc i . r~~r Iyl~*~irvsaurs, nnthosailrs, placodonts~ 
~i Ica#r >hart, mlne Ir.y~do~ot~rorntrrph chnractcrs,such 
3 ~ a  thl raid tcncura In the v lv i r  (Rleppl. 1993) 

Thefirrtrrwcplcslosaunareknawn FMmtheLateTrias- 
sic and ihey are belreved tu be closely related to the 
nothowurs. PLesiosaun were gene~ally larger, ranging 
typicallpbm 2 to ~ ~ m i n t o t a l ~ y l e n ~ k  Plesiosaurs 

arc ~iirmidet! into the long-necked p'lesimaurnidsandthe 
shckn-neckd pliosnuruids (O'Kwfe.!001). 

The pteio.;auroidr inciude rour lamibes. T h e c r p -  
ruclidids from the Late lurasic co the Lale Cretaceous 
{Figure 8.35(a, b)) haw long n ~ b  with 30 ccrviral 
vertebrae and a skull with a long snout, single (upper) 
trmpral fencstrae, the eurppsid skull pattern and 
nortrilsset hack from thetipofthemnut.Thejawfornt 
i s  spt klowshe level of the tooth row, which shihs the 
stron~-t bi~ingpointfowardsThelong pointed coni- 
cal teeth intcrlockwhenthcjawsarcshut,anadaptarion 
to main slippery tithes and molluscs in the mouth as 

the l3m close.~hr cirnoliasauridr arr a amall group of 
l ~ t c  Inrassic long-neckd plaiosauroids, whereas 
thc polycotylid~ are short-neck4 Late Crctacmus 
forms. long dmiM with the pliosauroids. The elas- 
mosaurids. such as Murocnomum from the late 
Juramic(Figum8.35(c)),hawwrylongn~ksand snme 
b t e  Cretaceous forms b $ t  as many as 76 cervical 
vertebrae. . 

The pliosaumids - include thc Jurassic 
rhomacleasaurids (Figure 2.8) and the pliosaurids. 
such asthe Late lurassic Liopplemodor~ (Figure R.3Xd)). 
upto 12m long,and with a longbcawskull and a rrla- 
tivelvshort neck. Plimuroidr may have fed on rmallcs 
plcsioraurs and on ichthynraun. PIiosaumids had varl 

low-mouted heads armcd with powerful jaws and 
bmdd-based sharp teeth. Theskull was designrd likc a 
~~ttrcc.finfol~~dwith~irde~'toresist the~reat hcnd~np. 
moments produced during biting (Tmlor, 1991. we 
pp. 29-31}, and the mandlble was lik a box girdcr 
for the same reiwns. but at the same timc i r  malined 
n streamllnd shape to assist in fast swimrninp. The 
neck m s  shorter than in nthcr plesincaur FrouFr. 
hut p'linaumids none~helers retaincd bryc nil lnhvr, of 
rcrr,~cal vcrtcbrac. 

Plcun~~urswere highlvadaptcd for submarine loco- 

morlon. with pnwerful pidrflc-l~kr llrnhs and hc~id:, 
rclnforccd limb grrdles. Three swimming nludrs have 
heen prnposed (I-~gure8.3hla<)l rnwing,in which the 
paddles beat hckvnrds and forwards: undenratet tly- 
Ingas in sea rurtlcs and penpins, in which the paddle 
dexribes a figure-of-eight panern; or a modified rrer- 
rionoftheflyingmodel asin r~alions,inwhichthepad- 
dlcd&bmacrexcnt-shaped path.ll~efirst twoslvlcs 
aw problematic (Taylor, 1986): In rowin& the back- 



Flu. 8.35 fhcpkrioraurs: (a,b) thcMiddle Jurassiccqloclidid CrypforlWussUc*m in avlmmingpmd skull in Tatcral v im,  
~cl~he~ate~urasskrlasmosaur M m m o w q ( d ) ~ h e l a t e  ~ura rac~ l ro lau r  lioph&[Figurcsla.b)rhr Brown. 1981:(c,d)sRp - 
Rnhinsnn, 1975.1 

. <. 

stroke cmtesa counterthrust that would stow the pte- the dolphin-like M y  shape, long snout and large eycr 
slusaur down; the flying stroke is much more ficient, remain common feature throughout (Figure 8.37(a)) 
hut the skelpton of pleslwaurs dorq not allow the pad- Thcbodyoutlincof ichthyosaurs /Figure$.37(b))i: 
dles tobe liftedabmeshouldcr Icwl.%,God€rey ( 1984) well known because of  the exquisite prpservation o 

~lrvposed the crexmtic path, which has The knehrs oi specimens, especially an thc Lower Iurassic ofsuuthert 
the figure-of-eight, but allows for the fm that thc plr- Grrnany where they ma me cases a bl 
~iosaur pectoral and ~e Iv ic  girdles arc both flattened 'ghost'of theskin outlint that the padc 
heavy units of  bone that form an imrnwabIe ventral were extended by skin a1 

y show in sol 
:. This shows 
,d connectivl 
. . . . I  . . . . 

: tissue, that 

ack 
iles 
thc 
ne- I ~n t~y  plate with thr gastralia hetween the 11mh girdles tail finwasroughly synrnerr~ca~,cren though thcwl 

(Figure 8.3h(d13.and that thelimb girdlcsnrc too h-eak bralmlumn kndsdown.and that there wara hlghdor- I 
for  striingvcrtical movements. sal finmadeentlrrlvfromsoft tissues.Stomachmntents 

includetiny hooWetsfrom theannsofccphalo~dsand 
fish xalcs, but smminglv no belrmnites or ammonites 

8.10.2 Ichthppterlgia puaiblv because their hard shcIls wcre spat out or 
shaken oft. One Late Cretaceous ichthyosaur from 

Ich~hymaursarosein thrTriassic(seepp. t 52-3),diwr- Austmliacontainshn~oFa hathllngpmtortegid tur- 

sified in the Early jurassicand becamemuch r e d u d  in tle and an mantiornithinc bird {Kcar et aL, 1003). an 
divac~ly ~n the Late Jumssic and Cretaceous, b n n ~  rep- eclectic dicta7 ~ lc r t l on  
resented then only by thr Ophthalmosauria (Motani, Ichthyosaurs mrc substantlafly modified for life at 
199, ZOM); McGavan and Motani,2 W3). There ~scon- xa They swam by b r i n g  their tai ls From side to side. 
siderable variation in size, with lengths of 1-16m. hut and used their paddles to changedirection and tocon- 

oid 

il evrc!a 

u 
0.5 mm 

- - - "  
t - J L  y -- 

wle gastralla shovldw 
gqrdlu girdle 

Id). 

trol roll and ~ ~ t i h ,  as in large cruising fishes such as 
tunas and sharks and in whales (Motant, 2002). Based 
on cornprisons m ith 11% inp forrnr,Srennpteryff'~spr~b- 
ably cruised at ahout 1.5ms-' (or 5.4kmh-9 and it 
probably had an'clwated ectothermic' physiology, likr 
a tuna,in whichcontrolofbodytmpemture tsby a e r -  
4 means, by high lewls of exercise maintaining a 

blood lemperatureh~ghatban the surmundingseawa- 
Ier. lchthyoswf~ had thc largest eyebalkof anr known 
animal: the 9-m-long fmnodolonforaurushad an eyeball 
some 300 rnm In diameter (Motani e! aL, 1999). Such 
huge eyes must have hen for detecting prey in  mndi- 
tionsofvcrylowlight,at waterdepthsofup to600m. 

'Thcwe;lkn~~ofthelimbgirdlesofichthpunand 
their overall 'tishy' bodv shape suggest that they could 
not venture on to land. Marine turtles. penguins and 
probably plesiogurs, which spend most of their time 
at sea, do creep out onb a beach to lay their cggs. 
Ichthyosaurs. however, bore live young undemaar as 
dotphins and whales dn and they were h m  tail-first in 
order to m i d  drowning: the head would emcrgc last 
and the juvenile could swim to the surface nprdly to 
takeitshst breath. 

pretation of 
ficed her li6 
many cam 
dcatb of the 

some spctirn 
smany as 104 

howthepun 
(Figure 8-38] 

RernarkabIe specimens From the Lower Jurassic of 
Gcrrnanr ak~d England show cmbtyos within thc 
rilxages of ens, usually one or two, but 
sometimes a x 11 (Bllttch~bT990).Several 
semens 51 gapparcnll y in the p- of 
being born . The usual, mmanric, intcr- 

'these specimens is that the mother sacri- 
e while giving hirth. Much morc likely in  
i s  that the j u d l c s  were mpcl!cd uFkt the 
mother by gases of putrefact inn. 

I.11 DIVEASIFICATIOH OF 
JURASSIC-CRETACEOUS REPTILES 

T'hr diapsids diversified enormously during the 
Memmic, the dinosaurs. cmcodilians and lizards on 

land, the ptcrouurs in the air, and the ichthyocau~ 
and plesiosaurs in  thc$ea.'lhe great masextinction at 

the end of  the Cretjlcmus marked a m jo r  switch in 
tptrapod evolution from diapsid-dominated (;lunar to 
mammals. 

Theevolution of reptiler in theMesonoicandCPno- 
zok(F1gure8.39) shows twmain  phasesolexpansion, 
the radiation of thc dlnosau rs. pterouurs, crocodilians 
and themarine reptilesin the LateTriassicand Jurass~c, 
and the radiation of the 'modan' p u p  Ililardr 
snakes, turtles, birds) hum the Latc Cretaceous on- 
wards. Mass extinctions among tetrapods have been 
pxaulatcd in  the Late Triassic (see pp. 1567)  and, of 
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--,. - -9.lh %x iI CX,lnCll,,RCbnd POISlbk mascxtmCt~m~arc n 0 t r d ~  lthalttrl<k>on thchi[  -. 
' a 

W u f t ' p c i m c l ~ ' ' r ~ b i c h t h ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ . n  the ~ , ~ ~ ~ r ~ ~ ~ ~ ~ , ~  I,fH,,,lmJde,, )e4 
hrII r",rT,suha ptcrosa"rs disappear&, nq Well Emprnl [ a d  16 nf ~t u n  mmty the fiTrer-feeden like corals, bnnraan5 

Ctrmanv.mctumi~.~th I,,~,I..., . -- -*.% 

lnlerlr * ~ t h  ~ J W I J I P I I  *nun% and thee blrd5 and marsupial in the sea, plmjoraurr, andcrinolds that s ~ f f ~ ~ d c ~ t l n c t i o " { ~ s s l b l ~ ~ ~ I ~ ~ ~ ~  

"mrn ~nthchiuseum F~~r~aturkudr+ a mosasaurs and famllles of sharks and t e l e u ~ t  pianktun ford'). whereas that fed On detritus 

fishff dluPFrd. The ~chihymaun had dw~ndled ~ e ~ l l f t l e a f f e c t ~ .  

and died nut 30 carllcr. Among Arc thmanvconv~ncin~ecolqlcal correhtesof ex -  

mjnv important Mcscr701c group? # 
the tinltinn risk dnd rurvlval? lablnnckl and Kaup (1995) muaclrt th'cndnftheCretacmus olhcrsat 

crld i.muLn,t,l- Brlnry i K l  , l,,,r kn ammonites, bclrmn~trr, rud15t I,lval ~,,l,l\d at htrw marine bivalve.. bred across the KT nfthr'un"lc ln i h ~ m d - ~ r = ~ m u \  arc 
pr(~l l f>!V p > \ e ~  1) rnlpht ,,d(( thrl ,hm , ,,,! a pl,lnktr\n gnrupr. Manv pm~pq, ~ c h  3 , .  tll+u~lrlarr,and found that rhc~,nlvfactortha~~n*mold ' l n c ' n ' e e  c J r I drj>.lri: aftcl (hi 1 ~~"ndiiu lhc s["d itd Hcn~<m. ZIIIM)) I,,ria, he,,thlC fonmmltcra, brdchlopodh pqropqs, w~rrqt,~l uhr the gergraphlc*l ranprc~f genera. In other 

lngcrl'r~glcal rlnl,. ~)er~rtcalf thl\3rudv,however, I fishm, amphibians, turller, I17nrti~and terrertrial rmrdr,a spec~rrof bjralve~uld lnburcltwkf a ~ 1 n 5 t  the 
""lnv kcv quc~t lnn~ rcrndlrr ,zhnut rhe llmlng of ,he plantl, apparentl, llttlc affccred Ihlaciand ct a/., risk of J cltlnflrun hklunSing a genus that 

8.72 THE KT EVENT pattern% ofwhat did nutand wh3t survlvcd, , 1 W7 1. was dlrtrrbuted over sevrral faunal provinces. Diet+ 
and the I'rsgsc narorc. ol the phyricJl envlmnmrntal 1 Is hard to *parate the rurvlmm and eon- brdv 517~1 mode of reprodudion, water depth inhab- 
CT151.I. Offen onl~question pmplc ask *bout the I survivors simp~ePED~nRiEal wtcgorie5. htos~of rhe ~ted,abilityto burmw.latltudlnal diitrlbullun (trot'l'di 

I' d l 4  out. P;lraphrasing the words of 8 ldnd animals that survivedwerc sma~~,except forc~rta ln vcrsus temperate) and other baorsmadenodifference 

in MnchiLlh. 'nothing ~n I their] 11fe hmc 8,,2*1 mat mt? 
t,dllrans- Most of the marine forms that d i d  out whatever tn survtval chances. There is  ]ittlcwldencefor 

Ithem! the leaving 11'. Over the y ~ a s  hundreds of WprC free.srvimm,ng or forms (plankton, am- s e l d i v i ~  during he KT ati**Qn lhat any 

monjter. Memnites)n but of course many opm-mter explanation has to acmunt for an e=entlallyrandomset thmrin this dlbl!Jmnncc 6 5 M ~  agfl at the 
Amon8 te-rmrilrl ictmpdi, the dimnslun and fishes surviwd. Among forms that l l v d  on the sea-bed, of disappearance. 
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6.12.2 HOW long did itfakel labla 8.3 D~~~ nn $he aler~f t l t tn~t ian ot vent.hntcs 11 Ihc KTboudr!.F1~rraarc 
thenunjhcrrol lam,lus mrrrrr dur~ngrhe ?.1mtrlrhllan and thcnumbmi 

lhdt d l ~ U ~ ~ w m ~ t ~ m t . d u r m g ~ h i ~  u r n c i n ~ m ~ l . h l l ~ ~ a ~ ~ ? a ~ f ~ ~ * ~ ' ~  

(IWJAI 

G map Familiar nxhlrl hmllfss ertlw -Ion nln 

Chondnchlhyes 44 8 18 
Bonyf~sheS 50 6 12 
Amphlbrans 11 0 0 fore the end of thecrptaceow. 
Rept~les 71 36 51 

TuRlts 15 4 n 
Llmrds and snakes 7 6 1 8 
Crocodltlans 14 5 36 
~terosaun 2 2 100 
Ornosam 21 21 1W 
Plestosaurs 3 3 100 

Birds 12 9 75 

Mammals 22 5 23 
Basal groups 1 1  I 9 
Marsupials 4 3 75 
'Placentak 7 1 14 

RII venebrstes 210 64 30 
fishes 84 14  15 

Tetrapods 116 50 43 tostratigraphic techn~ 
AmniOteS 105 50 

48 
particular geological 
stir1 too poor For a dcc 
KT event. 

nese rcsultsmnfirm reptiles as a w.hol,-,and di- wyed cfllle~tions of 1503000 s~ccimensn repmenting 

nosaurs in p'ticulah suffcd a de\.;lstatinp 10,. I>~$I- 1 I 1 s ~ c i c s  of fishes amphlbtanS, rcp'l'es and mam- 

wrsity at rile end of ,he ,-rmcenus, ~h~ f iy r r s  are ' m a l s f m m t a t ~ ~ ~ r e ~ a ~ ~ u $ a n d e ~ ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

based on dmumentation the l e ~ 1  of the stratigrd- nutth-ensf monwna-~he~ found that 3w7$bof 

phic and last strge of the Cretaceous, the mOnUSp~i~diedoutacross theKTboundarv' but ap 
theuandnnland.and th~) .a i l sh~ ' r t h~~me w n -  terrstlal tetnp&drd out thn a Maastrichttan,wasprobahly 5 4 ~ ~ r  Iun~ .  I l  i s  hard to ~ a r ~ n t l l ' ~ ~ ~ ~ ~ l ~ ~ g ~ ~ ~  oft'me 

(smit+ I W91+nemlroundar~jsdefined formallv 105s oc 31 %. Reviyd ICS,~[IS calcula~ ( ~ ~ b k  8.11 from Enrrclateprec,selv thcagcr;ofmk$framAsla to Europe on-the-gmund wl'ccting7however'sfi@ws no lonpl- 

the b o u n d a ~  layernand thm f0Lluw~ an rh~pters in Rcntnn (19938). indicate owrall im of I to Nnrth so it not whaher 311 ~ h r  dl- term dectine. Shechanerfli. 
l w l )  summar'~d 15'IKKI 

eicaa layer and aclavcnr~ched in iridium. 154 1)utof21Ofdmiiiesofwrtehratrs,ad~pof30%.~h~ nopaurs, prerosaurc, pteqio5aurh mo+a5j.lut, and other h o u r ~ ~ f ~ e l d w @ r ~ h ? , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
NotOnlywns KTevellt ra~ ld3 bu t~ t  hnppned in 1!,m~dcup(f1gureH.48) fmm thecxtlnctionof~40utof pr,,UPYdirdoutr,ghtatthpendofthcM3a,~r~Lhr!an,c)r ,Icnjrs the Hell Creek 

pickln5 up anahin' 

lurid Wolfc 119511) cxamlncd ~ d i n r r ~ ~ r *  ~n a lily v.! I;rmilirroffishp. (15% ror.j and cjo out 11.5 
that did not move ~ h c  thousandr uf hnnw c n l l ~ t e d  qcattemd thruugh the wholetlme sfmll. 

pnd less 2mdeci'lh~l strllddlfithe~~hclundary. 
lies rrf tetrapods (43% lo%)+ l-hc highnt cxrlnnios Localstudies required,~herichfit rerm~nal Cre- B'CW plotted aPrnst 

'IrnC and the of ewrini- 

nckcd &e l  o f m t a + l r ~ ~ h i c  events in pmd. n tcs. incvitahly* y e  fnr dlnouUR p ~ r r n ~ u m  4 4 nacmvs dinosaur beds are in wfitcrn North Xrnrrrcn. rlons Wpe;lrd lo right " KT 
'nc~udinl f d n g  of the fowl Illy l a m ,  * h r h  is  s~thaun tall l . ) ~ , ,  rifi hgh mm also br bird5 od , creek o f ~ m t m  md the h m n  fIurlbrr' and 'Iw5' aWJrd "" 

b* i r r~ lar  foldson thcsur~lr.. for a period of marsupials (borh 7 S ~ ) , A m o n g n t h ~ r g r o ~ p ~ c m E a ~ i ~ .  , I krrrs Fornation or~pming, hut detal]d follecting and toll mgu- had over-interprcted thclr bb'wherca5 

leu lhan rnnnth5 laall,rhe quence nfra~astmphic 
uns (36%) and mrn. (27%) low mm than a gvnn has thmwn up conlmvcrsial results. Early ~tudles of 5heehan a* Fastmb '1w2) relnrerpreted 

~ n t s ,  he ~Qu-,  lasted from 3 ?I> 4 months. of families, but extinction rates Tor fishes, amphibians, the Crrek Famatic,, suwStd that thew had ~rchibald-Bryant data base show that' 

lizardnandsnakes,basal mammalsand placenta] mam- a decllnc among dinosaur? and other Freshwater fishes and tetrapod! (amphibians' 

mat arc all lowet than 15%, and hcncc not dlffemnt zhmugh lart 5~~ the Cwtacmus. In cmdi les) showed a vKrm eainaion of 

fmm nomal,or'hrkgroun$:cxtinctionrat~. more daailed AKhibald and ~ ~ , , t  ( 1 ~ )  sur- 11%, 88%of the MY terreflrial speciesaicd Out 

iqucs can idel 
formations, 
hion on the ( 

ntifyrhe liM! 
but the precl 
%ttduratior 



Fig. 8.40 The prnport~nmold~iiermt vertrbrate famllipr thzr 
lrrramtcxlincr dunng thc KTevmt.baud on d m  tmm Renton 
~I~9~~~,l1stdinT~hle8.2.Notr the E(M%cxi~nait>~~vl 
prcrnuurs, d l n m u n  and pltsimurs, butOB evr~nrtinnoi 
an~pli~hidnr.and cxtlnctmn r~moflcss than 20?R for fi.iht.6. 

l ~ u r d r  and snakn, basal rnarnrnd~ond phental mrmmals 

KT boundary, hence making i t  a c~t,istrphic men!. 
Sheehan t t a L  (10(10) went on to bhou th31 d lamp-held 
brl~cf~that thctewcrenodinnmur~ in thr 1;r~t i in  urrhc 
klell Creek Fornlat~on, immed~.~teIv bclow thr 1;l  

boundary, was hlw: thcy found as 111dr1y lmnca in th.lt 
lntrrvalas in any other 3rn unit and concludcrl that di- 
nuwur cxtindron was abrupt. This rcsulr waq ctm- 
hrmed by LrIIe~raven and Eberle (1994) in ~ h c  Lanci,%n 
of Wvornii~~, who found 110 cv~dcncr for a dcchnl: 
ailrung d i n n ~ u r  spcies, but ra thwn g~wlog~~allv w11- 
den d l~pp~l r r .~nr t .  Tlwy nwtc, hl>rvcvcr, I ~ J I  ~hcrc I, .I 
lone of unccrtalrl straligraphy 8n1 tlri~l, \p,mnlti?: thc 
E.1 huuntlary, 9tr cilnnot rule r ~ ~ t  r l i c  p r \ ~ h l l ~ ~ y  ( ~ t  .I 

dcrllr~r over fhou~~rida, or tens of t l iou~nd\, of year,. 
Contrary lowme prcvlnus ~wtcrnents.mammal fur\rlr 
art. rare in rhr d~nusaut-bearing bcds and nlammdlr 
appear in some d~vrrsiry and ahundancc only after !he 
d~seppcara~~ceufthedinouuts. 

In Montana and Wyornlng, then, several dinosaur 
families lasted right ta the end of the Creramus: thc 
tyrannasaur~ch. ornithomimrds and drornaeosauridx 

rcologid 
ant food), 
to the tcr- 
r m m l ) .  

through the 

bund in many 
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ednitilln as a r e d t  of the after-ePleEts of a major ex- 1 An iridium anomaly worldwide. lridium is a 

mt,rrc.slrlal impart on the b r r h  fmm gwchemical platinum-group clement that IS rare on Earthb crust 

and J+rmphpical evidence. and reacher Farrh from space In metenrites a t  a low 

r;ltatmphist would argue t h a t  the main extinction average rateofaccretion. ~t  the^^ boundary, that tare 

rn rb5ted 1- ~ h a n a  year,ot perhapasmuch ssa few increased dramaacally, #\'ing an iridium spik 

hundr~orthousandFrs,wherea~a~radualistwould (FigureR.4F). 
sgur br a longr-term decline lasting for I Myr or 2 Shocked quartz has found in many &onso 

especially closc to thc impact site I Srnit, 1999). Thew 

gradualist model sees declines in many graupr aw grsrns of quartz bearing crins-crossinrr llnes pro- 

of o ~ m i s m s  (Archibald, 1996a; Mackod et nL, 19P7) duccd L? the prersureof an imp 
8.12.4 Thtorier ofextin~ion by long-termclimaticchanges in which thcsub- 3 ~lass~spherulesalsoaccur a1 'he baseof 

troplc~l lush dinosaurian habitats gavc way to the the 'boundary clays from sitcs c npaci s~te. 

stmngly seasonal t e m m t e  conifer-dominated mam- Thesewere prduccd hvrnel~ln?or ine ~ C K  oencath the 

prrsellted hw the txtinc~ion uf the dinosauts 
, . rnallan habitats. Thc gradualist scenario has bccn ex- crater and  re thtn thrown air in the 

(Rrllttm, i990b). A cumrnon view in the Ianer ballof - mdd cover at1 .aspects of the KT events on land and aftershock. 

th~ninrrwnthcenturyand inthefirstthreedcurdcsof he sea, with rvidencc from the gradual declinm of 4 4 fern spike IFigureS.39) is f( t m t r i a l  

thf twcntk-th was that the dinwun simply out ; many poups through the Larc Cretaceous. Climatic KT kundary smions, indicat~n~ an anrupt shift m 
k c a m  their time had comc-they - d - ~  by manger on land are llnked tochanges in  sea lever and m pollen rat~os from an#ospm-dominatd to fern- 

many ~Iamntologiqts as prirnt victims of racial the area of warm shallow-water seas, and the impact dominated. This inrl~catw the aftermath of a cata- 

wnr l i t~ - thrlr gcnetic potential was exhausted rhey andvo~canism aretitherdimuntedorseenasthe coup strophic ash fall: ftrns recover first and cnlonl7e the 

cxhlblfcd giantism (if not acmmegaly), excessive degnirt. This p i t i o n  is disputed by those who claim new surface, followed wcntualy by the angiosperms 

U S ~ ~ Y  mda lo~aftheabil~ty t ~ a d a ~ t ~ ~ r n m a ~ ~ ~  ~ g ~ ~ ,  -F the extinaionswere rnpid and the apparent Long-term aftersoil~bc~in todwelop.~hls~ntrrpretation hasbeen 

dozens of hypotheses wcrc put h a r d ,  ranging fmm 
r:r 

d e c l i  are arteFactsolinwmpl*oll~in~. "ade by a n a l o ~  with obscrved floral changm after 

physiolqiul (slipped discs, acessiw hormone ,;-- ~h~ &mi of thought has focused on ex- rnajorvolcanlceruptlons- 
pmdttrtinn, 10% of interest in sex) 1" h e  

. .{ 1 plaining the KT m t  bymlcan~r,actirig (Courtillot. 
Imm~etirinn with mammals, change in p] 1m),me Qeccan Traps in  lndia represent a vast nut- - - --T , -.- . , , ,.?"f , 8 ..-, 
frum thecllmatrc (FRO hot, too cold, ~ U U W ~ ~ J  pourin6 of lava that occurred over the 2-3 Mvr  span- 

rial wtastrophrs (vutcanism, magnaic ! nlnp the k;T buundarv. In some intrrprctati~,"~ 
rra>ln thr fqwgraphic (marine rqmsion, mountain 

- 
t ~ , ] c ~ n ~ c  model txplains instanunmus mtastmph~c ex- 

bulidirlg) tn the txtratcrrestrid (sunspots comerary 
Inlk'nlctl. Many of these -lanations were liMe mow 
than h'lllmf, and most were hard to couch in terms that 
would r l l n .  thcm to be ksted. Present hvpothul arc 
~nt~rc'sc~en~if c: prduced by any known k~nd  of vcllcano, that the gw- 

I ht'rt. 3~ thrte currcn~ models 10 mplnin the KT ch~m,stry nf the d a ~ q y  sphmlrs indicates a source 
ctcn;. fmmrockslvinplbelowa postulated impact rite and that 
I I Ilv ~r.lrlu,lllr! c r ~ r l u ~ i c a l  r ~ ~ c c * l l < ~ ~  model de- the\ donot hawavolcan~csignature(~rc!~cluw).  

rIlnl.rau*d h! ~ o n ~ l e r l n c l ~ r n d t i c r h a n ~ ~ ~ i ~ ~ h i ~ h  the Thcampnct hgmther!~ waspresented in 1gWwhen 
5uhyr(~pjcal lush dinnsaur~an hab~tijlr pace way to the .%lvaret and collcagucs published their view that I r  mmrdarm (ppttl Angmspem pollm 
blmnglv rea~lndl tcmperaTe ccunrfcr-dnmrnaid mam- ~ h c  e~t~nct~ons had bccn cauwd by the lmpafl of a tern sperm 

m-lllan habitats. Tlie rv~dmce [or qhls hToyhElr Is lOkm diameter asternad on brtb.The impact cau5t-d 
mainlv pllacuntoh#~mlnnd rtratigr~~hlc. exlinaions hy hmwing up a 

cloud Fig. 1.41 A tvp~cal irid~um spikflt.fi l r rn  vikr (rieh'J 
fmmacuwtakt.n through the KT hrsuldaru In frfihwatrrcual 

1 T ~ C  -t*\trophlst vulcanoi~~ical mode! explains he that ~ocked out the sun and prevented photoWthesi% r w a m p ~ c p m i ~  in ~ ~ r b ~ n v o n .  NLW ?*~er  ro. V S ~ .  hlntcthal 
~mhcmica l  data ln thc boundary rmks by means and rausetl Ireezing,and hence plantsdred off, followed ~th=lndlumabundanre*measurd mpar~r pmtrillion 
major wrlcanrc eruption that caused abmpt extlnmon. by herbivorm and rhm carnivore$, Thm are four kv (ppt),and thcatiosofang~mpcrm-~llm fern-s~rcsare 

3 The catasfroph~st clitrnterrestrial model q l a l n s  the p lm.o f  w~dence fot theimpact hypothesis. ptoncd on lcgarirhm~c walm ICnurtcsv of CPr\Orfh.) 
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FIq.d.42 E impact sltc /4)  location ofChlcxuIub I'rdlrr.an theYua~dn Pminsula.M~a~mlI  pr them 
coklt l~ne of >bean h a n d  si re  indica~in~ aa~r~r?uft~unarnis ( t i l lwasn l .  lb) the LTboundarylcrrion ai 
shhorv~ngth~,,.~,,, ,. ..avalsofairfall debr~rand t-mlr (z sphrmle l a m :  b, Iaycrwlth smaller q+ad~; ~ s ~ h e r ~ I t - t r e a ~ r n d  
I~ns.d,ra~marland mioirc;e,chalklen~,f,sandymarlmth knsesofmrwrphtnrl~g, hnrclaymth irldiurnrpikc; h.Iimcstanch . 
a~rhurnr mclr spherulm arrird firstIa.bP, thcnthc ~sunarnirtl+O and finalwlhedun-borne irid~um (R), Morea rcmm b n d  

m a r ~ n e & p i t i o n ( h ~ . l F i y ~ ~ a ) f m m v a r i o u s ~ u r m . t h l  modr FKdfrom Florentin nal, .  lP9i 1 

The  realitv of impnci was deharcd ~hrr~ilgh rhr I l a i t i  (Figure 8.4Z(b)). a boundary that i s  0.7m 
19ROs,but thedimvery ofthecraferin l%Rmn~in~-rd thick (Florenrin r t n l .  1491), dkurnenta a ~hrepphare - ' 

most doubters. The Chicxuluh Cmtcr, un the Yucarjn ormeqq. 1 
Pen~nsula,Mexico /Figure8..4?fa)),is 195 km In didmc- 
ter, with inner rings at 130Cm ,1ntl80krn, and is f i l ld 
with Ter t i~ rysed i rnent~  IbIorpn anrl \.V~rnr.r, IY991. A 
rill!: ( IF  cocral m a ~ t l ~ n r  dcpl>s~t\ shtrwr evldcn~c f w  
t.;~lrlan~i (mawive tidal w ~ 4 c )  ,irtivlr!: prmumahlr. \ct 
on by 4 tr35t Impact intu thr. prr~tr~-(',lr~lrl?can (hm~t, 
IW). Funhcr, the KT houndary chn  rlriglng the 
sitc also yldd abundant qhlrckcd qitart7 and p l a ~ + ~  
sphcrults that march gmchemicallv thp bedrnck under 
thccraters~te. Furkherafield, thehundnry layer is thin- 
ner,rherearcno tsunamideprils,sphcru~esd~rmaller 
or absent and~hl~k~dquartz i r ; lm ~bitndant. 

Derailed studies of KT boundary sectinns around 
'the pmto-Caribbean haw a h w e d  geologish to recon- 
struct what happened. The Famous secyion at Bcloc on 

1 Thc~pherulcla~ers, thelowcr045 rnoftheseaion,are 
trm hands ofglassy sphmla that have twa gemhemi- 
cal compr>sitionr, qonw lndicarlnl: a source rmm melt- 
rn~ofh.t\erncnt mck~and thcrr~hcrsind~cattnga~o~~rclc 

tram ev~por~trr and lrmc~toncs (rhc r c ~ k  underlying 
(.hirxulwbl. The p l a y  sphcrulrs were melted and 
khrown up by the jrnpact and came hurtling through 
the alr, and w r c  scattered rbmt~ghout the 
pmta-Caribbean. 
2 'rhc rrunaml beds, 0.2 m thick, consist of marts and 
clapwith larg~I~m~roneclastsandarecilppedbyathm 
cl,~y layer. The rsunami followed, rnovlnp rapidly over 
hundrcds;ufkilometresof sea. but moreslowly than the 
airborne sphemles, and churnlng up thc l~rnestoncs 
andothersedimcntsin thcarea. 

3 The Iridium spike and rheshorktd quartz occur ine 
fine c l q  band ahout 0.1 rn from !he top of the section. 
w rm l  hours or davs later, the iridium and fine dusty 
marerid fcll fmm thc uppcr atmosphere, long after the 
he~qcr sphmlcs had been dcporired. 
fiposinon finatEv m~rtod to normal Irmesrone, as i t  

had been before theimpact.This three-phase pattern i s  
Seen in all other KT hundary layers throughout thc 
world (Smit, IW9). dthouph the tsunami layers are 
ornitred outside the proto-Car~bbPan. For examplr, 
wblfe (1991) noted the arrival of coamr debris hrst, 
combined withhetingland then thealrbornrdust and 
iridrumsome timelarer 30W km away in Wpmlng 

Thcrerslirtledoub? that therewasamajorimpact on 
Mcrico ri5Myr ago. But much of the palaeontological 
data indicates longrr-matinction over 1-2 Myr.Kcy 
research questionsa~ whdrr  the long-term dying-om 
isagcnuinepa~ern,orwhcthcr itiFpardymancfa~of 
incomplete fossil mlccting, and, i t  the impact oc- 
c u d .  how it actuaIlv causcd the extinction. Available 
killrng rnadrls arc cirficr biulcgidy unlikely, or too 
catastrophic: mall that akilling m a r i o  must htak 
wunt of the fact that 7 6 7 5 %  of families survivci 
KTmnt,many o f t hm seemingly entirely unaffc 
Whether the two models can bp combined so rha 
long-tern declines arc c~plained bv gradual changcs in 
sea-levrl and climatc and the hnal dfsappcaranccs at 

thc KT b u n d a y  rrwe the result of impart-lnduccd 
stresses is hard lo tell 

8.13 FURTHER READING 

Norman 11981%) i s  the best 'popularYdinosaur book, 
and Renton (1989b. 1947. Z W )  are also aimed at 

adults. Rrticular dino-ur groups are mwred by 
Currie e t ~ d  (2004) on thempds, LocHey ~t al. ( 1  g94) 
on sauropods, Dodson t 1996) on the aratopsians 
and Carpnrer (?B(ll) nn the sregowun and anky- 
lnsaurs, and dinosaur eggs and babies by Carpenter 
ernl. ( 199-1). 

abc 

'c ac- 
3thc Thl 
ncd stal 
1 the htt 

Fartow and Rretr-5man (1997) i s  the bet single- 
volume tevt rlhnut dinosaur< for students, and 
\\eirhampel er nl. 11590) is the 'bihlc' for d~nosaur- 
lo~,e-ers, with full dmumentation o f  all dinosaur p u p ,  
thr~r anatnmv. relatlonshjps and distributions. Currie 
and Padlan (19971 is aiomprehenrive encyclopaedia of 
evernhing dinosaurian, and fastovsky and Weisham- 
pel (1996) i s  thr k t  of various textbooks. Colben 
( 1968) is  the classic hutoryof dinosaur collectoru. and 
Cadbury .(2001) in*w?ipkes the rivalry between 
hfante!! and Omn and the first dinosaur discoveries. 

repliles in Zi 
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Smaller Mpsomic anirn~lr  a r t  consided in Frarer 
and Sue5 ( 1994) y Wellnhofer ( t991) and 
Bul and marine reptiIes by 
6 1  ). Mesozoic tetrapcds of 
M o  scribed in Benton er nE. 
(20M)b). Rtad at ~ l r y  and b~ofogy of mod- 
em laad Pough et a!. (20Q31, 

ant (ZDO3). There are many 
h n event, but Axhibald 
(19 ourtillot (1449)expound 
the :anic models respectively. 
Kol I) includes many papers 
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is in Pianka 
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xcelIentx~b 
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,itesabout dinosaunthan 
three g o d  ones are 

eduldiaps~dsldinosaur. 
html and http:lldino.lm.cornl and http:lhww. 
dino.ui~r.nrg!. 4 : dinosaur news stories 

-from hfewScierrr '~www.nemcientist.coml 
honoplcsldino~ rs.jsp. Hrar the sounds 
made wrrh models of the hadrosaur hrnrazrroiophrrsa~ 
http:S/museums.state.nm.uslnmmnhIp3-staftrei 
parasaur.html. Everflhlng about ptemraurs mav be 
fr~und at http:l/mrm.pterosaur.or@, werything on 
mtxlcrn crocodilians a t  hnp:llwww.tlmnh.ufl.edr~l 
no~scilhcrpctologyIbr~ttnncrn~~~cnhc hrrnl and thy 
anntoniv and cl.~rsihca~lon of  turtles at http.11 
tolwcb.orplltrer!pr~up=Tc~tudinef&cont~roup= 
Amniora. For a ma\\ of infnrmatinn ahour 
ichthvnrilurs, ga to http.llmw.ucmp.berkeley.dul 
peoplefmotanYichth~vl Three-dimensional imager 
of skulls, o f  some dtnmaurs and pternsaurs arc at 
http.lldi~imorph.org/I~stb~group.phtmt?grp= 
d~nosaur&sort=Spec~csName 



e Birds 
- KEY QUESTIONS INTHISCHAPTER - 

1 How did birds orlglnate? 
2 How are b~rds aaapm to R~ght, and could 
Archaeopteryx fly? 
3 Was Arrhaenpterywreally the first blrd? 
4 What do Ihenew Cretaceous b~rdsfrom ChrnaleHusp 
5 Old the KTeventh~tblrdshard? 
6 What IS the fossil and molecular evidence about the 
origin of modern b~rds' 
5 What are the relat~onships of h e  major modern bird 
groups-and why hasit proved sohardtoworkthrsoufl 
r Old b~rds eat horses? 

"1RTROOUCTION 
. r 

i Birds area ldrgcgrnupofhighly succrssful fln'ngvcrte- 
- -  I brate5, w ~ t h  jusl over 9000 living species. Thc oldmt 

, bird,Amhmpterpfrom the Lare Jurassic, is known in  
detail on the basrsof sweral welt-pmmd specimens, 
hut there are somegaps in the later historyoCbird evo- 
lution. Thc hird fossil record is better than has often 
been assumed (Unwin, 1993): of 153 families of living 
birds, t34 have d m r i b d  fnssil repmntatives and 
rhcrearea further77extinct families. 

Rird.; apparently rema~ned rare during most of the 

Crctacmus. more than half their history, and the group 
went through wreral phascs of  expansion in the 

('cnrj~<,ic. Recent discoveries haw turned up rnmr 

remarkable ext~nct bird groups: Fady Creraceous 
spcctmcna from C h m  and Spain that 633 a major gap 
b e w e n  Arcluttwpteryx and the later bzrds, Lafe 
Cretaccnuq Hightlcss birds, birris that ate h n m  and 
many more. Lev prrlblcrns remain in undmtandinp 
I ~ r i l  phy1a)gctiv. ~rr)nlcsllv,we seemto understandmorr 
,~lwut thc rclatlonrh~p~ drnons Cr~qaccouq birds than 
.1111~*ng thc-Itv~ng(~rdrh. 

9.1 ARCHAEOPTERYX 

~tilrumptrryxhas bten justlybmuuaa;~~~rits J i ~ c ~ v c r y  
in 1860. At that rlme, one year after publication of 
Charlm Darwin's'On theorigin of5pecies:thc new f05- 
s i l  seemed to bea perfm'missinglink%etwen the rep- 
tilesand thebirds,andenthmiasts forevolution,such as 

Tborniw Henry Huxley, used ir 3sevidence for the new 
thmryhcrrw3san animalwith alongbnnytal1,ahand 

with thrccseparate rlauredfinge~i with dawsand toothy 
jaws [all prrmltlve reptilian cliamcters), but also asym- 

metric feathers, a fumh (the Eused clar~icles. or 
'wishbani) and wings (all advanccd bird characten). 
Archlrwptoyx has continued to attrdct attention since 
then as it is seen as a focal animal in evolution: creation- 

is& attempt toarguethat it iseithcr a truebird with no 
hint of intcrmed~atc characterr and hence not part or 
an evolutionary iransition sctrics,or that it is a forgery. 
Inbothviewsrhey aremistaken. 

9.1.1 Specimens and envEmnmen# 

, , 
mpression (1 
Jurassic ,lim~ 
pzimen ," r ~ h t  . . 

rith the limbs 
~fthewingar 
wcrt' c(>l l t~e '...,-. .-..+ 

Eight sklrtonsoFAr~hn~~ontmawnowhown,as well 
as a single feathrr i I collccred 
from the Upper oln hofen, 
Bavaria.Thc firsts] gle feathcr 

(figure 9.1(a)), was wllectea In Lnw. and !hc firpt 
skeleton with clear feathcr impressions. the London 
specimen (Figure 9.1 lb) 1. waq named Archueoprqx 
hrhogmphrca In ISM. The most famous mmplc, the 

Rerlinsp~imen (Figure9,l(dl).wasfoundin l877. l t  ir 
a virtually complete sketeton; H ,and head 
iyartirulation and the feathcnt ~d tail nrcII 
p r m n ~ d .  Six ?re skelctonc d an 1855 

[rcwgnized 19M), 1951, kY56, 1w1, IYYL and 1947. 
The h~story and anatomy of  tbese specimens art. 
decrihed by Elmnowski 120023 2nd scwrat detailed 
monographs on thew anatomy h w c  been ~ublished 
(e.g.Wellnhokr. 1974, tYRRh, 1 W3,O~trom. 19ib).  

'There ha< been .wme debatc about thc namlng ad 

these hird rkelctons:do thcy 311 cone Vrahrn one s p c i n ,  
or do thwrcprcssnt rveral rlrcie\.rlr c\rn scvtrralpn- 
era' Cenalnlv. the uven rkelctrr~~s v3rv grrafly In swr: 
~ h c  Eichrtat~ speclmcn lndlcztes an animal about 
SWmm long, and the sixth I*rt,lnhfcn~ specimen was 
5 ~ m m . o r m o r e , i n l e n ~ h . I I 0 ~ c k e t ~ l . ~  t'B0)sugfit- 
ed that tLe six specimens known at that tlme form a 
growth d c s  of  CI single specaw. Archaeoprcryx hho- 
~rophica tor moqt indtvidual measurements, thc Elch- 

s t ~ t  specimen IS halfthesizeof theblnhofcn example. 
but t h e  other hw skeletons fall neatly onasttaight line 
ktween thew hvo end-members. Wellnhofer 11 W3 ) 



tacture of printing bl& 
lrscrlprlon as  thogr graphic limenoner.Thr 
. 1 . I - 

I P subtropical lagoon and 
Irluue rnarlnc o r  bradash-water fwms 
~lytish,ammonites,crinoid~,stafish,crup- 
51, as mII as terrestrial plant remains, 
.. . .... ans. ~phenodont ianr rare 

ind Arclrnwpteryr 
V p t V  appear to haw 

t l l r  rime ar me surface, buoyed u p  b y h  
mposition. Eventually, thr pa bu rs tmd  
__-I - -  . #I 

8 the bottom, whcre t h y  
:aching their final rating 

X L I I I ~ ~ ~  I I ~  o n  their sidm with all limbs 
, .. -..- Y.L.C. ~,=,nen?s in articulation. The n ~ k  is a l w v  

consisring o f  alternating layers of pure limestone and b m t  firmly backna result of thecontractionof strong 
marly limestone containing clay. Thc purc limestones rnuscls and ligammtsduringpr~~mation. 

ilium 

i5 . 

subwqurntlv made a case that the -nth (Munich) were quarried far the manu' 
I 

hpccEc'rnen i s  a dlstinctivc small species, Arrhafnpkryx hca~crtheird----' - -  . 
Iximric:8. because 11 was clearly an adi~ti  as it has an 04- Irmestonn w a r  u e p s i l r a l l  
tied rternllrn. I tdi f fersalwin haringlonger tibia bones the fossils ir-' ' ' 

and I d n g r  l e ~ r  than A. Ii!hographim El7~nowqki (p1ankton.j~ 
(20011 assigncd the sixth (Solnhofcn) specimcn to a taceans, fiqh4 
ncw Renub and spccies, MCIInhofina grandrs, on the insects, pteroraurs. c n x w l l ~  
haurrrtrtrlargtls~<canddifferencei ln the numbersand d~nrrwurs(CornpsT,~1hus) : 
~ ~ r ~ r ~ ~ ~ ~ r ~ o n s o l ' h ~ r n t i n t  [he handand foot,andih short The rarcasxs nf Archag 
tail. It 1% ~lnclcar whether thcsc additional spccrcs and drikcd for so-- -' 

' 
p c r a  hill kacccptedand in th.pIollowing1 rcfer toall gares nf d m 1  
t hc .hln ho F n  hird specimens as Archneopoprev the carcasses MIIK r a p ~ a ~ y  ra 

The qkdetons o f  ~rchampteryxwere found at differ- were moved a m u d  bef~re n 
rnt leve!s rn the upper Solnhofcn L~thographic Lime- place. Most sy------ ' 
stone IOberr Solnhofcnm kh ic fc r l .  . 6nc d i m - r  =-A -Ir- 

fig, 9.2 mtanatmv n f A ~ l l r r ? v ~ l e r r c  (a) rktleton m larcral rim: ~ b . ~ )  rkdl in laha1 and d m 1  v h x  [dl r~ghtla*m@w ofthe 
m m ~ h  v l m m .  chmnnp s l ~ ~ h ~ l y  m u d t c n h  and lntdenlal p l ~ t e s  (debar.  1 mml. (el pelvisin htcral v l n u :  If) hindlimb in 
anteriorvk,? F~gurc (r L courtcsrof.Andn*t Flnnowrku,{b. c,cl oftcr Wcllnhofm. 11974; 1d) m u r t q  ofPctm\Veilnhofrr. If) sher 

Wdlnhnfcr. 198Xb I 

. . 
' - * -  : *% <* 7 Hl. l.1 B i & t ~ f ~ e n i n r s ~ m w ~ f A r h ~ m p ~ a l l d n r m b  thc* lmescpk Ica i th Ihcbaas~h in~~ndfkbrbr rs in  ,-*, j 1 

< n~u$houtI~nrThemmmont~ uKd sprcimm name a n d d a ~ e s o f d i x ~ ~ ~ r y a ~ ~ f o U  a M d M n n r h n  l&%(b) London l&k 
A 

14 Hari lm l l i i i i l ~70 l : i d l  BIrlln lm; (c l  Ma&& I P 5 6 l f l  E i c h ~ ~ l t  1951;iglToln~kn 1 9 K ' j ( h i ~ ~ n r h ~  1~2.Ther ighlh 
, rklrilln, reprra1 in lW7.1r m a  pr~valcmllm~on andha, nut bcen dr~ribcd. (Alrcr Wrllnhofcr, l9lRh 1 WJ ) 

I 

- 
20 rnm 

reflexed hallux 
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~tih~acopteryx IS n i nd ium- rued  bird, 3OO-SNmm 
longhmthetipni~~smouttotheendof i tstail (Figure 
4.2(a)),and IT may havestood abotjt 250mrn tall,about 
the s17e of a common magple. The skull (Figure 9.2(b, 
c))  i s  li$tlv burlt, and i t  mav have been kinetic, w i t h  a 

rnomhlr quadrate [streptosostyiy), a bird Feature paral- 
le l~ng that seen in lizards (see pp. 239-40). I t  isnot m- 
tain whahcr theskull of Archaeoptqmvas as kinetic ar; 
t h a t  of l iving birds, whichcan also move their beaksup 

and down rclatiw-TO the mt of  the skull (pmkinesisnr 
rhynchokinesis). The lower jaw u narrow and robust, 
and both jaws bear several smaU widelv-spaced sharp 
tccth Set inwckets. 

Thr teeth -,how wmc derived and some prlmitive 

features. As in later birds,thetre~hdo not havcserrared 

edw.afeatureof thempodsand otherarchosaurs,and 
thcre isaconste id ionktwm t h e r w t  and the crownof 
the tmth .  The m t h  (Munich) ap~cirncn shorn that 
drdraeup~yx had interdental plates (Figurn 9.Z(d)), 
bonyprojpctionson theinsideofthejaw that extend up 



lar 1 l% 
un ate a 
k- hearts 

c 
h m w n  thetmh, a feature shared with hm~yait ad and at kast 12 sec,,,l~anfi a he tniard pcenenting'en aWmenlof op~5 i t ion  rather 
h.4  ~rho=ur ibut  absent in later birds IWcIlnhnier, turn ijlrhr illill, th13, l,lyht bthm rrn ds"aoprgummt 

nfadvOSaQ'(~itm~r,2W2);inafher 
1993: ~~nowckiandWel[nhofcr. 1996l.Arci,mlp1~,r~r with rhwe 

oictBwn karIlrb as in md 
flrdh 

know rhqv art against rhc dinosaur-bird 
and a bird-like brain with 1.r~ q~r Thc 16 17 pril,.~laj~ h~~~~ 

tothPTa" hgporhesfiard 
*ktopick h o l e s r n l ~ b u t t h ~ ~ ~ ~ ~ ~  

l h h ~ h ~ h  indi~t~th~tsighfw=akey~n~1r).~yrm. ~cbra+ nn( pr wrbi,rJr from, b. bvean 
a l te rnat iv tphy~w~~t icv i~a f  their own. 

Arrhaeopzeryx has a n  S-curved neck. like (heropad T h c d i n ~ u r ~ ~ ~ ~ h c 5 i ~ .  OStmm (1976) cat- 
dinosaurs, a short back and a long strzrght tail with 

Md 
do- of similarities b e m n  the skull and 

SkelPron 
Archampreryr and those nf derived them- 

@ dinosaurs as h n o n y c h 1 ~ S u b K 4 u e n t d ~ ~ ~ ~ -  

hc 
(c.g. Gauthies 1986: H~ltzv Iw4; ScrenDg 

,994, 2001: Chiappe, 2002b: Clark er 01, 2oOz) 
Mlv suwrtd this view and establish b n d  all 
eA,nabje doubt that the birds are d c r i v ~  
dlntrsaur& related cl~splv to thedromamuuridsor lhr 

c i n o n y c h ~ w  ( 5 ~  h Y * - 5 ) -  
fie d e b t e  on bird origins has ~ m c t i m f f  

tnncrion and evolution.~mponen~~ftheb~~a~di~~sid 
or;gin of birds mainly supporters of the arboreal 

b i ~ t c d  h m  Climbing antes- 
bear long c u r d  clam. h~ regard the dinwurAird 

pelvis is  ~mpodrn .  but there has been some different of bird p as necssitating a cumrial 
controversy wer its reconstruction and in paflicd e ~ m m a l - b i d  hypotha o r i ~ n  of flight Iaground up*; set d o n  9.2). Therr is 
over theorientation of the pubis, which m y  haw n ~dothermi~ both group no such necessary Enkage between the ori@n 
-tially vmtlcali~ as ln some thernpods, or i advanced brains and in> 

- 
,,I fllghr and thr origin Of bids, an a%ument for 

wards inlivingbirk The n m s ~ i m e ~  co~f i rm thc ( f e a t h a n d  hair) ham the PMteLn kprathtinGaTT -5 ,, functional hypothesis docs not eject 
first view (FiWe9.Z(e)).The hindlimb (~ i~u te92 { f ) )  diner (1982) enurn and furthe? suppad ed le hi+theropod phylagenetic h+thfiir (Witmer- 
is also iikc that of small thempad<: the femur iq shon sharedchamcterr tc ~ i e w  that, amonglrving 101). 1 ogiwlly, phylogeny must come first and phdv- 
and sli$$tl~ arched, the tibla sr srraight and rhc fibula animals,birbaren 5,  or cven diapsids. but aniff m u s ~  bc supportrd by character data- 
"cry tlm, the astragarus and calc3neurn are Frrmlv at- thp clowe livirtg pmu tt, hc mammalq Thu debate hac h n  unnaturall~ ~rolonged hv 
tached In tlleendp nflhe?ihia and fibula, thcreappeart tion, mme evidence fnlm blood prnteins $ho. mcdie atlmtion.Theongtn of bids h x  heen a tnpic oi 
lo be an axend'ng p m  l-ated with the astra- i n g o f b i . 8 ~ n ( m m l m ~ a 5 , i ~ t C r F w U P 5 J ~ ~ ~  public interest for the past wenrjYearstso much 
gaJus~theou~er(~) t(w is virtual!^ rnrl and the inner I I ) rnnrpholqical evl~Encc for rllrh a so the lmdtng proponcnrs are kequently inter- 
lWir "o' and lies at rear of the fmt. the efl-d npeciallv when b.,! bxr rrr ;ncludcd ,* ana~pil "im4 blr articSes and T'V r ~ e o a l ~ .  The 

t~icaloimanybirdr.The could he u\rd fur (Cauthrcr ci a i ,  I yRnl,: ~ ~ ~ ~ t ( ~ ~ ,  ly9qr), and ruler of jollrnaIism rqulre that'equal time' is Avcn l" 
c ' lmbin~t rwfrunks ,has~on~nmpar inn~af~hr t t~ t~  m n l r c u l a r c ~ i d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ , ~ ~ ~  rcptmcntalivm "(each vtwpoint-k thc ruPPrrcr* nf 
and cfaws of ATCha80p*m with Ilving bird% w h e r w  %ardupand Mcv~r,?i~,,l.ll tdvnrlrr l~lcrradirraalvinv, rhchaa~dt.lpridl,ri$ln n fb~~dqo f ta  haver5 mu'h 

hindlsmbc ~elv isaphul t  for nrovinylout en 2 ~ h .  hub diap5id-,,ird hypn,h~ir, A ti,lIP 1ht. of h ~ r h  a5 dinohaurl, cbcn 
1heplmund (Elzanowrk~,20[)2). minarityarguefhc<n\~ thal h~rt f \~wlvct j  in rhe'hiaAc rh+,,,gh the lattm q r w n t  probahlymnrc rhan9whcyT 

The spec'mcns of A r c l l ~ ~ t * y x  arc famous for from a diap~id or archowus .,,LC,,lrr 7hcjr choice w>rk,ng vrflt.hrste palamntol~giqts- 
preservation mfr('sh) tissues. the craw hone., nf ancestor has varied cc~rnldcrahlv, fr,,m late ~ ~ i ~ ~ i ~  
the hand'andfortbmrhorn ( k e ~ t i n l  sheath that ex- crocodilomorph5 (- 145,~. brul arc~uurSUCh 85 tend thec'awlcn~th rnnsiderahlv. 1s no trace u i a  Elrprrkem (w p. 14 1 1, the bli.rf rlrnlthd sib 9.2  THE O A l G l M  OF BIRD FLIGHT 

Thr ifhca (also md. horn h r a t i n  u. mwh hn i p I5.31, long-llmm pwlacofiron 
PP. c-idcrahle detail. T'here are shon Mrgahn~(~murrrr ( 

~ ~ d ~ ~ ~ i ~ ,  1 4w1), or [he crested Birdshawwing and feattwrrad thtymn fly-l'heab"- 
Over he lower n=k, body. of the diapid Lofi~qrmmo ( lone$ el n ~ ,  2 ~ ~ l ) .  ~h~ anammi- jt), 

fly is bndamental and the whole bird ske[etnn is 
a n d ~ T h c k n ~ i ~ k s ~ ~ r i s i n g ~ ~  modemem with -1 w idan  6n dl llup su-iOnS hw bCPn for this mode of locomotion- flight has 

Or primary flight feathe& attached to the hand hespurious,and th~supporlrrsofthiqviewaresharac- ,,,adifid [hr =fr anatomy of birds, with nigh! muscles 

rented these 
rsupport his r 
ot archuuur 

iL.Birdsand~ 
have four4 

dating sldn 
. . 

, In ad&- 
& a pair- 
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howem, 
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ocrurying much ni the trunk. and a h ~ ~ h l y  efficient 
nietjhc~lihm and respiratory system designed to m p  
w~th the demantls of 1351 or I r )npwm t?.ipp~ng ur rhr 
winp. 

9.2.1 Thcflight sppara~oFmoderu birds 

In thcforelimbsofmodrrnbirrl.; (Fipre93),tlrehand 
and wrist elements arc greatly reduced. Icaklng Rwn- 
t ~ a l l ~ ~ s i n ~ l e b n n r c r a n k s ~ e r n  thar ~uppor~\ll~cfcath- 
rr, dnd form5 the Ieadlng cdpr uf thr winp. \\%ereas 
Arclmmprqxhasdigi!~ 1,Zandflor i s i t  Z,Jand4~:see 
t<c,u9.1) pmentand bt~ringrlaws,thc mrrd~rnI>lrrl har 

I t r 5 t  the clawsand tetalns only iplint-like rr i~nantuf  
mascarpal 1, metacarpal 3 is  reducpdr to a sfender e'le- 
ment 6xrd to metacarpal 2 and digirs 1 a n d  3 rerain 
reduced ~halanges. Thc carpels srr* fused to rhc 
metaarpls ta forma simple hinge ju~nt.The hurncrus 
has clearly defined processes at each end for the attachr 

np. 9.9 TlwskIlconofa*pkalmodm h.d.rhrprgwn 
Lrrlurttba,showingthc wing and thc supnccn~mdeusmude 
thar ralw tbcwi*ingb)'acImgovrrrhe acmcr'wod p'oc6s.a 
pulley-tkcrystcm. ( M a 4  on Youup. 1Wl. md ofher wwrcer 1 
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rncn lead~ngtaan  airspace inside thebone. 

muscle (downstroke) and the supracoramidcus m w l  e u 
(uptmkc and flight mntml), and these i n m  on the el 

lower and upper facesof thc humerus mpeaivcly The 

BOX 9.1 B I R D  FINGERS: 1, 2, 3 08 2, 3. 4. - 

"nd&nd,w MMlm& PhDturaph 
~ ~ m d a b r d m b r y ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ' ~ ~ ' ~ ~ ~ ~  

dlglts acqu~re the~r o$siried chractemhm upon rnt~ractmn wlth grad~entsof bonc morphogenctre prolelns The t ~ r n ~ ~ ~ p e n d  
sh* wlru,, hmlch dw24anexpd 

aUnmthwshmandd~e 1-3 mrr ~ ~ ~ a ~ ~ ~ o l ' h e ~ O d S s s h I I W l n c J t n l :  

pattern of osslficatron in tha lrmbsarecontrulled by Hoxgenss (see Box4 2). somet~mescalled homeolic genes and hence the 
RO"llm ~ hddalb Inmkk andm Iwd Irnmshtn b-n ~ e p ~ r e ~ a n d l h c m o d e m  blrdMkFIUuw'a)BA'an 

frameshrlthyp~hesis 1s based on homeolicIran~ormatrnns.and therrewmpenmentsshow that suchsh~nscanoccur 
FPdueCU mp,dvCed *rllh 

pmmEaofi, tbl b s d  r n w a g n e r a ~  wther (19g9)v~cbmdm varlOusu*rttS'l' 

Read moreabout ~ ~ s d e b a t e a t M t p ~ l w w w . m i o  &article phplch=16&M=161 

i I 
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me mo~dwnred b~rds tDe Ornlthume inciude hesper- 
omlfilforms. ~hlhyorn~thllorms and Neorn~thes, the mod- BOX 9.2 A E L A T ~ O N S H ~ P S  OF THE B A S A L  BIRDS em groups (Cracrafi. 1988. ChlaPW. 21X12b) These are all 
charaeterlzed by a pointed orblbl pmCRS of the quadrale 
(see plgure g &c)j. a shortened back and pelvic elements 

the basal bird.the315br group 01 Rahonavisand the Plgostylia (Chappa Z Q Q ~ ~ ) ,  mlch ineludes all mer that mn backalmost ~n parallel (see F!gureS.B(a)) I c h t h ~ r -  
birds ( s " C ~ d ~ ~ m )  me PMostyl. cons~st~ng oflhe Confociusorn~lh~dae and the 

os~hothomoBa rMmlb PQqslll nrs*nsfeatu~s of the hand wrth modern b~rds The mod- 
veaebne) anda bachards Polntlng pulls The ovraptor~mvrs 111 the ahem. contmranially em birds, termed the Neorn~thes (illustration 1). are . 

hareaWgos~kand Orher generallredbjrd charactars Waryarlska eta!. 2002). aswell as other featureh the cervrcal . dlst~ngu~shed from the exllnct groups by further derhed 
pehrfsseen0"lY4nmoreder~d birds me rna~orCrebceaus b~rd  group, the ~ ~ ~ ~ f i ~ ~ ~ t h ~ ~ ,  shams a numberof characters [tracran, 1988), ~ncludlng loss Of teeth and a 

mrcalavran characterswlth moredenved forms, and two  ate cretaceous forms, PatagoPleryxand vorm, come next In rha , pneumat~cforamen in the humerus that provldesaccess to 
phylogen~ 

reduced vDmer 
an a~r  space ~nside tho bone The air spaces in some malor 
bones both reduce we~ght and provide a!r storage spaces so 
that the efficiency of resplratton IS ~rnprwedl 

Xha modern brrds lall lnlo two clades, the Palaeog- 
nathae,fllghtlessratit s.and the Neognathae. 
all other flying birds I ).The palaeognathous 
palate(~llustratlon II(; orncrfirmly anached to 
the pttrygold, no loin ~teygoid and Ihe pala- 
ttne, and a m m b l e  jolnr oerween irE pkrlgold and Ihe base 
o f t k  bra lnae The'neognathous palate (~llustratlon Wb)) 

{ a ) ~ w n a t h r n a n d ( b ) n e o g ~ ~ p a l * . f r o ~ a  Is m 0 ~  loosely constructed and more rnob~le. The vomers 
am redEed or lost completely, there Is a rnovabteio~nt be- 
tween the pabtlne and the pterygold ard the 0terY'goldl 
brainmse ioint hash 

Mort of the c~~~~~~~~ birds rcpoficd since 1~ was the s i x  of a raven, it was a f lyrand it an 

bc =ignd to posrtlon5 in a of early I?rgcd claw on its mend roc, perhaps for killins 

I 'ladqarn s h w r l n g t h e ~ o ~ u l a t e d r e ~ ~ l ~ ~ ~  ofthe malor grou ps oihrds, basedon Chaappe (2w;rbl For ha,mn of brdsam birds (* B~~ 9.2) a 
of intpnrrve anatom1 ca! prey hyshh lng .  as i n d m m ~ e o s a u r l d s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

thwopmdlnosaurs,s~BoxE 5. and forlhe ~ f i ~ ~ w v o t ~ e o g n a m a e  m BOX 9 4 4mpmomh,n A oosrrH Dadbile deKriprion rr{,,lc sF&culrr ncv finds, =peciaUythe (.we pp. 197-81 Rohomns, although 1lvlng long 
WrtlallYam ~eantwb~ta l fmt ra  p r o m r ~ n t a ~ o m ~ n  pr 

Ivla, pavlllae on ulna iortl~ght imthsrs. pmn.&d and low spclmmr horn spam, ~ ~ ~ ~ ~ l ~ ~ ~ ,  M&gaxtai md Affhomptew retain. the long hnnv lad and 'Iher 
Wsrenor P r K E s  of IllUm, reversed hallux (iirst [oep~rnls 
*aft oldlus 'rbufa does nof reach pmxlmal tarsals, tvbeslr lous s W C ~ m . s h a n  of ulna~nnsudembry t'lrckertnan China Iwmmarird b, b d l a n  and ~ h , ~ ~ ~ ~ ,  1998: primltiwftaturesthatwerelmtinallorh~rh~rds Itdif 

fmtawsal Ill C PW;m~ltw absence of me 
bposphen~pan1nrm acceswyart~cubt~on rn fhethor;icc Gauthier ~ ~ 1 1 ,  10r)l: chlappc and Dyke, 20112: fers f rom A ~ ~ C ~ C W ~ P ~ Y X  in having a nr)rrrbl has 

shle bacmrds-tum~ (retrowened) pub~s at an angle of 
JSa5"kro*1heuenebnf culumn wdeand bulbousmedlal conoy~e ot me ~~hotarsw Q. 

premaxllrae lacrimal Is Curved and open Chiappc and wItmer. 2002)  other Cwtaceous h ~ r d r .  moved back t o  l ie partrallt'ahuvr lhc antorblral fcnfi- 

wstenorry juga' bar 'lenderand d-like. moblre auadratquadrat~~ug;~~ anculabn 13 
eruleal vertebme cmcar ribs hsed tGctmra pspecidb some rnmplrk spfomenr fmm the Crr.  tra, a prnmincnt aCr(lmlun Pr(lLm5 (In " a ~ u l ~ *  

rroreZhan e l Q m s a c ~ l v e ~ e b r ~  l l~ma~are~lose Welher dorsalb E ORRITHOTHO~A~ES fewer Ihan 13 thoraucvenpbrae slrut,llk tacmus of h o p e ,  are less msy t o  place- pointed and low pl,+tcrlor pnKcrb of thr. thk~m .lnd dlf- 
"raco'd'ln'ss'a'canal F o A N I T H O M O f l ~ ~  loss 07 muds u rezggapophlse$ melacarpals 2 and jpanlalb or complefer( fused fete"[ leg pruportiunq. I-ur%tcr rr IIL I IYW I hcl lewd Rid 

comR~etelus'on melalarsals 2.3 and 4 C ORRRHUWE sharp polntpd anerror pmcess of u u ~ r a , e  man , , thoracic hofiavlr was a clusc rclativr of Arrbncqreryx perhalrr p D c O r a c o r d p r o ~ ~  glok-shaped m ~ x  pro.lnral hcad o l  humems $mallacelabufum publs rvm back pa,allcl rrch,umand ' Dromlnmpaterlar Qwe GARlRATAE eflensorproeess on alu~armetacar~~l dpveloped, ungualphala,,wd mslor 9.3.1 ~ahonavisand pku1omis 
a r n e m k  o f  the Famil* Archamptcr\pldae. br l l  the 

'prl'f1nger2Jabsent I nEDRHmEB absent vuadraleart~cwhtff ~ r h  pmotlc wsrralla (abdnm,nal absenl pne"mahc and 
c lad is t l~  analvsrs [Ch~app l .  21102h1 shows that 

Tramen ln humerus 
-,-,,< mmost basal c~~~~~~~ birdappePrstobp Rahonavrs ~ a d a ~ r h i r d d l F f e r s  inatleastfiw chawrLerr- 

the Cretacrous of ~~d~~~ (Forster pholomis IZhnu and Zhanp+ ;wll fr[lrn the l.ob'm 

e r ~ 1 , , w 8 ~ ~ l t s a m a n n a n r s h a s ~ n d ~ p u ~ ~ , ~ ~ t  ~t has ~rqacmus !rho! Group o f r h l n ~ ( m B 0 x 9 . ~ )  a'wap- 
, mcd hdlu* la hc-bar~s-polnt,ng digit , the big pearslow in the cladogram.ciow 10 ~ a h o ~ ~ ~ ~ ~ .  Ieholor- 

ad the ulna bansmall knoh%,orpaphc,f0r the nu has a long bony tall, Archnm~revs but shows 

inscnion of wng fcahers. ~ ~ h ~ ~ ~ i s  (Flpwre 9.5qa)) advances In the structure of the The 

!en lost. 
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The I~rst  repons of spectacular blrd fosslts from Laoning Pronnce la north-east Chia c a m  out In 1984. Farmers and school 
ch~ldren had excavaled spec~mensfmm trmwtonequarrres In their fleldsand lhesewere sent precemeaito pafaeontologlsts m 

Bei~lnp and Nanrlnq More concentrated research began In the 
1~9O;and so Iar some 15 genera ot b~rds hwe been descrrbed. 
seven of whrch are enantiom~lh~nes (Zhou and Hnv. 2002. Zhou et 
a/.. 2003).Thelossilrt~ous horlzomare In he Yixian and JluIotafig 
lormations of Me Jehol Group, some 2WOm of sediments, and 
birdfmsrls havecome hornall levelsthmugh tksvccession. Early 
workers suggested these beds mtghl be Late Jurass~c In age, but 
radlornetrlc dahng and b~ostnlrgraphy show they are Early Creta- 
ceous (lale Hauterivin to early Aptian, 12E-110My~agoJ. 

The l~ne firnestones. hrd down by slow accumulat~on of&!- 
ments inanelent take<, have produced rich floras and fauna me 
Rota is Uom~naled by conifers, but many other groups, induding 
angiosperms. are represenfed by leaves, ffowen, huts, sterns and 
iom. Irrvedebrates ~mluds insects (mayf~es, dragoflles, cock- 
roaches, bus ,  Il~es),sp~ders, ostracods, concostcacans, crayftsh, 
bvalw and paslropods. Qther than b~rds, thavsrtebratm indude 
bony f~shes, frogs, salamanders (see p 103). tunla, chorls- 
loderes: Iuardkpterosaursad dinosauo, incbdmg the leathered 
lheropods (seaox 8.2). and mammals (sm pp 305.31 1). 

Some ol the vertebmes from the Jehol Grcup are mlicts, late- 
survlwng members of groups that haddledout rnuchearller else- 
where, sach as Siwuropteryx(clos~ relatlveal CO~p~og~?.?thUs 
from Ihe Upper Jurass~c of Germany) and an anurognathld 
pterusdur (olhenune hnawn also only from the l a t e  Jursss~c) In 
addltlon, some of the plants. fishes, tumes, the psitfacosavrid 
dinosaurs and the c o n h a u m r t h ~ d  blrds are also unrque to east- 
ern hsta. Are the Jehol blotasireaks. assemblagesol unusual and 
b~zarre planls and a n ~ m l s  that do r~ot  represei themamstream? 
Seem~ngly nct Most of the organisms are typ~cal of Early Creta- 
ceous localr~es elsewhere. and th~s  IS true of the maiorb of the 
b~rds 

T k  book o l  lhe tuurrng exhrb~tion of dmwb~rbs from Chlna 
(M~lner. ZW2)conta1nsco~our photagnphs of speclmensand l ie  
rbstoratians 

Ths Earty Crencewrs brrd C o n ~ l s ' [ a )  mmplrte (7) mak specrmn 
w~!h Ionglall. (b) k r a l  nwrolrhe skull (Courtffyal Z w u Z h m h e  I 
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