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The palaco€oloSy of lhe FniLile. limbcd sn.ke la.tD/tu.,rir is r€valuated tteviously consid_
crcd lo have b€en pre€rved a slallow bay with a nearby licslwater sourcei it is herc dcnonstraled
ro hale innabi|td an intcrr€fbasin. EideDce tor drh cones lrun the position or the neaEst paLae
oshoFhre (450 km aNay), the finely llhimted cdbomte nudltones, and lhc absence of bnnurbr
tion. alluliun, and unequivocally ler€slial or fieshwltd taxr. Marinc adapt.tions ol Padryrrld.lr
in.lDdc tic latemll) comprersed body tuld heavil] ossilied (pachyostotic) veltebr@ and nbs. Hvdrc_
dvnanic considcuions nrdicatc drd it vas a sl.w s*immcr, and thus xn anbNh tnthcr than pu^uit
prerlaloi Morl)holoey ofthe anteior venebrac Ssests drat the ihike musclcs weE $ell deYel.Fd
The nxftow head ald neck night havc been .daptatn) b tdu.c water Esisunce dun.g rapid
lLDges, .nd/or to fomge nr bnrows or lighl crev'ces

r.-rt,rdrr Plleoecologyi Pd.lDdd.nrr CEtlcdoDsi squanatesr SDaie!

INTRODUCTION

The origin of snakes lion lizard likc lncestors was a major clent in verebrate

evolution. and rcmains rather poorly understood despite much efibrt. For a long

time, the nearest lizard relatives of sn.tkcs remained uncerlain, xnd no transi_

lional iaxa were known. Recenily. however, scveral independent sludies have

concluded ihat targe mainc rnosrsauroids are thc nearest relatives oI snakes

(Scanlon, 1996;L€e, 1997, 1998; Caldwell, 1998: Rage, 1997). and a wcll-ple-

served lransitional raxon, Parhrthdchis prablenaticus, has been idcntilied

(Caldwcll and Le€. 199?). Hcrc, we discuss the ecology of this impoftanl inter-

mediatc and its nnplcations for the evolutionary btulogy of snake origins
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Pachyrhachis is ,t.lone-bodied. nitl.ine squamare with reduccd limbs, fi.om the
Middle Crctaceous of the Middle E.tst. tr is known lroln two targety compleie,
aticulated specimens. both from rhe same quit[y ar Ejn Jabrud (= Ein Jabrhud or
Ain Yabrud), norh of Jcrusalem. They were idtia y interyi:ted as rwo disrincl
IAxx, Pachrfiachis problendncus and Ophionoryhus cotbefti (H^as, 1979.
1980a, b). Subsequenrly, the ta\on ttame Ophionoryr&r was found 10 be preoc
cupied. and it was rcplaced with trres r (Wailach. 1984). However. a reccnt
delailed study of rhe two specnnens (Lee and Catdwell, 1998) reveated rhat,
aside from a slight size differencc. they arc jn atl respects atmost ialenrjcal. trrs
sn6 (= Ophtunorphus) colbt,.1i therelbre became a junior syonym of pa.r].}a

Receni srudy of Pdcr),,ia.lrr revealed fiar atmost evcry skelelal element is
reptrsented iD ar leasr one of the two specimens. providing a basjs for a very
compleie undersianding of i|s morphology and relationships. pd.l]/racrir is the
rnost primitive snake, being rhe sister group to all other snrkes (L€e. 1998; contra
Zaher. 1998). lt is m exce ent exampic ofa rransitionat raxon. exhibitins mosr,
but not all, of rhe derived feaLures ihar are diagnostic of snakes. In paricutar, it
possesses many cranial and postcranial speciatisarions of snakes, such as those
connected with a highly kinetic skull and long slendcr body. Unlike all other
snakes, however it retains a normal itiositoral contact. and a slnalt bur
well-developed hindlimb Gigwe 1).
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Bec^lse Pa.hrfiachis occupies a crucial phylogenetic posilion and is very
complelcly known, its palacoecology is important. The original descripnons by
Haas (1979, 1980a, b) did not irclude any detail, beyond mentioning thai the ani_
mal was aquaric. The reccnt deiailcd study of this animdl by Lee and Caldweli
(i998) ooncenlrated on anatomy and sysLematics. Some Fcliminary remarks
about the mode of lilc of pochyrhachis h^d akeady been inctuded in an unpub
Lished thesis by Scanlon (1996), based on exisring (but bdef and p!flty inaccu
ratc) descriptions of the hototype (Haas, 1979, 1980a). Scanlon assumed,
lbllowing Hllas, that trrtu,rl,r was distinct from pacr)|lla.}is. so he djd not con
sider the fbmer specimen in hjs discxssjon. Here, Scanton,.r interprctitions arc
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FICURE 2 LoserCenomdih pd&oge.gtuphic mp. The lo.ation ol Ein Ixbn'd n indic.t€d by a
sra. Hcavt lincs indicatc palacocoa$lincs, rhin lincs indicatc coastal naryins of nodem continents

modifled and exiended in light of the new understanding of the norphology of

The general morphology of Pdcrlrldcltr is shown in Figures l. 3. 4 and 6.
There is a small,lightly built skull, a slender cervicalregion. and a long,lnterally
compressed tlunk. The forelimbs and shoulder girdle are absenti the pelvis and
hindlimb are greatly reduced in size but still welffomed. Only aspects of the
anatomy relevant to the inferred ecology oftbis animrl will be discussed hcre.

PALAEOENVIRONMENT

Locality and Straiigraphy

Both specnncns of Pa.hJthachis pmblematt.,s wcre found in limestone beds
cxposcd in stone qurnies near the town of Ein Jabnrd, situated near the West
Bank cily ofRamallah,20 km north ofJerusalem (Figure 2). A11fbssils relened
to as the "Bin Jabrud flora and fauna'cone finnr a singlc horizon within the
Amminidav Formation (middle podion of the Judea Groupi Arkin er dl., 1965).
Descriptions of actual quary sections are curendy not available. However. the
t}?e secrion of the fomation. located 10 km west of Jerusalem near the village of
Aiminidav. is an 83 m thick section of dolomites local1y interbedded with thin
limestones. Based on stari$aphic colrelations of Braun (1970) and Shachnai
(1969), Chalifa (1985) indicated ihat the fossil-bearing horizon in the Ein Jabrud
quaries is from fie lower parl of the section.



FIGUR! 3 Re.o.srrud€d cros{etions ol Pd./dr,rd.,in, dranged lron anlenor to poslerior Scale

o o r  2 . i  \ o p r o r , n k ' e  r A 0 1  1 1  \ c f t b  l t ' 1 "  ' d e J  r o l o v  A ' ' h p e s r m l  ' n i

! " 1  r B , r ' h ; r "  ,  1 1  r , ; i ' d q , l " ' , _ a l p  ' r J l ' n ' d d o r : l '  D  1 0 )  ' p F d  n l  o v

nor do$al). (E) l,10th pEsac l (po$eiomo$ dors.l)



tc ot ocY oF ll { ctl ,RH/.laI'1s
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localities nriLillly mdicrtcd rn earliesi Lower CenomaDian age (Chrlila rDd Tch

ernov, 1982).'rhis has sincc bccn rcvised by Chalifs (1985, l989a,b). foll(,whg

tuther investigation of lhc fish launa. Tire fbssil horizon noN appears 1o bc ol

uppermost Lower Cenomaninn agc. This placcs thc Ein hbrud ljshes as contenr
poraries of lish faunas tionl nea$y deposits in Lcbanon. ard tiom dre norther

marg s of the Cenomanian Tethys (Conren, Slovcnia, rncl lhe English Chalk).

Lithology and Scdincntology

P rcrio u! I nr e stigat io fi s

Most descripiions of units rt EiD Jabrud and sullounding outcrops hrvc

lbcused on nrajor units ir thc Anrninidrv Folmalion (Arkin t al., t965.

Shachnai. 1969i Braun, 1970r Bcgin, 1975). These nrdicate thar the limesi.mc

meltlbei and limestone intc$cds fouDd wilhin the dolon tic member. rrc
"...-srey. pink. or red. and nn[c thinly bcddcd tlran dre do]omite. (Begin. 1975:
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In more easrerly ouicrops ihe fbmaiion ihins .nd the lower parr of the Annin
idav is maiked by a carbonaie breccia. In secrions to the wesl, the Amminidav
thickens (up to 120m) as does the breccia unil al the base; the limcslonc porrion
of the upper member increases lo abou1407. of thc folm,tlion (Bcgin l9?5). No
cvidcnce ofaclastic compon€nt in the Amnrinidav limestoDes has been reponed.

Gayet (1980). in a paper describing a fossil fish from Ein Jabrud, briefly char-
acterized thin-sections made fron the fossil-bearing limestones. She pubtished
no figures but did identify several imponanl featues: 1) microcrystalline lime-
stone with microsparite sparite: 2) total absence of organic elemenis; 3) miffo-
sparite and sparite between laminations;4) presence of "sheetcracks", a labdc
whose genesn Gayet suggested was produced by "bulles d'ail' (air bubbles
trapped in lhe sediments ihat would communicate with each other. incrcase in
size, and escape the sediments); 5) presence of calcile (miclospldle and spnrilc)
filling |he sheetcnck fabric. Gayel (1980) inleryrered the ftrely laninaled line
stones as indicating thai "......de courants bien que l'energie du milieu soil f.ai
ble" (....the cuneni energy in ihat envilonment was weak.). Fhally, Gayel
(1980) does noi mention the presence of ary clays in ihe limestones she exam-
ined.

Recent Obsenations

One of us (MC) examined ihe fbssil-bearing limeslones of Enr Jabrud in hand-
sample. In color. the thiriy bedded limesiones are pinkish tan on fresh surlaces
and they wealher pink to reddish-onnge. Fire horizonial laminae werc the only
pdmary sedimentary structures obsenied. Biogenic sl]uclures md biochslic
inclxsions were not observed (grain inclusions lvere less than 107,)- Thin scc
tions of the Ein Jabrud rocks u,crc not nridc.

Palaeogeography

Beginning in the Aplian and Albian,.rnd conlinuing throrgh thc Ccnomanian
and Turoniar\ whal is now ihe nodem Middlc E.rs1 was subncrgcd dnring a
major transgressivc phise to fom an extensive carbonate plaform (Follmi,
1989). Nunerous patch reefs and intra-platform basins formed on this enormous
shallow-water platform. A loosely companble modem analogue is the Geat
Barrier Reef on the nodheast shelf margin of rhe Australian plate. However, ihis
does not match the scale of the epeiric sea and reef sysiem that extended across
the Middle East pladorn during the Cenomanian. The Ein Jabrud locality lies
well away fron the margin of this plaifonn (Fig1lre 2). The shoreline ot' northeast
Africa was apEoximately 450 km to the south\\,esi, near the soxthen end ot' the
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modern Sinai Peninsula (Smith sr al, 1995). To the west, along the shelf margin,
there was an extensive barder reef syslem. Similar shclf reef complexes occuued
along the north and souih margins of thc Telhys Seaway. (Jurkovsekerdl. 1996).
Throughout the Albian and Cenomanian. Europedn aDd African epejric carbon-
aie platlbrms supported cxtcnsive reef complexes fomed by rudisi bivalves and
scleracdnian corals (Bcnr, l97l j Saint Marc, 1981i Jurkovsek cr al., 1996).

Fauna and Flora

The carbonate rocks al Ein Jabrud contain a rich and superbly pleserlr'cd vcfle
hate launaoffishcs and reptiles. Among the fishes, pycnodonts, skales, and rays
arc wcll represented, as wel as a large number of actinoplerygian fishes. many of
which havc been described (Chalifa. 1985, l989a,b; Chalifh rnd Tchcmov. 1982j
Caycl, 1980, 1982. 1985). With dle exception of an amiid, inlcryreted by (Chal
ifa and Tchcmov (1982) as having been washed into the deposiLional cnv;ron
menl oI Ein Jabrud, all the other fishes are considered to have inhabiled shalbw
to deeper wrlcr marine environments.

Repiiles are represcntcd by several lizard ta{ar one snake, one pieryodacrll,
and lwo turtles. The lizards were mentioned by Haas (1980b) but cunently
remain undcscribed. Our exaninaiion of this maierial indicales thal it consists of
fragmentary renains of mosasauoids, a group of squamates with definite nafine
habits (CarroU and deBraga, 1992; Caldwell et at, 1995). The pterodactyl also
rcmlins undescribed. The Ein Jabrud iudes are two spccics of pelomedusid
plcurodires described by Haas (1978a,b).

The fossil bcd at Ein Jabrud also contains an assemblage of disafiiculalcd and
disNsociated floral elements. All plant fossils menlioncd in the literaturc are iso
Iated vegetative structures such as leaves and slalks or stems (Chalifa and Tcher-
nov, 1982r Chalifa, 198s).

Taphonomy

Uertebrate Tophonom!

The vcrtcbrate fossils from Ein Jabrud show litile or no evidence of scavenging
ol post-burial bioturbaiion. Almost all specimcns ,re in close to perfect aticula-
tion. This suggests several importanl biostrrtinomic chancteristics: 1) absence of
an active epifauna and iniauna (no cvidcnce of scavenging or biotu$ation); 2)
low energy environnent (lilLle or no bottom cuffents. or sediments deposited
below stom wave base).

Hdas (1978a.b) suggested ihat the Ein Jabrud lurtlcs were elements ofa frcsh-
water fauna. This conclusion was exlrlpolited fiom the occurence of extant



pelomedusids in freshwalcr cnvironnents (for a review see Pitchard & Trebbau,
1984). Recent invesligalions on thc taphonomy of tudles indicate ihat ii would
be very unlikely fbr thcsc turdes to hrve remained aticulated if they had washed
in from somc rcmote fluvi.l soulce, or from a beach (Meyer, 1988; l99l ). Mcycr'
(1991) examired the preservation of iuriles in mxdne intdtid zones and in the
deeper water of a subtidal lagoon inluenced by tlre daily cxch,tnge of oxygen-
ated waters through tidal channels. In boih environmcnts, turtle skeletons were
qu;ckly disnniculated. ln the inte idal zone, wave aclion and intetidrl detr;ti
vores swiftly disaticulated the skeletons. In de€per waier, decomposition ind
activities of detritivores soon led to iheir conplete disxrticnlation.

However ad hoc taphonomic hpotheses rnay not bc nccdcd to expldn the
presence of pelomedusid tudes and amiid fishes al Ein Jabrud. The fossil record
indicates that many pelomedusids mighi well have becn narine (Wood, 1974;
Pitchard and Trebbau. 1984). A number offbssil lblms arc found only in marine
rocks and one modern African species h'es in landlocked saline watcrs (Wood,
1974). Thc pclomedusids ofEinJabrudmay well have be€n marine turtles living
in ihe same reeHagoon €nvironnents as Pa.rJ,/ucr and the mosasauroids.
Likewise, amiid fishcs arc derived from marine holosieans (Canoll, 1988) and
most certainly coloniTed fi€shwater habitats secondarily. Wilson (1995)
describcd amiid vetebme frcm a probable hackish water environrnent in thc
Paleocene of Srudi Arabia dnd questioned the assurnpiion thai early amiids werc
freshwater fish. Their habit.rt shift might have evolved much later wirhin rhe

$oup. Ai ihis poinl, we cannot be certain whether Pdcrldrliz was a lieshwater
elemenl ihat washed out to sea, or .t nember of the local inarine fauna.

The absence of relatively complete, aticulated tefiestr ial plant stuctures, or both
reFodxctive and vcgcLative pats of the same species, also suggesis ihat the
locality was lar fron the nearest landfall (Bebrensmeyer .,r dl., 1992). As at Sol-
nhofen. whcrc only fragnent,uy plant fossils are Eesent, plant taphonomy indi
cates thal Lhc shor€line was some distance away (Banhel d al 1990). 11 is
simplest to assumc that the plaDt fossils were washed in from some distanr source
and thai only vcgetative structurcs were able to float far out on the plaifbrm.

It has bccn suggested for Solnhofen (Barthel er dl., 1990) that therc may well
have been reef islands produced at high points in the palch reef complex. The
possible existence of islands on the Cenomxnian Middle East plitfom, formed
by aerially exposed re€f mounds, can neilher bc rcluted nor conoborated by cuf-
rent evidence. However, if reef islands did exisl. such tonestrial envi-ronments
could be a source of plant debris. Depending on thc disl,tnce ofsuch islands from
the deposits at Ein Jabrud, the plani debris could slill be transpofted over consid,
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Pslaeoenvimnmental Interpretation

In the literature thcre are cuffently two differcnl interpretations of the deposi-

tionaL environment of the Aiminidav Formation Arkin e/ dl. ( I 965) and Begnl

(1975, p. 9) have charactenzed the general shen/phtform environment as fol-

lows: '"Ihe Amminidav Fonnation was deposited in a shallow, highlv saline sea'

rs indicated by the abundance of stratigr.Dhic dolomite. The breccia at ils base

and the bunowings within i1s rock indicate a shalow sea-

Chalila (1985) synthesized and interyreted thc obseflations and interprelalions

of Haas (19?8a,b, 1979. 1980a,b), Gayet (1980). and Chalifa and Tchemov

(1982), to producc a second modcl, which focuscs on the origin of the thinlv bed-

ded fossil bearing limcstones. He concluded drat the Ein Jabrud sediments wcre

deposile{t in a shallow marine bay, bordered to tbc lvesi by patch reefs that did

notblock conmunication widl rhe opcn sea Go anoxic conditions did not exist)

Land was close by. supplying the bay with great quantities of alluvium' planl

debris, and a limited number of crrcasses of freshwater and tcrrestdal vertc-

brates. Chalifa (1985) enphasjzed that the water was very nuddv, due to grcrt

quantilies of alluviuq and that this "muddiress" suppressed the benthonic

fauna. hence explaining the absencc ol biolurbation and scavenging The grcat

quantity of aluvium wits also inferred lo have prcmoted the mpid burial of the

animal and plani remains.

Rerked Interprctation

In contast to Chalifa's (1985) intcrpretation, we suppoit elaboralion ofthe depo-

sitional environmcnl as proposed by Begin (1975), with qualifications based on

our own observations and lhose ofGayet (1980)

I . The sedirnents of the Judea Croup generally, 3nd the Anninidav Fotrnation

in particular wcre deposited in a shallow waler marine cnvironment tvpical

of lhe Cenomanian carbonate plaiform This platform sen supported a bamer

rcef sysiem to thc west. and an unknown nunber of patch recfs and patch reef

islands across i1s expanse. Bclween the patch reefs and/or patch reef islands,

were a large number of variably isolated and interconnected inter-reef basins.

Sediments in th€ basins included reef detrilus (including sediments from rcef

islands), and carbonate mud precipitates. Across the carbonate plaitbm' con

ditions in each basin would have been extremely vitriable Differences in the

exchangc ofsea water between basins and the open sea would havc vafied the

amount of evaporation, Fecipitation of carbonate muds. and soluLe concen

htions in each basin.
2. The fossil bcaring horizon at Ein Jabrud is in€rpreted as having been depos-

iled in a low cnergy. quiet watet inter recf basin. The sediment is a line
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grained. crystalline limestone that preciPilated as cirbonate mud. fonning

ihin laminac- The bottom waters md/or sediments werc probably anoxic irs

ihere is no evidence of bioturbation. nor of scavenging by nrhxnavepifaunal

The hypoihesis that the Ein Jabrud scdiments were deposilcd in a bay close to a

lieshwater source (Chalifa and Tchcmov. 1982: Chal;fa, 1985) can still hold if

the bay and lrcshwater source are rcconsidered as a crbonate island. If not, fie

hlpolhesis fails rs there is no evidencc of tenestrial clastic scdimeni in the fossil

bearing rocks of Ein Jnbrud. The "mud" ai Ein Jabrud is a carbonate mud Car
bonaie muds are pmduced either by conccntrations of calcarcous algae or as

chemical precipjriues (Tucker and Wright, 1990). Gayet (1980) describes a crys
talline carbonate, no1 a tenigenous mud $'i1h calcite cement The shoreline of
Nollh Africa was at Icast 450 kln to lhe soulh and there is no evidence to suggest
it was ever any closer during dre later part of the Cenon.tnian, eiiher in venical
or lateral facies succcssions within the Judea Goup (see Arkin el al, 1965i

Bcgin, 1975).

There is also no evidence of rapid sedilncnlalion. Rather. ihc lilhology indi
cates exacdy the oppositc. The laminae of thc fossil bearing ljmestone are very

finc, regular and thin. This indicates tlat chemical precipitation of carbonate
muds was frequent but linliled. There arc no thick laminae suggesting changes jn

rato of sedimentation.

It se€ms likely fiat some special condilion, such as anoxia, was responsible for

thc absence ofbioturbation, scavenging, and olher evidence of ;n hunavepifaunal

activily. Chalifa (1985) proposed higl y turbid wa|er as an agent ofrapid burial,

but the lack of clastics at Ein Jabrud, and the prcsence of benthos in muddy

waters itt delta mouihs make this implausible. Gayel (1980) noted a sheelcrack
microfabric produced by the aggrcgation of "aii' bubblcs in the carbonrte mxds

Gases produced by bacterial mcmbolism commonly bubble out of organic-rich
mud; thesc bxbbles could bavc aggregated to folm the fabic Cayct (1980)

obseNed. Anaerobic bacterial netabolism is highest when anoxic condilions
occur in bottom waters and sediments.

In summary, on a regional scale, wc consider the palacoenvironment of Ein

Jabrud ro be simil.r to those proposed for Hakel. Lebdnon, rnd Solnhofen. Gcr-
many: lagoonal environmenis located between patch reefs, in an epeiric sea on I

carbonate plaform (Htickel. 1970i 197,1; Meyer and Schnidt Kalea 1984). Spc-
cifically. the data so far available suggesr r qxiet water irter reef basiMagoon
wilh anoxic bottom watcls.
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FUNCTIONAL MORPHOLOCY

Body form and locomotion

The postcranial skeleton of Pd.*!'/}a.}is providcs conrpclling cvidcnce thitt it
was an aquatic snake (Figure 1), consislcnL $,i1h Lhc palaeoenvironmental evi
dence presented above. Three fealures in pardcuhr support this interpretation:
the laieral conpression of ihe body, the prchyoslosis of its letebrie and ribs,
and the marine fish lbund pleserled as ils gut conlenls.

In almosl all squanates. inoLuding sn.kes with a round cross-section. the ribs
itre uniformly cuwed along their entirc length. foming a smooth arc. ln laierally
compressed squanates, the ribs are staight distally (Figure 3). This body fblln
has evolved jndependendy three times in extani tbnns, always in aquatic snakes:
in acrochordids (file-snaket. laticaudines Gea-kairs). and hydrophiines (rue
sea snakes). The long ribs of Pacr)ddcfir also have this shape. The Foximal
end is curved but the rcmainder of the element is straight. Wlen afticulaied in
the;r natuml position, the ribs project laterally tuom lhe centrum for a short dis-
tance and then inmediately culve ventrally, so that ihe long straight portions
fonn the paralel or converging sides io a deep, nanow body. Thc prcxnnal por
tion of the anierior ribs is longer and ils curvalure is lcss pronounccd compared
with thai of more posierior dbs. Thus, the anLeriorribs projcctcd further laterilly
befbre eveniually cu ing ventrally, and thc vcrlical dislal porlion (foming the
sides of the body) is shorter This indicales thal thc antcrior cnd of Pa.ry,la.,{tr,
though laterally compressed, was wide and noi vcry dccp- Poster;ofly, the body
gradually becane relatively deeper, renaining latcrally compressed up to the
region of thc pcl vis. The t,til of Pacr)r?/'.rir is not preseNed in either specinen.
bul, based on the gradual arteroposterior change in body cross-section. is likely
10 hnve been even naffower and de€per than the pelvic region. This is ihe situa-
tion in extant laticaudine and hy&ophiine sea snakes. However not all obligato-
rily aquatic snakes have such morphologies; acrochordids, lbr example, have
flattened bodies but tapering iails. Thus. a paddle-like tail in Pa.rJ.na.,'rir is
likely but not definite.

The body shape of Pdcl)/?dcrtr as indicated by the postcrar al skeleton is
consistent \yilh taphonomic evidence.lnboth specinens Gee Haas, 1979, 1980a,
b). ihe anterior ard middle pa11 of the body is preserved apFoximaiely upig.lt
between bedding planes. The anterior region has fierelbre been compressed dor-
soventrdlly. The individual elemenis are not disiorted, but they arc displaced
slightly with respect to each other The left and righr ribs are splayed oui on bolh
sides of the vertebral column. Ho\rever the body gndually twists so the poste-
dor portion is presen'ed on iis side between bedding planes. This |cgion is thc|c
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fore conpcssed lalerally. Again, the individual elemcnls arc displaced but not
distoted- The left and dglt ribs are preserved on thc same side of the vetebral
column and presscd againsi each oiher. This shows that, in dedh, both specimens
of Pdcrldrcl r rested in Lhc same twisted position, with the intcior portion of
the body updght, and the posterior po ion on its side. This is consistent with the
rnoryhological evidence (the shape of thc ribs) indicating thal the anterior part oi
ihc body was wider (thicker). and thus norc likely to rest upight, but tbe poslc
rior podion was very na[ow and hencc likely to rest on its side.

Among squamates. the lalcrally compressed body is found only in highly
aqualic snakes. acrochordids, lalicardines, and hy&ophiines. Such lorms swim
by axial undulation or subundulilion (Massare, 1994), propelling themsclves by
sinusoidal lateral undulations of the poslcrior porrion of the body. In such loco-
motion, the anterior potion of thc body should be held straight and rigid lbr
na{imum efficiency. Movements oI the anledor region increase drag and also
cause the animal to move in a zig-zag fashion, rather than in a stritighl line (Ling-
ham-Soliar, 1991; sec below). The shape of Pd.h)r.rdclis is consislent with this
interpretation. The anterlor potion is sub-cylindical, so more dgid, while the
propulsive postcrior portion is lateraly compressed. Modem sea snakes, which
swim in this way. have a very similar shape. Conversely. thc laterally compressed
posterior body and probably narrow ventral sudace in Pacb,.,'&.,'iir would have
made te[estriaL locomotion labodous and slow' as in modem marine snakes
(Heatwole, 1987; Cogger 1992). There is no evidence bcffing on the mode of
reproduction ]n Pachlrha.hk. However if oviparous, like moden sea-kdLts
(laticaudines), it would have had to retum to shore periodically to lay eggs.

Pachrrhachis, llke other pythonomoQhs (rnosasauloids and modem snakcs),
posscssed tight accessory venebral aticulalions, zygosphenes and zygantra.
However. the cxact shaDes of ihese structures remain unknown because a[ the
verlebrae in both spccimens are preserved in tight articulalion. In mosasauroids
and modern snakes, thc zygosphenes and zygantra seve to slrengihen the a icu-
lations between vetebrac and control ihe mobility of the vc cbral coiulnn (Ling-

han-Soliar, l99l). In nosas:turoids, ii has been suggested thal lhey facilitated
a{ial subundulatory swimming, The paired zygosphenes md zygantra prevented
lateral flexion ofthc vertebral colunn when the epaxial muscles contracted, pull-
ing ihe anrerior edges of the lcft and right zygosphenes tightly against the Feced-
ing zygantrum. This presunibly happened in the anterior (stiffened) rcgion of
thc body. However, when relaxed, the gconetly of the zygosphene zygantal
itniculrlions allowed lateral flexibjiity. This presumably happened in the (oscil'
l.tling) posterior region of the body. The zygosphenes and zygantra might have
pedomed a similar role durin-g swinning in Pothrrhachis. Unfotunalcly,
whcthcr or not the zygosphenes and zygantra play a similar role in lnodcrlt
aquatic snakes has yei io be ascertained.
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The hindlimbs weie clearly too small to be effective locomotory or steering
organs (Figure 1). The simplcsl intcrpretation of them is that they were in the
gradual process ol being losl through disuse. If so, rhey would have been held
againsl the sidc oI the body most of the time, especially dudng rapid swimrning.
There are other possibilities. but all are very difncull ifnol impossible to test. For
instance, the males of living boas and pythons use their vcsligial limbs to stimu
late the female during coufship, and a similnr funclion has been suggeste.d for
the small hindlimbs of early whales (Gingerich e, al., 1 990). Tcncst ial lizards
with reduced limbs (e.g. cedain skinkt sti use iheir iiny rudimenls to hclp in
locomotion. although almost all the thrust comes fiom axial undulittion. How
ever this is unlikely underwater '\rhere buoy:incy and softcr substrates mean that
limbs are ur ikely to gdn any traclion. Anothcr possible use of dre limbs might
be to anchor ihe posierior body in a crcvice (see section on feeding and fonging
below). although lateral curvcs of the body and tail could be equally or more
effective in this role.

Pachyostosis

Pacbrhachis, as its name suggesis (pachy thick, rhachis - spine), exhibits
pachyostosis: an inuease in the osieogenic aclivily oi the periosteum. This fea-
ture is also found in some other, poorly-known s.tuamates. Si,noltoprrr and
Pd.rlo?rir (Rage, 1984;de Bxfftdnil and Rage, 1993), thitt m;ght be close rela-
tives. Pachyostosis is most pronounced in ihe niddle region oflhe vertebrul col
umn. In this region the veriebrae and Foximal porlions of the ribs are greatly
thickened and swollen in cross-sectional arcx (Figurc 4). Pachyostosis is
resticled to secondarily aqualic vcrtcbrates (rcptiles and namals), and func-
tions in buoyancy conlrol. Pdcb*dcltr inhabited shalow-water reefs, and so
did noi dive deeply cnongh for its lungs to be compressed. Shatlow-diving verie-
blaies that retain significant an-space in their lungs tend to float. The extra bone
deposited in pach),ostotic elemerts provides a means to approach neutal buoy-
ancy (Nopcsa, 1923; Kriser, 1966; Domning and de BulTr6nil, 1991). The
increased body densily also tends to improve stability in curents and turbulence
(Wall, 1983)- 11 is interesting that the increased ossification in Pd.bta.ftts is
concentrNted in the central part of ihe body, near the lungs. The exlra wcight is
thercfore concentrated where ii is required: the olherwisc lnosl buoyant section.
Tf the lungs extended anieriorly (or posteriorly) past ftc rcgion of heavy oss;fica
tion, the aninal would have tended to tili head up (or hil up), and maintaining
the normal horizontal tdm would have been more cncryctically expensive. Simi
lar adaptations are exhibiied by sirenians (manalecs and dugongs), where ext|a
skeletal weight is appropriately dislribulcd to serve as hydrostatic ball4sr (Domn,



ing and de Bufir6nil, 1991). ht borh Pachtrhacrrr and sirenians, thc exrn bone
and its distribution imply thar (l ) the overdll density of the animal is verl close to
tha! of seawate! and (2) the ccntre of gravity and the centre of bouyancy (=centre
of volume) approximatcly coincide. Both features are requircd il an animal is to
mainiain its deplh andtrim by passive. hydrostalic nc.rns (Domnjng and de Bul-
ft6ni1, 1991). Mlnoeuverability (yaw and pitch) is naximised if borh the cenre
of $avily and thc centre of bouyancy are near the ccnlre of the body, and steering
organs are near Lhc cxtremities (Donning and de Buftftnil, l99l\. Pacbthachh
satislies ihis requirencnt. the centre of gmvity and the cenLrc of bouyancy being
very cerltal, witlr dre flattened posterior region bcing used for propulsion and
sieering. This hydromechar cal constraint appears quilc generdl: while reresidal
snales usc their entire bodies lbr locomodon, lrighly aquaric snakes primarily
depend on their caudal regions.

In Pac hJ hachis, t\erc ]s ̂ ll ontogenetic increase in the degree oI pach)rostosis.
The ribs and veriebrae are proporlionitely less thick and swollen in rhe snaller
specnnen. This has been obseNed in otlrer pachyostotic ta.(a, namely mcsosaurs
(Lee, personal obse ation), tl\e diqs;d Claudiosaunr (Bufti6nil and Mltzin,
1989), and sirenians (Donning and de BulTr6nil, 1990). Lung volunc (and thus
buoyancy) increases allometrically with weight, such that older laryer animals
have proportionaiely nore positive buoyancy (Odell er dl, l98l; Bergey and
Baier, 1987). Thc corcspoDding increase in degrcc of pachyostosis with age
appears to compensrtc for this (Donrning and de Buflr6nil, 1991).

Orynnisms employing anguiliilbrm loconofirn (axial uDdulation and subundula-
tion) are relatively slow. weak swimmcls conrpared with those that employ olhcr
mclhods such as canngiform ial locomolion (tuDalike swnnmins) or undeNa
ter flight (e.g. Webb, 1982). The heavy skeletons of pachyoslolic rnnnaLs dlso
reduce swinming speed and naneouvembilii' (de Bufiienil and Mazin, 1989; de
Bufft6nil and Rage, 1993). The two traits are intenehled: slow swimners must
reguiale depth and trim by hydrostatic raiher ihan hydrodynamic medns. lf an ani-
mal talls below a certain ratio of swirnning speed Lo body mass, buoyancy aids
(e.s. pachyostosis) are more effrcient than hydrofoils (e.g. fins. flippert in main-
taining position in the water colunn (Alexander, 1990; Domning and de Butrr6ni1.
l99l). Pacbfinchis employed anguillifom locomodon and pdchyostosis. so it is
infened to have been a very slow swimmcr irdeed. This conclusion inflxences
nrterpretations of its possible lomging and feeding ecology.

Feeding and foraging

As .t slow swinrmer with limilcd maneouverability, Pa.ht'*a.rir is most
unlikely to have been a pursuit predator. No extant aquatic snakes arc pursuit
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prcdators. The available evidence suggcsLs that Pdcbr.lmcrl.! employed olhcr
lecding stritegies. such as ambush predalion orextractiDg prey from crevices.

Pa.I)rlacl,tr possessed prominem bladc like hyp.tpophyses on irs first 20 or
so vetebrae, a feature unique to snxkcs. The presence of these hypapophyscs in
many of the anterior trunk vc cbrie implies an ability to stike by npid .elease
of pre-tensed laleral curves in the neck region (Mosauer 1935; Grsc, I 974). The
mdm muscles involved (1he ntsculus trunsversobpdpapfrr'rsar) halc only been
studied in coluhoids, but presumably simil,u muscles are present in all other
snakes rvhich strike. Ihese musclcs cxtend anterolaterally from the hpapophysis
to the ventral edge of ihe transvcrse process on the preceding vercbra.In ventral
vie$'. they form a series of V'.s (the apices pointing posteriorly). As thc hlpapo
physes gradxally gct snaller ard disappear completely, thcsc muscles change
from thick bundles to thin sheets and then finally to conneclive tissue only. AI
moden snakes (inchding marine lormt which strike halc hypapophyses on at
leasi the first dozen or so yellebrae. Only in lbssorial blindsnakcs (scolecophidi-
ans) are hypapophyses rcstricted to the first lew vertebrae (Hoffslcuer itnd casc.
1969). Scolecophidians do not capture their prey by striknrg (W€bb and Shine,
1993).

Interestingly, thc head aDd neck region of Pd.Il,.fta.n.r is ni[ow in cross-sec-
tion and lighl in build. The naffow anierior region thal bears the hypapophyses
was ihe pxrL of the body that would have been rapidly extended during the srrike.
Dudng the sLike, drag is much $eater in rJaler than in an.I\ Pachyrhachk, rhe
slender cross'scctbn of the anterior region would havc rcduced drag. facilitating
a npid strike, and the light build would have rcduccd ineftiit. pemritting rapid
acceleration frcnr a stationary state. The aquaiic colubrid E?4o,? has analogous
adaplations for reducing waier resistmce during underwarer strites (Povel ei al.,
t997)

In comparison to mosi squamates, though not all snakes, Pd.rl*r.*d hrd a
remarkably snall head in propofLion to the size of its body. The small head and
neck region suggest anoiher aspcct of feeding in Pd.h)ra.ris. Extanl sea snakcs
with nanow heads and necks (somc species of Hldrcprr.r) feed on eels. This
morphology permits the anteriof cnd of the animal to enter and investigalc nff
row buffows and crevices in serch of prcy (McDowell, 1972;Vods, 1972; Hear
wole and Cogger, 1994). Pacbfiachi:t could have used i1s small bead and
slenderneck 1() forage in narow crevices.

The skull of Pd.,l,/idc,ri,r is clearly lhat of a predator It is lightly built. and
highly kinelic. There ire long. recuved teeih on the uppcr rnd lowefjaws. ptery-
goids, and palatines. Numerous features sxggest thar Lhc gape was very wide.
There is a highly mobile intramandibular joint wilhin c,rch jaw ramus, and the
anterior slmphysis is dlso loose. In basal modcm snakes such as Cllirdr.oplir,
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these features combine to increase gape (Cundrll, 1995). The lower jaw bows
outwards at the inlramandibularjoinq this causcs the two dentaries to open at a
more obtuse anglc, xnd such movernents are accommodaied by the loose nan
dibular symphysis. The h{o rami of the lower jaw bulgc l.r apad and allow the
passage of large items.

The qua&ate i\ Pachyhathis slopes posteroventrally, as in most modern
snakes (Figure 5). This movcs the jaw arriculation poster;orly, incrcasing the
length of the upper and lowcrjaws, and thus the gape. Rieppcl (1980, p. 561) tnr-
ther suggested that "a posterovenaally sloping quadrxle plovides lbr a wider
gape thar a venically positioned quadrate at a given anglc between the long axes
of the quatuate and lowcrjaw". Il there n a naxinum mgle 10 which the quad
ratelower jaw joini can open, animals wirh a posterovcntrally slanting quadrate
would be able to deprcss ihe lower jaw fudher (Fjgure 6).

FIGURE 5 Reconstiuction of skull of Pa.b/ra.fui in laFral view. witb jaws doFd (A) lnd opei to
their inlired naximun extent (B), rvnen the tutoaniculxr pmcess is pFssed asains the poslcrior $n'
tacc ol tne quadnle and the addu.br nusclcs act at ishl ansles lo tbe .otunoid. (c) R(onsh'cnoD ol
the skull of Pac&rrrra.*d i. vcrrml rieN. Scale br = 1 ctr
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The very short, broad reiroalticular process would also have enabled this snake

to open thcja'vs widely wiihout excessive sho(ening of the depressor nandibu-

lae muscle. bu1 noi wiih much speed or power. Sinilff modifications lor large

gape occur in piscivorous living snakes such as acrochordids

IICURE 6lllusxalion 10 shoq how a posteruvenrally slaDted qu.drde (sripplcd elenEno Lncre$es
gapc, for r siven m\imun usle between quadratc and lower ja* (aner Ricpp€l 1980)

Thc hxge coronoid pr'ocess also suggesls a large gape. Thc adduclor musclcs

inseting on it were presumably large. They would have funclioned most effi
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cienlly when the jaws were very rdde open. acting at right angles to the move
ment of ihe coronoid. The great development of the coronoid suggests that rapid

and/or powerful closxre of the jaws Aom a wide open position was inpofant, d.s
would bc cxpecled in a predator striking and consuming prey that werc large in

relation to the size ofits head.

As in modem snrkcs, lhc palrline-p€rygoid, palatine-vomer, and Fobably the
palat;ne maxilla sulurcs have been lost, and replaced by mobile aficulations
(Figurc 5C). Also as in modem snakes, ihe basipterygoid arriculation appears to
have been a sliding contact. There are no distincr basipterygoid processesi rather

the ptcrygoids abul the venlral surface of ihe basisphenoid. The pterygoids and
palitine wcrc thcrcfore nol immovably connected to any adjaceni elements, bur

were free to move. Agitin as;n nrosl modcm sn*es, the palatine is a slender par-

asagittal element, nnd both rhe pterygoid and palaline bear r pamsagitial row of

long, recuNed teeth. The palatal elements of Pa.b,rftd.ftir are consequently

sinildr to those in modem snakcs, cspccially basal fblms such as aniliids. It is
likely. therefore, that the prht nobilily characlerisiic of modem snakes was at

least patly developed in Pd.r)*d.ltr. Modern snakes transpori pley into the

oesophagus by altenating movemc ls of the lefl md ght palatal elements,

which literaly "walk" forwards over the ingested pcy itcm (Bo111 and Ewer,

l9&: Kardong. 1977). Pdcrlr.racrtr may have begun to devclop this capxbility.

As noted by Haas (1979). a pycnodont tooth platc is prcserved wilhin ihe

abdominal rcgion of the holotype of Pd.brlaclis. 11 is surrounded by a large

bulge in the ribcage of the annnal, suggcsling tlral thc rcmainder of the lish had

not yet be€n fully digested. This toothplate is Lhc only direct evidence of diet lbr

any Mesozoic snake (Haas. 1979). and one of vcry fcw in any snake lbssils
(Geene, 1983). Pycnodonts de€p-bodied. laterally comprcsscd holoslean

fish - were common elements of shallow marine faunas from the Jurassic to thc

Eocene. They have been interpreled as iDhabitants of quiet reef waters. nibbling

on cord with their crushing tooihplates (Nursa[, 1996). Conparisons with com
plcLc pycnodonls found at the same localiry as Pachtlhachis suggest that the
ingesled fish was al least 10 cm long and 8 cm deep. This is consistent with the
size of the bulge around ihe toothplaie. Few moden reptiles. and no nodem

snakes, dismenber vcrlcbratc prey befbrc swallowing; there is nothing in the

anatomy of Pacbrhachis to suggest thitl i1 djd so eifier The lighdy built, highly

flexible skull. large gape and long. nanow teeth suggcst that it impaled prey

items and swallowed them whole, as do extant piscivorous sea snakes. If the

ingesied pycnodont was swallowed whole by Pdct)/ra.lir, as scems likely, this

would indicate the ability to swallow prcy items longer a d dccper than the skull.

This is consistent with the highly flexible nature of thc skull and jaws, and the

numerous features suggestive of large gape.
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DISCUSSION

Based on the palaeoenvironmentll and anatomical cvidcnco now available, we
infer that Pd.rr,/nd.nn was a slow swilnming, ambush predator which inlabited
shallow reefs and lxgoons. This niche is very si'nilar to that occupied by many
modem sea snakes. Hcncc, it is not su{rrising that Pdcr}r.rd.ri.r and nodem sea
snakes are similar in ovcrlll body fom, despite beirg only distantly related.
Moden piscivorous sea snanes cmploy two main techniques to capture theil
prey. The lirsi consists of fbraging in crevices and cornering prey. The small
head and slender neck ol Pa.hfthachis strongly suggest that it employed lhis
iechnique. The other stratcgy involves cruising ir areas where prey are abundant,
and slriking a1 rnlr individuals that come within range (Heatwole, 1987). Thc
derived hydrophiinc Pc]d-ir enploys a third method to capture iis pley. It floa1s
near the surfacc, mnnick;ng a floating stick. and strikes at small lish thal come |o
shelter under i1. However. this method is not employed by any sea snakes which
iake large prey. Such snakes use one or both of the first two methods. spending
the bulk of their limc ioraging near the sea floor Pdcr)r.racrts probably had a
similar mode of life. Pycnodont fis[. being duophagous (perhaps analogous 1()
parrolfish on modem reefs). presumably spent much time nenr the sea floor, so
c|cvicc exploration or "cruising" is more likely than suface feeding. The snrall
hcad and nnrrow neck are consistent with crevice leeding, but as discusscd
abovc, they might also be adaptalions for a last sidke. The pachyoslosis exhib
ited by Pa.,'i)rla.lir is an adaptation for diving in shallow waier and &is 1oo
xrgucs agrinst a sudace dwelling existence.

Haas (1980a. p. 100) commented ihat in Pd.*l*d.lir thc "orbit wns probably
not deep and the eye had probably r ralhcr donal position fiuing for an animal
living in ihe upper strata of Lhc sca". This suggestion appears to be inconsistent
'with the above conclusions. However as shown in Figure 5. the orbit in Pd.n-
l'.,ta.*d is circula! and nlormal nr position. Haas may have meant that ihe orbii
laced dorsally (rxlhcr than being located dorsally). However. the dorsal orienia-
tion of the orbil in Pd.,l,rna.tut is an atifact of preservation. The only arlicu-
lated skull of Pa.ftll,a.}ir (hit of the holorype) is crushed dorsovenraly, and
the cheek and facc elements surrounding the orbit are splayed latenlly. The skxll
the.efore appears to be wide and flal. However, lhe widlh of tlre palatc. as
revealed by the well-preserved pierygoids, suggests thaL thc skull w.ts much nar
rower. When restored so that ihe width of rhe skull roof narchcs thii of the pil
ate. the face and cheek elements, and thxs the orbil, face l.tterally rather rhan
dorsally.

Snakes have long been ihoughl1(r havc evolved from small fossorial ancestors
(e.g. Walls. 1940; Bellairs and Underwood. 1951: UDderwood, 1967; Rieppel,
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1988). Scolecophidians, Ardrrocrilrr, uropellids, cytindrophids and aniliids -

all small, fossorial forms - arc held to be the mosl pdmitive living snakes. More
advanced snakes are supposed to be secondarily surface-iiving. The most rccent
studies of snake phylogeny seem to supporl this view. The lbssorial tata just

mentioned constitutc the basal $oups of snakes, and the most parsimonious
interpretation is thal burowing is primitive in snakes (Cundall "r dl., 1993; Heise
et dl., 1995). Our conctusions, ihat lhe most primitive snake is the marine Prc,'i-

)/rdclir, and thal the nearesi relatives of snakes are the marine mosasawoids,
arc therefore unexpected. Neither Pdch)rla.lis nor mosasauoids could have
been fossorial. At the very least, this mears that fossodality cannoi be pdmitve
in snakes. but ralher must have evolved in snakes norc dedved ihan Pdcr)da'
crjr. [t suggests thal an aquatic origin for snakes. first Foposed by Nopcsa
(1908, 1923) but now largely ignored. merits serjous consideration-

At present, there ire two equally parsinonious scenatios (Figuro 7A, B). (1) A
marine habi.at, pdnitivc for pythonornorphs (the mosasaur snake clade), is
retained in nosasauroids and Pa,:hrrtuchis. Morc detived snakes reveried to Lilb
on land. (2) Pythonomorphs were pdmitively teffestrial, wilh convergent marine
adaphrions evolving separatcly in mosasawoids and P.rcft)*d.nis.

Thc hvo hwoiheses lead to different prediclions for the characteristics of otber
Mesozoic pythonomorphs. SceDario (l) pedicts that basal pythonomorphs found
in the future, including snakes more primidve th^n Pachyrhlchis, \\111 be
aquatic. Discovery ol such fossils would imply that marine habits are most parsi
moniously inlerpreted as primitive lor pythonomoryhs, and reveNed (lost) in ter
restrial snskcs. This hypoihesis appears to be supporled by lhe fact that many
poorly known tixa dolichosaurs, Pacr)opltr Mesophis, Arhaeophis, and Pal-
a€oprrr - which seem to be basal pyihonomorphs or basal snakes, are indeed
aqxatic (Nopcsa. 1908i Scanlon, 1996). Further work on the norphology and
relationships of these ta{a is thereforc required.

Scenario (2) is supponed by the observation that while mosasauroids itnd
Pacb-thachi are both marine, their swimming adaplations are very differcnt.
Mosasauroids are more lizard-lite in genenl body folm, with large limbs (flip
pers in advanced fblms). They exhibit no skcletal modificatioDs for buoyancy
control. and prcsumably used hy&odynanic means aclivity to stay at depth
(hy&ofoils such as flippcn and active swimming). Pdcrl,.na.ntr, on the other
hand, is elongate and almosl limbless, and used its hydrostatic properties (pachy-

ostosis) to maintain depth. Howcver, such morphological differences may simply
represent divergent modicadons of an aquatic cornmon ancestor- Scenario (2)
would oDly be unequivocally supponed by the discovery of primitivc relatives of
mosasauroids with ter€strial habits, or of snakes more primitive than Pa.ftJf&.l-
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A

Othsr Squamales

B

Other Squamales

Mosasaurcids Pachyhachis Mode.nsnak€s

Pachyrhachis ModemSnakes

FIGURE 7 Tso alt€rnalive scndios mnsistent sith Ecently proposed phllogenelic relarionsbips
mong py$onomorpns. (A) Aquaric habirs re convergent in nosaadmids dd P,./:)rr,a.rn. (B)
Aqualic habits re pdnitive for pylhonomorphs, wid nodem snales being s€onddily tefFstrial

The earliest known snake. from the Banemian of Spain (Rage and Richier,
1994), is poorly known. It could have been either tencstrial or aqxanc in its hab-
its, but in any case it was not fully marine as it comos from a continenial, ftesh-

Terestial ->



water dcpos;t. The same can bc said of the slightly yourge( Lapparentophis.
Although considered terresffial by Hoffstener (1960), this nifcrence was based
purely on neg.trive evidence: abscnce of pachyosiosis and simpLified rib ariicula-
tions that characterized its presumed close relarive Sindtopr,r and comparablc
forms from fte laie Albian and early Cenomanian of A lgeria (Cuny er al. , I 990).
The first clearly narinc sn^kes. Pach\rhaLhis, Simoltrpi,r and perhaps Pa.Ilo
phis.ndMesophk, appc r in the early Cenonmnian (Cuny ?r ar. 1990;Caldwell
'rndLee. 1991). Pounelh from the early to middle Cenomanian of France occurs
in ma ne sediments bxt ils vetebme resemble ihosc of tenesrrial snahes (Ragc,
1988). A diverse condnental snake faxna from the Cenomanian of Sudan
(Werner and Rage, 1994) represents ihe earliesl appeardnces of several lineages
including both lenestrial (Madtsoiidae rnd ?Aniliidae) and freshwarer aquatic
(?Ni-qerophiidae and Russellophiidae) Iorns.

Thus. the Feseni evidence for terestdal snates oldef than Pd.btd.ris is
subject to reasonable doubt. Fufhemore, the phylogenetic relationships ofthese
early snakes are uncertnin. Terrestrial snakes in rhc Baremian woxtd not bc
problematic for scenado (l) if they turned oui io bc less balal (less "pdmiri!c")

than the aqualic Pa.ftJrlacltr, despite their early stratigraphic occxnencc. Cope
(1869). who supported a mosasauroid snake relationship, nonethelcss fnvoured
scenario (2). He suggesled that "terrestrifll rcpresenrarives (ot' Pylhononorpha)
now unknown to us. inhabited the fonsts and swamps ot' the Mcsozoic conti-
nents". At prescnt, however few known taxa appear to be likely candidates for
this ro1e.
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