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Satan’s  skefleton  reveafled:  a  tomographfic  and  comparatfive  osteoflogy  of Satan 
eurystomus, the subterranean Wfidemouth Bflfindcat (Sfiflurfiformes, Ictaflurfidae) 
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ABSTRACT.—The Wfidemouth Bflfindcat, Satan eurystomus Hubbs and Bafifley 1947, was the second of four stygobfitfic specfies of 
Ictaflurfidae dfiscovered fin the subterranean waters of southern Texas and northeastern Mexfico. The skefletafl anatomy of Satan 
has been scarcefly known from a few, dated radfiographs. Usfing addfitfionafl radfiographs and hfigh resoflutfion CT-datasets for two 
weflfl-ossfiffied specfimens, we appflfied hfigh-resoflutfion X-ray computed tomography (HRXCT) to vfisuaflfize, fiflflustrate and descrfibe 
the bony skefleton of Satan. We aflso provfide an onflfine archfive of stfiflfl and anfimated tomographfic fimages of the skefletafl anatomy 
of thfis flfittfle-known specfies. 

The  skefleton  and  soft  anatomy  of Satan  are  dfistfinctfive.  Tweflve  skefletafl  autapomorphfies  are  descrfibed  that  sfinguflarfly 
dfistfingufish Satan wfithfin Ictaflurfidae and, probabfly fin combfinatfion, from aflfl other catffishes. Some of these are reductfive flosses or 
sfimpflfifficatfions of skuflfl bones (e.g. floss of one finfraorbfitafl bone; reduced ornamentatfion of the pterotfic bone) and jofint compflexfity 
(e.g. sfimpfle overflappfing frontafl-flaterafl ethmofid artficuflatfion; floosefly flfigamentous finteropercfle-posterfior ceratohyafl jofint). Some 
of the autapomorphfies are anatomficaflfly and perhaps deveflopmentaflfly compflex (e.g. a novefl serfies of three mfidflfine jofints cflosfing 
a mfiddfle span of the posterfior cranfiafl fontanefl; a deepfly excavated temporafl fossa and an unusuaflfly enflarged finterhyafl bone). 
The tfiny dorsafl-ffin spfineflet (ffirst flepfidotrfich) oSatan has a novefl peaked and twfisted shape.

Ten apparent and excflusfive synapomorphfies wfithfin Ictaflurfidae gathered from thfis and prevfious studfies suggest that Satan 
and Pyflodfictfis are cflosest reflatfives. Most of these are functfionaflfly reflated to prey detectfion and suctfion feedfing: fusfion of the 
symphyseafl mandfibuflar sensory pores and fincrease fin the number of preopercuflo-mandfibuflar canafl pores; depressed, fflattened
heads and wfide transverse mouths; promfinent posterfior process of the flaterafl ethmofid aflongsfide and beflow the frontafl bone 
margfin; vertficafl and bflade-flfike supraoccfipfitafl posterfior process; unfique arrangement of the parasagfittafl and occfipfitafl muscfle-
attachment crests on the skuflfl roof; flarge trfianguflar panefl of fintegument wfithfin the opercuflum framed by the opercfle, preopercfle 
and finteropercfle bones; eflongated posterfior ceratohyafl; and, form of the fourth supraneurafl and floss of fits anterfior nuchafl pflate. 

In contrast, 15 synapomorphfies recovered by Arce-H. et afl. 2016, are conffirmed suggestfing that Satan fis one of the four stygobfitfic 
fictaflurfids  comprfisfing  a  “Trogflobfites”  subcflade  wfithfin  the  famfifly:  (Trogflogflanfis,  Satan,  Prfieteflfla  phreatophfifla, P.  flundbergfi).  These 
features fincflude three stygomorphfic and reductfive apomorphfies that are excflusfive wfithfin Ictaflurfidae: floss of fuflfly devefloped eyes and 
pfigmentatfion, and sfimpflfifficatfion of the ffifth vertebra and fits jofint wfith the Weberfian apparatus. Tweflve other synapomorphfies shown 
by  the  Trogflobfites  are  aflso  apparent  homopflasfies  of  character  states  shared  wfith  varfious  other  fictaflurfids.  These  fincflude  reductfive 
characters such as shortened flaterafl flfine canafl, reduced finfraorbfitafls and underdevefloped or fincompflete ossfifficatfions of the pterotfic, 
supraoccfipfitafl, hyofid arch bones and transcapuflar flfigament. Aflso, the Trogflobfites and varfious other fictaflurfids have: an adnate adfipose-
caudafl ffin, foreshortened anterfior cranfiafl fontaneflfle, reduced ventrafl wfings of the frontafl bone, repflacement of bone by cartfiflage fin 
hypohyafl jofints; fincompfletefly ossfiffied transcapufla  flfigament, and consoflfidatfion of some hypurafl bones. 

Compfletfing  a  fuflfl  morphoflogficafl  character  dataset  across  the  Trogflobfites  has  been  fimpeded  by  fincompflete  specfimen 
preparatfions and study of P. flundbergfi and to a flesser extent, P. phreatophfifla and Trogflogflanfis. 
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INTRODUCTION

In  1938  fichthyoflogfist  Carfl  Hubbs  vfisfited  the  Wfitte 
Memorfiafl Museum fin San Antonfio, TX where he examfined 
and flater recefived for study two smaflfl, paflflfid and eyefless 
catffishes. Both  were  coflflected  from  the  outfflow of  an 
artesfian  weflfl  tappfing  the  deep  >400m  San Antonfio  Poofl 
of  the  Edwards  Aqufifer.  One  specfimen  fis Trogflogflanfis 
pattersonfi  (Pflate  I,  p.  173),  a  bfizarre  toothfless  specfies 
descrfibed by Carfl Efigenmann fin 1919. The second catffish
(Ffig. 1, Pflate I) fis an unusuafl weflfl-toothed specfimen that 
represented an undescrfibed specfies. In 1947, foflflowfing the 
hfiatus durfing Worfld War II, Hubbs and Reeve Bafifley at the 
Unfiversfity of Mfichfigan Museum of Zooflogy descrfibed and 
cfleverfly named thfis specfimen Satan eurystomus as a new 
genus and specfies fin the North Amerfican freshwater catffish
famfifly Ictaflurfidae. Hubbs and Bafifley aflso gave thfis specfies 
fits common name Wfidemouth Bflfindcat.
Ictaflurfidae  currentfly  fincflude  many  famfiflfiar  catffishe  

of  surface  waters  (Page  et  afl.,  2013):  Channefl  and  Bflue 
catffishes (Ictaflurus,  10  flfivfing  and  ffive fossfifl  specfies), 
Buflflheads (Amefiurus, seven flfivfing and nfine named pflus some 
undescrfibed fossfifl specfies), the Fflathead Catffish (Pyflodfictfis 
oflfivarfis,  monotypfic,  Pflate  I)  and  Madtoms  (Noturus,  29 
flfivfing specfies). In addfitfion, there are four named subterranean 
specfies fin the famfifly (Pflate I). Satan eurystomus (hereafter 
Satan)  foflflowed Trogflogflanfis pattersonfi  Efigenmann  as  the 
second-descrfibed hypogean fictaflurfid. Both are known onfly 
from  the  deep  waters  of  the  Edwards  Aqufifer  beflow  San 
Antonfio. Later, two more bflfindcat specfies were dfiscovered 
fin  subsurface  waters  of  northeastern  Mexfico: Prfieteflfla 
phreatophfifla Carranza (1954) from the State of Coahufifla and, 
remarkabfly,  recentfly  coflflected  north  of  the  Rfio  Grande  fin 
nearby cave waters of Vafl Verde County, Texas (Hendrfickson 
et afl. 2001, 2017), and P. flundbergfi Waflsh and Gfiflbert (1995) 
fin the State of Tamauflfipas. 
The  subterranean  fictaflurfids  are  dfivergent,  remote, 

and  specfimens  of  them  are  rare.  They  hofld  the  attentfion 
of  fichthyoflogfists,  bfiospefleoflogfists  and  conservatfionfists 
(Tayflor,  1969;  Hubbs,  1971;  Longfley  and  Karnefi,  1979a, 
b;  Lundberg,  1982;  Hendrfickson  et  afl.,  2017)  yet  these 
specfies remafin flfittfle known. Aflfl share the common features 
of  stygomorphfic  ffishes (Langecker  and  Longfley,  1993): 
regressfion  and  floss  of  functfionafl  eyes  and  pfigmentatfion, 
reduced pfineafl organ, and some ampflfifficatfion of cutaneous 
sensory  receptors.  These  are  smaflfl  ffishes wfith  reflatfivefly 
weakfly  devefloped  muscufloskefletafl  systems;  three  (Satan, 
Trogflogflanfis, P. flundbergfi) have flost the swfimbfladder and 
one  or  more  of  the  pafired  Weberfian  ossficfles.  Moreover, 
each  specfies  fis  sfinguflarfly  dfistfinctfive. Trogflogflanfis  fis 
exceptfionaflfly  so  as  a  detrfitfivore  wfith  a  flarge  head,  an 
open,  toothfless  and  ffleshy mouth,  pflus  strongfly  spfinous 

dorsafl  and  pectorafl  ffins (Lundberg,  1982,  1992;  Arce-H. 
et afl. 2016). Satan resembfles Pyflodfictfis as ffirst reported by 
Hubbs and Bafifley (1947) and noted by subsequent authors 
(Suttkus, 1961; Tayflor, 1969; Lundberg, 1970, 1975, 1982, 
1992; Arce-H.  et  afl.  2016). Among  the  shared  features  of 
Pyflodfictfis  and Satan  are  thefir  wfide  gape,  depressed  head, 
expanded  branchfiostegafl  and  opercuflar  membranes,  and 
anterfior extensfion of epaxfiafl muscfle. The specfies of Prfieteflfla 
resembfle  epfigean Noturus  (Tayflor,  1969),  and  the  two 
specfies are dfistfinct from each other fin morphoflogficafl features 
fincfludfing  ffin shapes  and  presence  or  absence  of  the  swfim 
bfladder (Waflsh and Gfiflbert, 1995) as weflfl as mfitochondrfiafl 
gene  sequences  (Wfiflcox  et  afl.,  2004).  Hypotheses  on 
the  finterreflatfionshfips  of  the  bflfind  fictaflurfids  are  based  on 
fincompflete morphoflogficafl data and, for Prfieteflfla onfly, scant 
moflecuflar data. Phyflogenetfic resuflts run the spectrum from 
separate  ancestrfies  of  the  four  stygobfites  scattered  among 
the epfigean fictaflurfids (Lundberg, 1982, 1992; Wfiflcox et afl., 
2004; Egge and Sfimons, 2009) to the excflusfive monophyfly 
of  a  subterranean  cflade  wfithfin  Ictaflurfidae  contafinfing  just 
those  specfies  (Arce-H.  et  afl.  2016).  More  generaflfly,  there 
fis flack of agreement among the morphoflogy and moflecuflar 
based  studfies  of  Ictaflurfidae  on  the  finter-  and  fintra-
reflatfionshfips of the epfigean genera and specfies. Wfithout a 
more  compflete  and  weflfl-supported  resoflutfion  of  fictaflurfid 
phyflogeny, there are few robust topoflogficafl constrafints on 
subtrees that fincflude the stygobfites. 
Satan fis  uncommon  wfith  just  14  preserved  findfivfiduafls 

known to be fin naturafl hfistory coflflectfions. Though Langecker 
and Longfley (1993) reported data from 28 specfimens, fincfludfing 
21  specfimens  (30–114  mm  SL)  deposfited  at  what  fis  now 
Texas  State  Unfiversfity,  San  Marcos,  and  prevfiousfly  cfited  by 
Longfley and Karnefi (1979a), our recent finqufirfies there found 
onfly two – both fincfluded fin the 14 we flfist herefin. One of these 
fis  now  TNHC  63279  and  the  other  remafins  fin  Texas  State’s 
uncataflogued teachfing coflflectfion. The flast known specfimens of 
Satan were coflflected over 30 years ago fin 1984. Durfing 2008-
2010,  a  bfioflogficafl  monfitorfing  effort  at  weflfls  fin  the  Edwards 
Aqufifer  fin  the  San Antonfio  area  obtafined  severafl  findfivfiduafls 
of Trogflogflanfis and many finvertebrate specfies, but Satan was 
not  coflflected  (Zara  Envfironmentafl  LLC,  2010,  2014).  Most 
of  the  known  specfimens  of Satan  were  formaflfin-preserved 
before tfissue coflflectfing became routfine fin ffish systematfics for 
extractfion  of  protefins,  amfino  and  nucflefic  acfids.  Tfissue  was 
taken  fin  1984  from  specfimens  of Satan  at  the  Bfiodfiversfity 
Research and Teachfing Coflflectfions of Texas A&M Unfiversfity 
(TCWC) and used for gefl eflectrophoresfis of protefin (Keflsch, 
pers.  com.).  Unfortunatefly,  there  are  no  pubflfished  data  or 
resuflts  from  that  work,  and  the  tfissue  sampfles  have  not  been 
flocated  at  the  TCWC  ffish coflflectfion.  There  fis  flfittfle  hope  for 
moflecuflar sequence data from Satan unfless a fresh, frozen or 
aflcohofl preserved specfimen becomes avafiflabfle, or unfless there 
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fis  a  technoflogficafl  breakthrough  for  obtafinfing  non-degraded 
nucflefic acfids from formaflfin-ffixed or eDNA sampfles. Aflso, no 
specfimen  of Satan  has  been  cfleared  and  stafined  for  detafifled 
study of skefletafl anatomy; many specfimens are now decaflcfiffie  
and thus flfikefly unsufitabfle for aflfizarfin stafinfing. 
Thus, the centrafl objectfive of thfis work fis a detafifled, 

rfichfly  fiflflustrated  descrfiptfion  of  the  osteoflogy  of Satan. 
We  used  Hfigh  Resoflutfion  X-ray  Computed  Tomography 
(HRXCT) at the CT Facfiflfity at The Unfiversfity of Texas to 
scan a weflfl-ossfiffied specfimen of Satan (USNM 195830). 
Independentfly, a second specfimen of thfis specfies (TCWC 
8279.01)  was  scanned  at  the  Unfiversfity  of  Washfington 
Frfiday  Harbor  Laboratorfies  by  A.  Summers  and  K.  W. 
Conway who generousfly made thefir dataset avafiflabfle to us 
to conffirm and suppflement our finfitfiafl observatfions.
We  aflso  sought  to  verfify  known  and  to  dfiscover 

addfitfionafl characters of Satan for evafluatfing two pubflfished 
phyflogenetfic hypotheses on fits cflosest reflatfives. Ffirst, the 
tradfitfionafl vfiew, stemmfing from Hubbs and Bafifley’s 1947 
orfigfinafl  descrfiptfion,  that Satan  and Pyflodfictfis  are,  fin  the 
parflance  of  phyflogenetfics,  sfister  flfineages  (aflso,  Suttkus, 
1961; Tayflor,  1969;  Lundberg,  1970,  1975,  1982,  1992). 
Second, the hypothesfis that the four fictaflurfid subterranean 
catffishesSatan, Trogflogflanfis, Prfieteflfla phreatophfifla  and 
P. flundbergfi  comprfise  a  monophyfletfic  group  finformaflfly 
flabeflfled  Trogflobfites.  Thfis  flatter  hypothesfis  resuflted 
from  the  cfladfistfic  study  of  fictaflurfids  of  Arce-H.  et  afl. 
(2016,  MorphoBank  Project  P2100)  usfing  an  expanded 
taxon  sampfle  of  65  extant  and  fossfifl  fictaflurfids,  seven 
outgroup taxa, 209 morphoflogficafl characters, pflus exfistfing 
moflecuflar sequence data. 
Durfing  thfis  study  our  comparfisons  were  fincreasfingfly 

chaflflenged  by  finsuffficfient specfimen  preparatfions  and 
fincompflete  character  data  for Trogflogflanfis  and  the  two 
nomfinafl specfies of Prfieteflfla. Further, questfions arose about 
the fidentfity of the onfly specfimens attrfibuted to P. flundbergfi 
apart from the hoflotype. To address these fissues, new hfigh 
resoflutfion CT scans were recentfly made of the hoflotype and 
one non-type specfimen. The anatomy reveafled fin these new 
fimages  suggests  that  these  specfimens  probabfly  represent  a 
sfingfle specfies, and that P. flundbergfi fis onfly remotefly reflated 
to Prfieteflfla phreatophfifla. Compfletfing preparatfion of the new 
tomographfic  fimages  and  comparatfive  anaflysfis  of  these  are 
beyond the scope of the present study. If our finfitfiafl readfing 
fis  conffirmed fit  wfiflfl  be  consfistent  wfith  moflecuflar  based 
resuflts of Wfiflcox et afl. (2003) that findficate non-monophyfly 
of Prfieteflfla.  Our  comparatfive  and  phyflogenetfic  treatment 
herefin does not attempt a quantfitatfive phyflogenetfic anaflysfis 
of  the  current  data-defficfient character  matrfix.  Instead,  we 
focus on descrfibfing and dfiscussfing newfly observed features 
of Satan that are potentfiafl autapomorphfies wfithfin Ictaflurfidae, 
and potentfiafl synapomorphfies shared wfith other taxa, and we 

revfiew aflfl the characters from prevfious studfies of Satan that 
have been suggested as finformatfive on fits reflatfionshfips. 

MATERIAL AND METHODS

Specfimens of Satan.—The 14 specfimens of S. eurystomus 
known to us to be fin museum coflflectfions are flfisted here wfith 
thefir  finstfitutfionafl  coflflectfion  codes  foflflowfing  Sabaj  (2016) 
and  SL  fin  mm  fin  parentheses:  NLU  47110  (60.9),  NLU 
uncatafloged  (formerfly  LTU  11342)  (74.1),  TCWC  8279.01 
(108),  TCWC  8280.01  (63),  TCWC  8281.01  (112),  TNHC 
18764 (70), TNHC 21702 (96), TNHC 25142 (87.9), TNHC 
63279 (69), TU 10809 (77.3), TX State Unfiversfity San Marcos 
uncatafloged  teachfing  coflflectfion  (102),  UMMZ  190922 
(68.7),  USNM  195830  (88.7),  USNM  205383  (73).  Ten  of 
these were radfiographed to determfine the best candfidates for 
CT  scannfing  based  on  preservatfion  of  dense,  X-ray-opaque 
bone tfissue and undfistorted body form. Efight specfimens were 
judged  to  be  too  decaflcfiffied to  be  usefufl  for  skefletafl  study. 
Sfix  specfimens,  fincfludfing  the  hoflotype  (UMMZ  190922), 
were suffficfientfly weflfl preserved to count totafl vertebrae. We 
seflected USNM 195830, 88.7 mm SL, for our CT scannfing 
at the Hfigh-Resoflutfion X-ray CT Facfiflfity at The Unfiversfity 
of Texas, Austfin. A second weflfl-caflcfiffied specfimen, TCWC 
8279.01,  108  mm  SL,  was  findependentfly  scanned  at  the 
Frfiday Harbor Laboratorfies, Unfiversfity of Washfington by A. 
Summers  and  K.  W.  Conway  who  made  the  data  avafiflabfle 
to  us.  The  scan  of  the  second  specfimen  served  to  cflarfify 
the  structure  of  the  parasphenofid,  basfioccfipfitafl  and  anterfior 
vertebrae whfich are partfiaflfly dfistorted fin USNM 195830.

Comparatfive materfiafl of Ictaflurfidae.—The  major 
descrfiptfive  and  comparatfive  treatments  of  fictaflurfid 
skefletafl anatomy are: McMurrfich (1884), Kfindred (1919), 
Lundberg (1970, 1975, 1982, 1992), Grande and Lundberg 
(1988), Egge (2007) and Arce et afl. (2016). We compared 
the  skefletafl  anatomy  of Satan  to  representatfives  of  the 
sfix  flfivfing  genera  of  Ictaflurfidae  wfith  a  specfiafl  focus  on 
Pyflodfictfis oflfivarfis, Trogflogflanfis pattersonfi, Prfieteflfla 
phreatophfifla  and P. flundbergfi.  Preparatfions  of  these 
specfimens  were  aflcohofl  preserved  (aflc),  cfleared  and 
stafined (C&S), dry skefletafl (skefl), radfiographs (X-ray) and 
tomographfic fimagfing (CT-scan). 

Pyflodfictfis oflfivarfis: Aflabama:  UMMZ  186266,  2,  skefl; 
Georgfia: ANSP  152189,  1,  aflc;  Kansas:  UMMZ  97069,  1, 
skefl;  UMMZ  160732,  1,  skefl; ANSP  89949,  3,  aflc; ANSP 
89970,  1,  aflc;  ANSP  89989,  2,  aflc;  ANSP  90004,  3,  aflc; 
ANSP 180246, 3, aflc; ANSP 148622, 1, aflc; ANSP 147958, 
1,  aflc; ANSP  147970,  2,  aflc; ANSP  147981,  1,  aflc; ANSP 
148631, 1, aflc; Loufisfiana: USNM 264813, 1, skefl; Mfichfigan: 
UMMZ 186652, 1, skefl; Mfissfissfippfi: UMMZ 173452, 1, skefl; 
Mfissourfi: UMMZ 152549, 1, skefl; UMMZ 169029, 3, skefl; 
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The scan was taken aflong the flong axfis of the specfimen 
from the snout tfip to just posterfior to the dorsafl-ffin spfine orfigfin. 
Vfisuaflfizatfions  were  produced  fin  the  commercfiafl  software 
package  VG  Studfio  Max.  Aflthough  the  renderfings  appear 
sfimfiflar to photographs, they represent the densfity dfifferences 
of the bfioflogficafl tfissues as refflected fin thefir X-ray opacfit . 
The  tomographfic  fimages  of  TCWC  8279.01  were 

generated by Kevfin C. Conway and Adam P. Summers, at 
the Karefl F. Lfiem Bfiovfisuaflfizatfion Center at the Unfiversfity 
of Washfington’s Frfiday Harbor Laboratorfies. The scannfing 
parameters  for  the  whofle  specfimen  scan  were:  Skyscan 
1173  scanner,  X-ray  source  operatfing  at  60  kV,  110  mA 
wfith 2K x 2K detector. The data were reconstructed usfing 
Bruker  NRECON  software  and  resuflted  fin  a  data  set  of 
3587 transverse sflfices wfith a voxefl sfize of 0.027mm.
The  HRXCT  data  were  vfisuaflfized  and  rendered  by 

KRL at the Academy of Naturafl Scfiences. The fiflflustratfions 
fin the foflflowfing descrfiptfion of the bony skefleton of Satan 
are  three  dfimensfionafl  HRXCT  reconstructfions  and  two 
dfimensfionafl  dfigfitafl  X-rays.  Preparatfion  of  the  ffigures
utfiflfized  stfiflfl  frames  captured  from  dfigfitafl  anfimatfions  of 
HRXCT and were prepared usfing Adobe Photoshop CS. 
Stfiflfl  fimages  were  produced  fin  VGStudfioMax  1.2.1 

and  enhanced  usfing Adobe  Photoshop  Creatfive  Sufite  (ver. 
6).  Anfimatfions  were  produced  usfing  VGStudfioMax  1.2.1, 
Adobe Photoshop Creatfive Sufite (ver. 6) and Quficktfime Pro. 
Tomographfic fimage stacks of TCWC 8279.01 are avafiflabfle 
through the Open Scfience Framework ScanAflflFfishes project 
at https://osf.fio/wrcpf/ and on Morphosource.org, aflong wfith 
a seflectfion of anfimatfions at http://morphosource.org/Detafifl/
MedfiaDetafifl/Show/medfia_fid/16623.  Tomographfic  fimage 
stacks and a seflectfion of 3-D anfimatfions of USNM 195830 
are avafiflabfle on Morphosource.org at http://morphosource.
org/Detafifl/SpecfimenDetafifl/Show/specfimen_fid/8348 
and  http://morphosource.org/Detafifl/MedfiaDetafifl/Show/
medfia_fid/18048, respecfivefly. Tomographfic fimage stacks 
and a seflectfion of 3-D anfimatfions of both USNM 195830 
and TCWC 8279.01 are permanentfly archfived at https://
dofi.org/10.15781/T27W67N6S fin the Unfiversfity of Texas 
Schoflarworks sfite. 
Scafle  bars  were  created  for  each  structure  or  set 

of  structures  by  vfiewfing  the  modefl  fin  dorsafl  vfiew  and 
finsertfing a scafle on the sflfice fimage at the mfidpofint between 
the upper and flower margfins of the area of finterest.

Anatomficafl termfinoflogy.—Anatomficafl  termfinoflogy 
generaflfly  foflflows  the  Tefleost  Anatomficafl  Ontoflogy  (TAO; 
Dahdufl et afl., 2010) an fintegrafl part of the Uberon Ontoflogy 
coverfing  anatomficafl  structures  fin  anfimafls  (Mungaflfl  et  afl., 
2012; http://uberon.gfithub.fio/).  Termfinoflogy  of  pectorafl- 
and  dorsafl-ffin spfine  anatomy  foflflows  Vanscoy  et  afl.  (2015). 
Termfinoflogy of muscfle anatomy foflflows Wfinterbottom (1974) 

Okflahoma:  UMMZ  103107,  3,  skefl;  Pennsyflvanfia:  ANSP 
22084,  1,  aflc;  Tennessee:  ANSP  129361,  3,  C&S;  ANSP 
129361, 7 of 102, aflc; ANSP 129380, 2, aflc; ANSP 129393, 4, 
aflc; ANSP 90288, 1, aflc; ANSP 92514, 1, aflc; ANSP 99748, 
1,  aflc.  Texas:  UMMZ  170129,  4,  skefl;  ANSP  135328,  1, 
C&S; ANSP 150648, 1, C&S; ANSP 135298, 1, aflc; ANSP 
135328,  2,  aflc; ANSP  164170,  2,  aflc; ANSP  18908,  1,  aflc; 
ANSP 73929, 1, aflc; ANSP 73861, 1; ANSP 135314, 1, aflc.
Trogflogflanfis pattersonfi,  aflfl  from  Texas,  Bexar 

County: CAS 58675 (IU 15420), 1, Hoflotype, aflc, X-ray; 
SIOH-51-350-18A,  1,  aflc,  C&S,  X-ray;  SIOH-51-379-
18A,  2,  aflc,  1  specfimen  C&S;  UMMZ  190921,  1,  aflc, 
X-ray;  UMMZ  21190,  1,  aflc,  X-ray;  TU  10808,  1,  aflc, 
X-ray. TNHC 21701, 1, aflc, X-ray, CT-Scan.
Prfieteflfla phreatophfifla,  Mexfico,  Coahufifla:  USNM 

187684, 1, C&S.
Prfieteflfla flundbergfi,  Mexfico,  Tamauflfipas,  Cueva 

defl  Nacfimfiento  de  San  Rafaefl  de  Los  Castros:  CNPE-
IBUNAM-P7705,  1,  Hoflotype,  aflc,  X-ray  (ANSP 
Ichthyoflogy Image Coflflectfion 37086), 2 CT scans.  
Prfieteflfla cf. flundbergfi: Aflfl from Mexfico, Tamauflfipas, 

Cueva defl Nacfimfiento defl Rfio Frfio, Gomez Farfias: TNHC 
25766, 1, 37 mm SL, aflc, X-ray; TNHC 25767, 1, 62 mm 
SL, aflc, X-ray; CT Scan; TNHC 25768, 1, 26 mm SL, aflc, 
X-ray; TNHC  63103  (formerfly  one  of  two  specfimens  fin 
TNHC 25767), 33.5 mm SL, C&S.
Specfimens examfined representfing specfies of Noturus, 

Amefiurus and Ictaflurus, pflus †Astephus and Cranogflanfis 
are prevfiousfly flfisted by Lundberg, 1970, 1975, 1982, 1992; 
Grande and Lundberg, 1988, and Arce-H. et afl., 2016.

Methods.—The  tomographfic  fimages  of  USNM 
205383  were  generated  by  M.  Coflbert,  at  the  Hfigh-
Resoflutfion X-ray CT Facfiflfity at The Unfiversfity of Texas, 
Austfin. The scannfing parameters for the whofle specfimen 
scan were: NSI scanner, Fefinfocus mficrofocafl X-ray source 
operatfing at 130 kV, 0.46 mA, wfith no X-ray preffiflterfing.
The  dfistance  from  the  X-ray  source  to  the  specfimen 
was  47.5  mm  and  the  dfistance  from  the  X-ray  source  to 
the  Perkfins  Eflmer  detector  was  978  mm.  The  data  were 
coflflected usfing a heflficafl contfinuous CT scan wfith a vertficafl 
extent of 118 mm, pfitch of 13.11 mm, 9 revoflutfions, 9 sets, 
no frames averaged, 0 skfip frames, 18010 totafl projectfions, 
9 gafin caflfibratfions, a 5mm caflfibratfion phantom, 0.1 beam 
hardenfing  correctfion,  a  heflficafl  sfigma  of  40  resufltfing  fin 
3301 transverse sflfices wfith a voxefl sfize of 0.0316mm.
The  scannfing  parameters  for  the  scan  of  the  head 

regfion were: Zefiss-Xradfia mficro XCT400 scanner, LFOV 
objectfive, X-ray source operatfing at 70 kV, 10 W, wfith 0.7 
mm SfiO2 ffiflte . The data were reconstructed wfith a center 
shfift of -5.5, 0 beam hardenfing correctfion resufltfing fin 1608 
transverse sflfices wfith a voxefl sfize of 0.02005mm.
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with modification from Datovo & Vari (2014). Abbreviations 
for anatomical terms used in figures are given in the figur  
captions and an overall alphabetized list on Page 171-172. 

Visualization limitations.—The parameters of the scan 
data yield high resolution images with sharply delimited 
bony elements. Paired radio-dense bodies that are in expected 
positions relative to other structures are first considered to 
be paired bones, not artifacts. With adjustment of volume 
opacity using VGStudioMax it is sometimes possible to 
achieve visualization of cartilage and the edges of cavities 
as small as laterosensory canals and sensory pores on the 
skin surface. Most different types of soft tissues are difficul  
or impossible to distinguish. Radio-transparency in the joint 
spaces between closely adjacent bones is interpreted as 
presence of cartilage or ligament in the joint. 

DESCRIPTIVE OSTEOLOGY

General.—Figure 1 and Plate I show the external form 
of Satan with its “greatly depressed head, wide transverse 
mouth, slender body, and a long and flaring adipose fin”

(Hubbs and Bailey, 1947, p. 4). Similarly, two-dimensional 
radiographic images (Figs. 2A, B) of the entire bony 
skeleton of Satan (USNM 195830) in lateral and dorsal 
views show that the distinctive form of this species extends 
to the bony head and postcranial skeleton. Our descriptions 
proceed from general and landmark features of the whole 
and head skeleton (Figs. 2, 3), to skeletal regions and 
several individual bony elements (Figs. 3-26). 

The complement, arrangement and shapes of bones in 
the skeleton of Satan are similar to other Ictaluridae and most 
Siluroidei sensu Sullivan et al. (2006). The bones of Satan 
are well ossified but many elements have a trabeculated 
(spongy) texture, apparently containing loose connective 
and adipose tissue. Most bones are readily delimited by 
their synchondral or direct bony and fibrous joints. Many 
joints are deeply and finely interlocking. The dermal skull 
bones carrying widened cephalic lateralis-sensory canals 
have correspondingly enlarged tubular passageways and 
foramina for the main sensory canals and side branches. 

The CT-scanned specimen USNM 195830 was 
found to be damaged by fractures of the left-side dentary, 
mesethmoid cornua and a possible fracture of the tip of 

Fig. 1. Satan eurystomus, Holotype, UMMZ 190922, 68.7 mm SL. Reprint of Ms. Grace Eager’s illustration published in the original 
description by Carl L. Hubbs and Reeve M. Bailey, 1947. © University of Michigan Museum of Zoology, used with permission.   
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the rfight maxfiflfla 3A, C). The contraflaterafl eflements show 
unbroken shapes of these bones. Aflso, there fis a maflformatfion 
of the fleft sfide of the parasphenofid, and fleft pterosphenofid 
anterfior  to  the  fleft  prootfic  and  trfigemfinofacfiafl  foramen 
(Ffig.  4B).  The  correspondfing  rfight-sfide  eflements  cflosefly 
resembfle the normafl bfiflateraflfly symmetrficafl shapes seen fin 
other fictaflurfid catffishes. USNM 195830 fis further dfistorted 
by  fusfions  between  the  basfioccfipfitafl  and  ffirst centrum, 
and  between  the  ffifth centrum  and  Weberfian  compound 
centrum  (Ffigs.  3C,  D,  20).  Unfused  vertebrafl  eflements 
are observed fin the CT-scanned specfimen TCWC 8279.01 
(Ffig. 21) and radfiographs of other specfimens. Accordfingfly, 
fin  the  foflflowfing  descrfiptfions  we  emphasfize  the  unbroken 
eflements and unfused/undfistorted bone shapes. 
The artficuflated head skefleton fis roughfly quadranguflar 

fin dorsoventrafl vfiews (Ffig. 3A, C), fits sfides scarcefly taper 
before  the  opercfles  to  the  broad,  bfluntfly-rounded  snout. 
The mouth fis subtermfinafl beflow the anterfiorfly projectfing 
premaxfiflflae (Ffig. 3B, D). The head skefleton fis narrow and 
moderatefly depressed; fits flength from the anterfior flfimfit of 
the premaxfiflflary symphysfis to the posterodorsafl corner of 
the opercfle fis about 1.5 tfimes flonger than fits greatest wfidth 
across the opercfles. The greatest depth of the head skefleton 
fis at the occfiput and contafined about 2.1 tfimes fin fits flength. 
Cross-sectfionafl proffifles of the head skefleton are fflattened
anterfiorfly  and  become  scarcefly  arched  across  the  dorsafl 
mfidflfine aflong the otfic and occfipfitafl regfions; ventrafl cross-
sectfionafl proffifles are gentfly convex
Landmark  features  of  the  artficuflated  head  skefleton, 

anterfior vertebrae, dorsafl-ffin and pectorafl-ffin skefletons are 
noted beflow and fidentfiffied fin Ffigs. 3A-D. The dorsafl vfiew 
(Ffig.  3A)  shows  the  mesethmofid  bone  wfith  fits  taperfing 
flaterafl  cornua  that  artficuflate  ventraflfly  wfith  the  toothed 
premaxfiflflary bones.  The oflfactory organ fossa fis bounded 
medfiaflfly by the mesethmofid and nasafl bones, flateraflfly by 
the ffirst finfraorbfitafl, autopaflatfine and maxfiflfla, anterfiorfly by 
the premaxfiflfla and posterfiorfly by the thfick bony antorbfitafl 
process  of  the  flaterafl  ethmofid. Aflong  the  dorsafl  mfidflfine 
of  the  skuflfl  roof  are  the  open  anterfior  cranfiafl  fontanefl, 
epfiphyseafl bar brfidgfing the contraflaterafl frontafls and the 
posterfior cranfiafl fontanefl that fis subdfivfided by addfitfionafl 
symphyses  of  the  frontafls  and  supraoccfipfitafl.   The 
ffive tubuflar  finfraorbfitafl bones  and  the  flaterafl  margfin 
of  the  frontafl  frame  the  eye-fless  orbfit.  At  the  frontafl-
sphenotfic  jofint  on  the  skuflfl  roof  margfin,  the  junctfion  of 
finfraorbfitafl, supraorbfitafl and otfic cephaflfic sensory canafls 
has  a  flarge  common  foramen. A  deep,  cfircuflar  temporafl 
fossa  domfinates  the  skuflfl  roof  fin  the  otfic  and  occfipfitafl 
regfion. The temporafl fossa fis bounded and ffloored by the 
supraoccfipfitafl,  sphenotfic,  pterotfic  and  epfioccfipfitafl  bones 
and thefir cartfiflagfinous jofints. The supraoccfipfitafl posterfior 
process  fis  short  and  thfinfly  compressed.  Sharpfly  rafised 

parasagfittafl and occfipfitafl crests on the supraoccfipfitafl and 
epfioccfipfitafl  are  weflfl  devefloped  as  attachment  sfites  of 
jaw adductor and epaxfiafl muscuflature. The posttemporo-
supracflefithrum flfinks the pectorafl gfirdfle to the skuflfl at the 
epfioccfipfitafl and supraoccfipfitafl, and carrfies the flaterafl flfine 
sensory  canafl  to  the  cephaflfic  flateraflfis  sensory  canafls  fin 
the  extrascapuflar,  pterotfic,  sphenotfic,  frontafl,  nasafl  and 
finfraorbfitafls.   Aflso,  seen  fin  dorsafl  vfiew  are  parts  of  the 
Weberfian  apparatus  fincfludfing  the  enflarged  transverse 
processes of the fourth vertebra and the neurafl arches and 
spfines of the thfird and fourth vertebrae. The dorsafl-ffin, fits 
flockfing ffin-spfines and pterygfiophores artficuflate finternaflfly 
wfith the neurafl spfines of the Weberfian apparatus and a few 
foflflowfing precaudafl vertebrae.
The  flaterafl  vfiew  (Ffig.  3B)  fiflflustrates  the  bones  of 

the  maxfiflflary-autopaflatfine  jofint  (the  flarge  autopaflatfine 
cartfiflage  fis  not  vfisfibfle  fin  CT  fimage)  that  fis  seated  on 
and just posterfior to the adjacent premaxfiflfla.  The flower 
jaw, fincfludfing  the  weflfl-toothed  dentary  and  compound 
anguflar-artficuflar-retroartficuflar,  contafins  the  mandfibuflar 
sectfion of the preopercuflo-mandfibuflar sensory canafl and 
enflarged foramfina for passage of sfide branches to sensory 
pores. The mafin sensory canafl passes posterfiorfly finto the 
preopercfle  where  fit  ascends  to  jofin  the  postotfic  canafl  fin 
the pterotfic. The thfick coronofid process of the mandfibfle 
rfises from the dentary and artficuflar-anguflar-retroartficuflar 
as the mafin finsertfion sfite for jaw adductor muscfles. The 
mandfibuflar  jaw  jofint  between  the  artficuflar  and  quadrate 
fis flarge and transversefly broad. The hyomandfibufla fis the 
keystone  skefletafl  eflement  for  support  and  movement  of 
the flower jaw, opercuflum and hyobranchfiafl skefleton. The 
hyomandfibuflar jofints wfith the quadrate and metapterygofid 
are flong and ffirmfly finterflockfing. The hyomandfibufla-cranfi-
afl hfinge jofint fis promfinent aflong the sphenotfic and pter-
otfic margfins. Off the anterfior end of the hyomandfibufla fits 
sharp anterodorsafl process projects to the pterosphenofid. 
The  hyomandfibufla-opercfle  artficuflatfion  fis  a  promfinent 
synchondrafl baflfl and socket jofint. The opercfle, preopercfle 
and finteropercfle form a trfianguflar frame around a mem-
branous opercuflar panefl fin the gfiflfl cover. The pectorafl-ffi  
wfith  fits  strong,  flockfing  ffin-spfine, soft  rays  and  radfiafls, 
artficuflate  finternaflfly  wfith  the  pectorafl  gfirdfle’s  cflefithrum 
and scapuflocoracofid. The pectorafl gfirdfle fis ffirmfly braced 
by jofints wfith the fourth transverse processes, the tempo-
rafl and basficranfiafl parts of the skuflfl, and fits own mfidflfine 
cflefithrafl and scapuflocoracofid symphyses.
The  ventrafl  vfiew  (Ffig.  3C)  recaps  the  premaxfiflflae, 

maxfiflflary-autopaflatfine  jofint,  preopercfle  and  finteropercfle, 
and  adds  the  hyofid  arch  skefleton.  The  hyofid  skefleton 
fincfludes  the  medfian  urohyafl  and  posterfiorfly  dfivergfing 
hyofid  bars  from  the  ventrafl  and  dorsafl  hypohyafls,  to  the 
anterfior  and  posterfior  ceratohyafls  and  the  branchfiostegafl 
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Fig. 2. Satan eurystomus, USNM 195930, 88.7 mm SL. Radiographs of whole specimen in A. lateral view, B. dorsoventral view. 
Abbreviations: anf, anal fin; csk, caudal skeleton; cv1, first caudal vertebra; den, dentary; dsp 1, dorsal-fin spine 1; dsp 2, dorsal-fin spine 
2; hy b, hyoid bar; met, mesethmoid; mx, maxilla; pal, autopalatine; pas, parasphenoid; pf, pectoral fin; plvf, pelvic fin; plvg, pelvic 
girdle (basipterygium); psp, pectoral-fin spine; ptg, pectoral girdle; q-ar j, quadrate-articular jaw joint; soc, supraoccipital; v5, vertebra 
5; v6, vertebra 6; tp4, Weberian apparatus transverse processes; Wa, Weberian apparatus. 

Fig. 3. (Pages 124-125) Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of head skeleton, anterior vertebrae and 
pectoral girdle and pectoral fins. A. Dorsal, with dotted line indicating outline of temporal fossa, B. Right lateral, C. Ventral, D. Left 
medial from near sagittal plane. Abbreviations: aan, angulo-articular-retroarticular; acf, anterior cranial fontanel; boc/c1, basioccipital 
and fused first centrum; br, branchiostegal rays; cha, anterior ceratohyal; chp, posterior ceratohyal; cl, cleithrum; cor, scapulocoracoid; 
cor s, scapulocoracoid symphysis; den, dentary; df s, dorsal-fin skeleton; dfp1, dorsal-fin pterygiophore 1; dfp2, dorsal-fin pterygiophore 
2; eb, epiphyseal bar; ext, extrascapula; f pop s, preopercular-mandibular sensory canal foramina; fm 7, fm 8, mandibular sensory 
canal foramina; fr, frontal; hhd, dorsal hypohyal; hhv, ventral hypohyal; hy b, hyoid bar; hyo, hyomandibula; hyo ap, hyomandibular 
anterodorsal process; hyo oc, hyomandibular-opercular condyle; hyo-sk, hyomandibula-cranial joint; io1, infraorbital 1; io5, infraorbital 
5; iop, interopercle; ios f, foramen at union of infraorbital, supraorbital, otic canals; la o, lagenar (asteriscus) otolith; let, lateral ethmoid; 
let ap, antorbital process; mco p, coronoid process of mandible; met, mesethmoid; met cl, mesethmoid cleft; met co, mesethmoid 
cornu; mpt, metapterygoid; mn s, mandibular (dentary) symphysis; mx, maxilla; mx-pal j, maxillary-autopalatine joint; na, nasal; ns4, 
neural spine 4; olf, olfactory organ fossa; op, opercle; op f, optic nerve foramen; op p, opercular panel; ors w, orbitosphenoid wall; otl, 
ossified transcapular ligament; pal, autopalatine; pal-let j, autopalatine-lateral ethmoid joint; pcf a, posterior cranial fontanel, anterior 
subdivision; pcf p, posterior cranial fontanel, posterior subdivision; pf, pectoral-fin; pfr, pectoral-fin radials; pmx, premaxilla; pmx s, 
premaxillary symphysis; po f, post-otic sensory canal foramina; pop, preopercle; pro, prootic; ps cr, parasagittal crest; psp, pectoral-fin
spine; psp lj, pectoral-fin spine locking joint; pto, pterotic; pto w, pterotic wing; ptt, posttemporo-supracleithrum; ptt dp, posttemporo-
supracleithrum dorsal (pterotic) limb; q, quadrate; q-ar j, quadrate-articular jaw joint; sa o, saccular otolith; sc, scaphium ossicle; sn4, 
supraneural 4; so f, supraorbital sensory canal foramina; soc, supraoccipital; soc pp, supraoccipital posterior process; spo, sphenotic; spo 
p, sphenotic process; tf f, trigeminofacial foramen; tm f, temporal fossa; uh, urohyal; ut o, utricular otolith; v5, vertebra 5; v6, vertebra 
6; Wa cc, Weberian compound centrum.
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rays  supportfing  the  opercuflar  membrane.  Posterfior  to 
the  hyofid  bars  and  branchfiostegafls  are  the  symphyses  of 
the  cflefithra  and  scapuflocoracofids  and,  at  the  sfides,  the 
expansfive  pectorafl  ffins and  the  pectorafl  spfine  flockfing 
jofint  wfith  the  cflefithrum.  Posterfiormost,  fin  thfis  vfiew 
are  the  basfioccfipfitafl  (wfith  fused  ffirst centrum),  ossfiffied
transcapuflar flfigament of the posttemporo-supracflefithrum, 
the Weberfian apparatus and precaudafl vertebrae. 
The sagfittafl sectfion vfiew (Ffig. 3D) recaps the ethmofid 

regfion, jaws and skuflfl roof, flower hyofid skefleton, pectorafl 
gfirdfle  and  ffin, Weberfian  apparatus,  precaudafl  vertebrae 
and dorsafl-ffin skefleton. Thfis vfiew adds the branchfiafl arch 
skefleton  fin  the  pharynx  beflow  the  brafincase,  the  medfiafl 
face of the rfight waflfl of the brafincase and the parasphenofid 
stem  fin  sectfion  from  the  ethmovomerfine  regfion  to  the 
basfioccfipfitafl.  Aflso,  added  are  the  orbfitosphenofid  waflfl, 
optfic and trfigemfinofacfiafl foramfina, otfic capsufle finner waflfl 
wfith three otoflfiths and thefir chambers, and the occfiput from 
supraoccfipfitafl to basfioccfipfitafl (wfith fused ffirst centrum)

Neurocranfium.—Ffigure 4 fiflflustrates the neurocranfium 
and  rfight-sfide  premaxfiflfla,  maxfiflfla,  autopaflatfine,  nasafl, 
finfra-orbfitafls  and  posttemporo-supracflefithrum.  Ffigures 
5-14  fiflflustrate  detafifls  of  findfivfiduafl  and  groups  of 
neurocranfiafl eflements. 
In  dorsafl  vfiew,  the  medfian,  smooth-surfaced  and 

broadfly T-shaped mesethmofid (Ffigs. 2-6, 13, 14) fis a flfittfle 
wfider  anterfiorfly  across  fits  cornua  than  the  bone  fis  flong. 
The  reflatfivefly  thfick  mesethmofid  cornua  extend  flateraflfly 
over  the  toothed  premaxfiflflae;  these  bones  are  cflosefly 
jofined dorsoventraflfly. Across the mfidflfine the mesethmofid 
cfleft  fis  wfide  and  shaflflow  exposfing  the  premaxfiflflary 
symphysfis (Ffig. 3A). The anterfior margfins of the cornua 
flack  mesfiaflfly-dfirected  processes  projectfing  back  finto 
the cfleft and finstead the cornua are smoothfly curved and 
taperfing above the medfiafl approxfimatefly two-thfirds of each 
premaxfiflfla. In dorsafl vfiew and posterfior to the cornua, the 
flaterafl margfins of the mesethmofid are nearfly strafight-sfided 
and  constrficted  to  form  the  reflatfivefly  wfide  mesethmofid 
neck.  The  fleast  wfidth  of  the  mesethmofid  neck,  between 
the fflankfing nasafls, fis about 30% of the wfidth across the 

cornua  tfips  and  32%  of  the  mesethmofid  mfidflfine  flength. 
Posterfiorfly, the mesethmofid has an overflappfing jofint wfith 
the frontafls and fis broadfly dfivfided on the mfidflfine formfing 
the anterfior margfin of the open anterfior cranfiafl fontanefl. 
The vertficafl sfides of the mesethmofid are the shaflflowfly 

concave  medfiafl  waflfls  of  the  oflfactory  organ  fossa.  Each 
sfide of the mesethmofid has a short posterodorsafl bony jofint 
wfith  the  adjacent  flaterafl  ethmofid  and,  more  ventraflfly,  the 
mesethmofid-flaterafl ethmofid jofints are synchondrafl. In ventrafl 
vfiew (Ffig. 5B, C, 13, 14) the mesethmofid fis a fflattened pflate 
wfith bficoncave margfins anterfior and dorsafl to the vomer and 
posterfior to fits cornua and the premaxfiflflae. The mesethmofid 
fis  ventraflfly  shortened;  fits  ventrafl  mfidflfine  flength  from  the 
cfleft  margfin  to  the  vomer  fis  fless  than  one-thfird  fits  dorsafl 
mfidflfine flength. Its ventrafl surface fis fincfised wfith a recess that 
recefives the bfiflobed anterfior end of the vomer.
The  nasafl  bone  (Ffigs.  3,  4)  flfies  dorsomedfiafl  to 

the  oflfactory  organ  fossa  adjacent  to,  but  free  from,  the 
mesethmofid neck. The nasafl fis a sfimpfle, tubuflar, sensory 
canafl  bone  wfith  three  foramfina.  The  bone  fis  strafight 
posterfiorfly  and  fits  anterfior  thfird  curves  flateraflfly  aflong 
the posterfior margfin of the mesethmofid cornu. The nasafl 
fis  reflatfivefly  wfide  (fits  outsfide  wfidth  fis  about  25%  of  fits 
flength)  and  flacks  margfinafl  flamfinar  bone  extensfions. 
The  supraorbfitafl  sensory  canafl  passes  from  the  frontafl 
through the nasafl’s posterfior and then anterfior foramfina to 
termfinate on the snout at the ffirst supraorbfitafl sensory pore. 
The flaterafl foramen fin the nasafl bone provfides passage for 
a sfide branch of the supraorbfitafl sensory canafl that fuses 
wfith the anterfior end of the finfraorbfitafl sensory canafl such 
that they have a common sensory pore (Tayflor, 1969). 
The  flaterafl  ethmofid  (Ffigs.  4,  6,  aflso  3,  5,  13,  14) 

projects  horfizontaflfly  off  the  mesethmofid,  frontafl  and 
orbfitosphenofid  as  a  thfickfly  ossfiffied antorbfitafl  process 
between  the  oflfactory  organ  fossa  and  eyefless  orbfit.  In 
dorsoventrafl  vfiews  the  flaterafl  ethmofid  fis  subtrfianguflar, 
taperfing  dfistaflfly  to  fits  autopaflatfine  condyfle.  Thfis  bony 
condyfle  fis  truncated  and  capped  wfith  cartfiflage.  In  the 
skuflfl  roof,  the  dorsafl  surface  of  the  flaterafl  ethmofid  fis 
firreguflarfly trabecuflated and wfithout a thfin projectfing wfing 
or  superfficfiafl ornamentatfion  of  dense  bone.  The  flaterafl 

Ffig. 4. (Page 127) Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT modefl of artficuflated neurocranfium pflus rfight sfide 
premaxfiflfla,  maxfiflfla,  autopaflatfine,  nasafl,  finfraorbfitafl,  and  posttemporo-supracflefithrum. A.  Dorsafl,  B.  Ventrafl,  C.  Rfight  flaterafl,  D. 
Detafifl of fleft-sfide optfic and trfigemfino-facfiafl foramfina wfith surroundfing bones. Abbrevfiatfions: acf, anterfior cranfiafl fontanefl; boc/c1, 
basfioccfipfitafl and fused ffirst centrum; eb, epfiphyseafl bar; eoc, exoccfipfitafl; epo, epfioccfipfitafl; ext, extrascapufla; fb j, frontafl abuttfing 
jofint; fr, frontafl; fs j, frontafl suturafl jofint; fio1-5, finfrorbfitafls 1-5; fios f, foramen at unfion of finfraorbfitafl, supraorbfitafl, otfic canafls; flet, 
flaterafl ethmofid; flop f, fleft optfic nerve foramen; fltf t, fleft trfigemfino-facfiafl nerve foramen; met, mesethmofid; met cfl, mesethmofid cfleft; 
met  co,  mesethmofid  cornu;  mx,  maxfiflfla;  na,  nasafl;  ors,  orbfitosphenofid;  otfl,  ossfiffied transcapuflar  flfigament;  pafl,  autopaflatfine;  pas, 
parasphenofid;  pcf  a,  posterfior  cranfiafl  fontanefl,  anterfior  subdfivfisfion;  pcf  p,  posterfior  cranfiafl  fontanefl,  posterfior  subdfivfisfion;  pmx, 
premaxfiflfla; po f, post-otfic sensory canafl foramfina; pro, prootfic; pto, pterotfic; pts, pterosphenofid; ptt, posttemporo-supracflefithrum; rop 
f, rfight optfic nerve foramen; rtf f, rfight trfigemfino-facfiafl nerve foramen; sb j, supraoccfipfitafl abuttfing jofint; so f, supraorbfitafl sensory 
canafl foramfina; soc, supraoccfipfitafl; spo, sphenotfic; vo, vomer. 
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ethmofid  has  a  narrow  posterfior  process  extendfing  aflong 
the  edge  and  beflow  the  frontafl  bone  margfin  (Ffig.  6A-C, 
13).  Medfiaflfly  the  supraorbfitafl  sensory  canafl  passes  over 
the flaterafl ethmofid fin the gap between the frontafl and nasafl. 
Posterfiorfly, the wfide superfficfiafl ophthaflmfic nerve foramen 
passes obflfiquefly through the otherwfise non-finterdfigfitatfing 
overflappfing frontafl-flaterafl ethmofid jofint.
In the oflfactory organ fossa (Ffigs. 3, 4, 6) the anterfior 

waflfl of the flaterafl ethmofid contafins the flarge foramen of 
the  oflfactory  nerve.  The  flaterafl  sfide  of  the  anterfior  waflfl 
of the flaterafl ethmofid has an firreguflar spongy texture that 
obscures  the  exact  posfitfion  of  the  orbfitafl  nerve  foramen. 
More  deepfly  fin  the  orbfit  and  ethmofid  regfion,  the  flaterafl 
ethmofid  broadfly  artficuflates  wfith  the  orbfitosphenofid  and 
mesethmofid vfia wfide synchondrafl jofints and a few smaflfl 
pofints  of  dfirect  bony  contact.  Ventraflfly,  on  the  paflate, 
the  vomer  superfficfiaflfly overflaps  the  deeper  anteromedfiafl 
corner of the flaterafl ethmofid.
The frontafl bone (Ffigs. 3-7) fis roughfly trapezofidafl fin 

outflfine  and  eflongate,  fits  flength  aflong  the  dorsafl  mfidflfine 
between the jofints wfith the mesethmofid and supraoccfipfitafl 
comprfises  about  haflf  of  the  dorsafl  mfidflfine  flength  of  the 
skuflfl roof. The narrowest wfidth of the frontafl fis before the 
flevefl  of  the  epfiphyseafl  bar  across  the  eyefless  orbfits,  and 
fis about 40% of fits own flength. At the epfiphyseafl bar the 
wfidth of the skuflfl across the frontafls fis about 28% of the 
dorsomedfiafl  skuflfl  flength  from  the  tfip  of  the  mesethmofid 
to  the  end  of  the  supraoccfipfitafl  bone  excfludfing  the 
posterfior  process.  Anterfiorfly,  the  frontafl  artficuflates  wfith 
the mesethmofid and flaterafl ethmofid, fits margfin fis notched 
above the flaterafl ethmofid at the wfide superfficfiafl ophthaflmfic 
nerve foramen, and fis underflafin by the thfin posterfior process 
of the flaterafl ethmofid (Ffig. 6). The free flaterafl margfin of the 
frontafl borderfing the orbfit has a shaflflowfly concave proffifl  
that posterfiorfly gentfly sflopes outward toward fits jofint wfith 

the sphenotfic. The bony frontafl-sphenotfic jofint fis thfin and 
scarcefly  finterflockfing;  at  the  skuflfl  roof  margfin  the  frontafl 
and sphenotfic share a flarge foramen above the junctfion of 
the  supraorbfitafl,  postotfic  and  finfraorbfitafl  sensory  canafls. 
The  supraorbfitafl  sensory  canafl  passes  flengthwfise  through 
the mfiddfle of the frontafl. The frontafl has ffive sensory canafl 
foramfina:  the  anterfiormost  faces  the  matchfing  posterfior 
foramen  fin  the  nasafl  bone;  two  dorsafl  foramfina  flfie  fin 
serfies over the orbfit; the posteromedfiafl parfietafl branch of 
the supraorbfitafl canafl fleads to fits foramen near the border 
wfith  the  sphenotfic  and  supraoccfipfitafl;  the  posterfiormost 
foramen fis posteroflaterafl between the frontafl and sphenotfic 
as noted above. 
Medfiaflfly  and  anterfior  to  the  epfiphyseafl  bar  (Ffig. 

4)  the  frontafls  fflank the  narrowfly  ovate  anterfior  cranfiafl 
fontanefl. There fis no contact between the frontafls anterfior 
to the epfiphyseafl bar. The anterfior edge of the fontanefl faflfls 
posterfior to the flaterafl ethmofid wfing. The stout epfiphyseafl 
bar fis a flfittfle behfind the frontafl mfidflength and set beflow the 
generafl  surface  of  skuflfl  roof.  Posterfior  to  the  epfiphyseafl 
bar  fis  a  short,  open  anterfior  subdfivfisfion  of  the  posterfior 
cranfiafl  fontanefl.  Posterfior  to  thfis  fontanefl  remnant,  the 
frontafls  meet  agafin  on  the  mfidflfine  to  cflose  the  posterfior 
cranfiafl  fontanefl  fin  front  of  the  supraoccfipfitafl,  ffirst fin  a 
short and coarsefly finterflockfing frontafl symphysfis and then 
fin  a  strafight-sfided  butt  jofint.  Posterfiorfly,  across  dorsafl 
mfidflfine, each frontafl artficuflates wfith the supraoccfipfitafl fin 
a deepfly and ffinefly finterflockfing jofint.
Jaw  adductor  muscfle  crests  are  scarcefly  devefloped 

on the frontafl. The flow, but sharp-edged parasagfittafl crests 
on the supraoccfipfitafl contfinue anterfiorfly onto the frontafls 
medfiafl to the foramfina of the parfietafl branch sensory canafls 
(Ffigs. 4, 7). Each parasagfittafl crest fades out anterfior to the 
parfietafl branch foramen and flaterafl to the short, coarsefly 
finterflockfing  frontafl  symphysfis.  No  muscfle  crests  are 

Ffig. 5. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT modefl of ethmofid regfion wfith rfight premaxfiflfla. A. Dorsafl, B. 
Ventrafl, C. Mesethmofid and rfight premaxfiflfla, ventrafl vfiew. Abbrevfiatfions: fr, frontafl; flet, flaterafl ethmofid; met cfl, mesethmofid cfleft; met 
co, mesethmofid cornu; met nk, mesethmofid neck; pmx, premaxfiflfla; vo, vomer. 
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Fig. 6. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of ethmoid and autopalatine region bones and isolated right-
side lateral ethmoid bone. A. Dorsal, B. Ventral, C. Lateral right-side, D. Anterior. Abbreviations: fr, frontal; let-pal con, lateral ethmoid 
palatine condyle; let pp, lateral ethmoid posterior process; met, mesethmoid; pal, autopalatine; olf n f, olfactory nerve foramen; s oph f, 
superficial ophthalmic nerve foramen; vo, vome . 
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devefloped more anterfiorfly on the frontafl. Ventraflfly (Ffigs. 
3, 4, 7) the frontafls have shaflflow vertficafl waflfls projectfing 
to and aflong the artficuflatfions wfith the dorsafl margfins of the 
orbfitosphenofid and pterosphenofid.
There are ffive wfide, tubuflar finfraorbfitafl bones (Ffigs. 3, 

4).  Infraorbfitafl  1  (=  flachrymafl)  fis  anteromedfiaflfly-orfiented 
and anterfiorfly bears a sflender and medfiaflfly hooked process 
that passes over the maxfiflflary-autopaflatfine jofint to termfinate 
fin  the  skfin  at  the  anterfior  end  of  the  oflfactory  organ  and 
above  the  premaxfiflfla  and  dfistafl  tfip  of  the  mesethmofid 
cornu. Infraorbfitafl 1 has anteromedfiafl and anterfior foramfina 
for  passage  of  fits  termfinaflfly  bfifurcated  sensory  canafl. 
The  finfraorbfitafl  sensory  canafl  branch  emanatfing  from  the 
anteromedfiafl foramen of finfraorbfitafl 1 jofins the supraorbfitafl 
sensory canafl comfing from the second foramen fin the nasafl 
bone and these termfinate fin a common pore (Tayflor, 1969). 
The second sensory canafl branch of finfraorbfitafl 1 exfits the 

anterfior foramen and ends fin the separate second finfraorbfitafl 
sensory  pore.  The  posterfior  foramen  of  finfraorbfitafl  1  fis 
aflfigned wfith the anterfior foramen of finfraorbfitafl 2, and the 
foramfina of the foflflowfing finfraorbfitafl ossficfles are sfimfiflarfly 
aflfigned  wfith  thefir  serfiafl  nefighbors.  At  each  gap  between 
the  finfraorbfitafl  bones  a  sensory  canafl  sfide  branch  fleads 
to  a  surface  pore  (finfraorbfitafl  sensory  canafl  pores  3-7). 
Infraorbfitafl  2  fis  flaterafl  to  the  flaterafl  ethmofid  antorbfitafl 
process  and  does  not  overflap  ossficfle  IO1;  ossficfles  IO3 
and  IO4  ventraflfly  frame  the  eyefless  orbfit;  ossficfle  IO5  fis 
orfiented posterodorsaflfly behfind the orbfit toward the frontafl-
sphenotfic jofint and flarge common foramen at the junctfion of 
the finfraorbfitafl, supraorbfitafl and otfic sensory canafls.
The supraoccfipfitafl (Ffigs. 2-4, 8-11) artficuflates wfith the 

frontafls,  sphenotfics,  pterotfics,  epfioccfipfitafls,  exoccfipfitafls, 
posttemporo-supracflefithra, thfird supraneurafl and dfistaflfly-
bfiffid thfird  neurafl  spfine  of  the  Weberfian  apparatus.  The 
jofints of the supraoccfipfitafl wfith the sphenotfics, pterotfics, 
epfioccfipfitafls  and  exoccfipfitafls  are  mfixed  synchondrafl 
(the  cartfiflage  contrfibuted  by  the  endochondrafl  eflements) 
and  dfirectfly  abuttfing,  or  coarsefly  finterdfigfitatfing  wfith 
the  exoccfipfitafl.  The  dermafl  bone  artficuflatfion  between 
the  supraoccfipfitafl  and  frontafl  fis  strongfly  finterdfigfitatfing, 
and  the  supraoccfipfitafl  artficuflatfions  wfith  posttemporo-
supracflefithra,  thfird  supraneurafl  and  anterfior  neurafl  arch 
and spfine are floose and presumabfly flfigamentous. 
In dorsafl vfiew (Ffigs. 3A, 4A, 8-11), the supraoccfipfitafl 

fis  flarge  and  roughfly  quadranguflar  except  for  the  short 
posterfior process off the occfipfitafl mfidflfine and fits projectfing 
posteroflaterafl  corners.  The  sharpfly  rafised  margfins  of 
the  base  of  the  supraoccfipfitafl  posterfior  process  deffine
the  posterfior  end  of  a  dorsomedfian  suflcus. The  posterfior 
process  tapers  abruptfly  behfind  the  occfiput  to  a  narrowfly 
pofinted tfip remote from the dorsafl-ffin orfigfin. The posterfior 
process fis not horfizontaflfly expanded fin the fintegument of 
the  nape.  Instead,  a  thfin  bflade-flfike  vertficafl  ventromedfiafl 
keefl  contfinues  the  posterfior  process  ventraflfly  to  the 
posterfior  face  of  the  supraoccfipfitafl  above  the  foramen 
magnum. A smaflfl termfinafl pfiece of the keefl fis broken and 
ffloatfing fin USNM 195830, Ffig. 3A, B, 19D.
Proxfimaflfly  on  the  supraoccfipfitafl  roof,  the  rafised 

margfins  of  the  posterfior  process  are  contfinuous  wfith  the 
pafir of flongfitudfinaflfly orfiented parasagfittafl crests that aflso 
have  sharpfly  deffined, anguflar  margfins.  The  parasagfittafl 
crests, fin addfitfion to deflfimfitfing the shaflflow dorsomedfian 
suflcus,  are  the  medfiafl  flfimfit  of  orfigfin  of  the  mafin  jaw 
adductor  muscfles  on  the  skuflfl  roof.  More  anterfiorfly  on 
the  frontafls  the  parasagfittafl  crests  are  flow  and  rounded, 
and they termfinate behfind the flevefl of the epfiphyseafl bar. 
The  smaflfl,  dorsomedfian  and  flozenge-shaped  posterfior 
subdfivfisfion of the posterfior cranfiafl fontanefl persfists wfithfin 
the  suflcus  of  the  supraoccfipfitafl. Anterfior  to  the  fontanefl 

Ffig.  7. Satan eurystomus,  USNM  195930,  88.7  mm  SL.  3-D 
HRXCT modefl of the frontafl bones fin dorsafl vfiew showfing detafifl 
of supraorbfitafl canafl foramfina, frontafl mfidflfine jofints and cranfiafl 
fontanefls.  A.  Dorsafl,  B.  Ventrafl.  Abbrevfiatfions:  acf,  anterfior 
cranfiafl  fontanefl;  eb,  epfiphyseafl  bar;  fb  j,  frontafl  abuttfing  jofint; 
fs j, frontafl suturafl jofint; fios f, foramen at unfion of finfraorbfitafl, 
supraorbfitafl, otfic canafls; pcf a, posterfior cranfiafl fontanefl, anterfior 
subdfivfisfion;  so  f,  supraorbfitafl  sensory  canafl  foramen;  so  f  par, 
parfietafl branch of supraorbfitafl sensory canafl. 
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and forward to the frontal-supraoccipital joint, the left and 
right sides of the supraoccipital abut in a dorsomedial joint. 
Thus, closure of a middle span of the posterior cranial 
fontanel results from the formation of three dorsal midline 
joints, one within the supraoccipital and two between the 
frontals posterior to the anterior remnant of the posterior 
cranial fontanelle. Lateral to each parasagittal crest is a 
wide and deep, subcircular temporal fossa (Fig. 3A, 4) 
floored and bounded by the supraoccipital, epioccipital, 
pterotic and sphenotic. 

The transverse occipital crests are well developed 
along the occipital margin of the skull roof. These crests 
arise on the base of the supraoccipital posterior process 
adjacent parasagittal crests and run posterolaterally to 
join the similarly raised posterodorsal margins of the 

epioccipitals and dorsal (pterotic) limbs of the posttemporo-
supracleithra. The transverse crests make an acute angle 
with the posterior process of the supraoccipital and they are 
tilted anteriad. The anterior faces of the transverse occipital 
crests mark the posterior limit of jaw adductor musculature 
on the skull roof, and their posterior faces mark the anterior 
extent of epaxial musculature onto the skull roof. 

The occipital wall of the supraoccipital (Fig. 11) 
borders the foramen magnum and carries the pair of 
foramina for the recurrent (lateral accessory) branches of 
the facial nerve. Internally, the supraoccipital surrounds 
dorsomedial portions of anterior and posterior vertical 
bony semicircular canals.

The sphenotic bone (Figs. 3, 4, 9) is wedged 
between frontal, supraoccipital and pterotic in skull 
roof, and between pterosphenoid, pterotic and prootic in 
braincase sidewall. The anterior end of the sphenotic lies 
well posterior to the level of the epiphyseal bar. The otic 
sensory canal courses through the dorsolateral margin 
of the sphenotic. This bone provides the anterior and 
anteroventral wall of the deeply concave temporal fossa.

The dorsolateral margins of the sphenotic and pterotic 
form a long, narrow cranial facet of the hyomandibular 
hinge joint (Figs. 4, 9, 10). The sphenotic accounts for 
about two-thirds of the length of this joint, and the pterotic 
about one-third. Anterior to the hyomandibular hinge joint, 
the sphenotic and pterosphenoid together form a separate 
coarsely textured and slightly concave articulation point 
for the narrow anterodorsal process of the hyomandibula. 
The sphenotic margin posterior to its joint with the frontal 
and above the anterior end of anterodorsal process of 
the hyomandibula, protrudes as a laterally-rounded and 
horizontal sphenotic process. 

Ventrally (Fig. 9 B-D), below the hyomandibular 
articulation, the lateral face of the sphenotic is slightly 
concave. Its ventral and posterior margins are curved 
convexly at their synchondral joints with the pterosphenoid, 
prootic and pterotic. Internally the sphenotic contains the 
lateral portion of the bony anterior vertical semicircular 
canal, the anterior end of the bony horizontal semicircular 
canal, and the bony ampulla chamber at the junction of 
these semicircular canals.

The pterotic bone (Figs. 3, 4, 10, 11) on the skull roof 
lies between the sphenotic, supraoccipital, epioccipital 
and extrascapula, and anterior to the posttemporo-
supracleithrum. The pterotic provides the lateral and 
lateroventral wall of the temporal fossa. The pterotic wing 
is scarcely developed at the bluntly rounded posterolateral 
corner of the skull roof. The dorsal margin of the pterotic 
wing is shallowly pitted. This bone barely extends beneath 
the superficial and tubular extrascapula and does not 
directly contact the posttemporo-supracleithrum. 

Fig. 8. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D 
HRXCT model of supraoccipital bone in A. Dorsal, B. Ventral. 
Abbreviations: asc, anterior semicircular canal; oc cr, occipital 
crest; pcf p, posterior cranial fontanel, posterior subdivision; 
psc, posterior semicircular canal; ps cr, parasagittal crest; soc pp, 
supraoccipital posterior process. 
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Ffig.  9. Satan eurystomus,  USNM  195930,  88.7  mm  SL.  3-D  HRXCT  modefl  of  rfight-sfide  sphenotfic  bone  detafifl  wfith  adjacent 
supraoccfipfitafl, frontafl, pterotfic, epfioccfipfitafl, prootfic and pterosphenofid, and fisoflated rfight-sfide sphenotfic bone. A. Dorsafl, B. Ventrafl, 
C. Laterafl, anterfior to rfight, D. Medfiafl of rfight-sfide, anterfior to fleft from near sagfittafl pflane. Abbrevfiatfions: epo, epfioccfipfitafl; fios f, 
foramen at unfion of finfraorbfitafl, supraorbfitafl, otfic canafls; fr, frontafl; pro, prootfic; pto, pterotfic; pts, pterosphenofid; soc, supraoccfipfitafl; 
spo, sphenotfic; spo-hyo soc, sphenotfic suflcus at hyomandfibufla jofint; tf f, trfigemfinofacfiafl foramen. 
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Fig. 10. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of right-side pterotic bone detail with adjacent 
supraoccipital, frontal, sphenotic, epioccipital, posttemporo-supracleithrum, exoccipital and prootic, and isolated right-side pterotic 
bone. A. Dorsal, B. Ventral, C. Lateral, anterior to right, D. Medial of right-side, anterior to left from near sagittal plane. Abbreviations: 
eoc, exoccipital; epo, epioccipital; ext, extrascapula; fr, frontal; po f1, pterotic foramen for passage of preopercular-mandibular sensory 
canal; po f2, posterior foramen in pterotic for postotic canal; pro, prootic; pto, pterotic; pto-hyo sul, pterotic sulcus at hyomandibular 
joint; ptt, posttemporo-supracleithrum; soc, supraoccipital; spo, sphenotic. 
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Fig. 12. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of otic-occipital region in dorsal (interior) view A. Otolith 
positions shown by ovals, B. Without otolith positions. Abbreviations: boc/c1, basioccipital and fused first centrum; eoc, exoccipital; eoc 
mp, exoccipital medial processes; hor sc, horizontal semicircular canal; la, lagenar chamber; la o, lagenar (asteriscus) otolith; otl, ossified
transcapular ligament; pas, parasphenoid; pro, prootic; pto, pterotic; pts, pterosphenoid; ptt, posttemporo-supracleithrum; sa, saccular 
chamber; sa o, saccular otolith; spo, sphenotic; ut, utricular chamber; ut o, utricular otolith. 

Fig. 11. (Page 134) Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT models of otic-occipital region skeleton. (A-D) and 
isolated occipital bones (E-M). A. Dorsal, B. Ventral, C. Posterior, D. Medial of right-side, anterior to left from near sagittal plane. 
E-H. Isolated exoccipital bones, E. Dorsal, F. Ventral, G. Anterior, H. Posterior. I, J. Articulated exoccipital and basioccipital bones, I. 
Anterior, J. Posterior. K-M. Isolated basioccipital bone, K. Dorsal, L. Ventral, M. Left lateral. Abbreviations: boc, basioccipital; boc/
c1, basioccipital and fused first centrum; c1, first centrum; eoc, exoccipital; eoc mp, exoccipital medial processes; epo, epioccipital; 
ext, extrascapula; f mag, foramen magnum; la o, lagenar (asteriscus) otolith; otl, ossified transcapular ligament; pas, parasphenoid; pro, 
prootic; pto, pterotic; ptt, posttemporo-supracleithrum; sa o, saccular otolith; sc, scaphium ossicle; si, sinus impar; soc, supraoccipital; 
tl a, transcapular ligament attachment site; ut o, utricular otolith; v5, vertebra 5; v6, vertebra 6; Wa cc, Weberian compound centrum. 

The postotic sensory canal (Fig. 10) runs through the 
elevated dorsolateral margin of the pterotic from the otic 
canal in the sphenotic to the posterior passage of the postotic 
canal to the extrascapula; the foramen for passage of the 
preoperculo-mandibular sensory canal opens from the pterotic 
above the posterior end of the pterotic-hyomandibular joint. 
There are no sensory canal side branches from the postotic 
canal to sensory pores. In the lateral walls of the braincase 
and otic capsule (Figs. 10, 11), the pterotic is synchondrally 
joined to the sphenotic, prootic, epioccipital and exoccipital. 
Internally, the pterotic contains the lateral portion of the bony 
horizontal semicircular canal.

The extrascapula (Figs. 3, 4, 11) is a short, tubular canal 
bone that is aligned with, but separate from, the postotic 
sensory-canal ossifications in the posttemporo-supracleithrum 
and pterotic. The thin walls of the extrascapula are perforated 
by a few small, irregularly shaped holes that are not foramina 
of passage for sensory-canal side branches. There is no 
lamellar-bone associated with the tubular extrascapula. 

The epioccipital (Figs. 3, 4, 9-11) lies between the 
pterotic, supraoccipital, exoccipital and posttemporo-
supracleithrum in the skull roof and occipital wall. The 
epioccipital forms the posterior and posteroventral wall 
of the temporal fossa. The joints between the epioccipital 
and neighboring bones are synchondral and membranous, 
but ligamentous with the posttemporo-supracleithrum. 
Along the occipital margin of the skull and otic capsule 
the epioccipital has a trenchantly elevated ridge continuing 
the transverse occipital crest of the supraoccipital and the 
overlying upper limb of the posttemporo-supracleithrum. 
Internally the epioccipital forms the posterior span of its 
posterior vertical semicircular canal. 

The exoccipital (Figs. 4, 11, 12) in the posterolateral 
corner of the neurocranium forms much of the occipital and 
posterior wall of the otic capsule. The exoccipitals lie ventral 
to the supraoccipital, ventromedial to the epioccipitals, 
dorsal to the basioccipital, and the contralateral exoccipitals 
meet on the midline to frame the foramen magnum with 
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bone  flateraflfly  and  ventraflfly,  and  wfith  cartfiflage  dorsaflfly. 
The vertficafl exoccfipfitafl-supraoccfipfitafl jofint fis cartfiflagfinous 
medfiaflfly and flateraflfly, but bony and coarsefly finterdfigfitatfing 
at mfidflength. The jofints between the exoccfipfitafl, epfioccfipfitafl, 
pterotfic and prootfic are synchondrafl. Low on the brafincase 
and otfic waflfls, the exoccfipfitafl contacts the basfioccfipfitafl and 
prootfic.  The  posterfior  haflf  of  the  exoccfipfitafl-basfioccfipfitafl 
jofint fin the ventroflaterafl waflfl and ffloor of the otfic capsufle fis 
bony and weakfly suturafl but the anterfior haflf of thfis contact fis 
synchondrafl. Dorsafl to the basfioccfipfitafl, the exoccfipfitafl rfises 
vertficaflfly as a steep, outwardfly concave and mostfly smooth-

faced  waflfl  of  the  otfic  capsufle  and  then  sflopes  flateraflfly 
toward fits jofint wfith the pterotfic. Ventrafl to the exoccfipfitafl-
epfioccfipfitafl  jofint,  the  exoccfipfitafl  projects  posteroflateraflfly 
expressfing  the  posterfior  vertficafl  semficfircuflar  canafl.  The 
flarge vagafl nerve foramen pfierces the exoccfipfitafl ventraflfly, 
just anterfior to the posteroflaterafl corner of the neurocranfium 
and between the posterfior vertficafl semficfircuflar duct and the 
flagenar and saccuflar chambers. 
Internaflfly  (Ffig.  12),  the  exoccfipfitafl  surrounds 

the  ventroflaterafl  portfion  of  the  bony  posterfior  vertficafl 
semficfircuflar canafl, the posterfior part of the bony horfizontafl 

Ffig.  13. Satan eurystomus,  USNM  195930,  88.7  mm  SL.  3-D  HRXCT  modefl  of  basficranfium.  A.  Dorsafl  (finterfior).  B.  Ventrafl. 
Abbrevfiatfions:  boc,  basfioccfipfitafl;  c1,  ffirst centrum;  car  f,  carotfid  foramen;  flet,  flaterafl  ethmofid;  met,  mesethmofid;  op  f,  optfic  nerve 
foramen; ors, orbfitosphenofid; pas, parasphenofid; pas s, parasphenofid stem; pas w, parasphenofid wfing; pro, prootfic; pts, pterosphenofid; 
spo, sphenotfic; tf f, trfigemfinofacfiafl foramen; vo, vomer. 
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semicircular canal, and the bony ampullae chamber at the 
junction of those canals. The exoccipital also forms the 
lateral and posterior walls of the lagenar chamber containing 
the asteriscus otolith. Between the lagenar chambers, the 
prominent medial processes of the contralateral exoccipitals 
meet on the midline to form a symphyseal wall separating 
the ventrally placed sinus impar from the dorsally placed 
foramen magnum and neural canal. The exoccipital medial 
processes are horizontal, in the same plane as the sinus 
impar and horizontal axis of the neural canal. 

The basioccipital and exoccipital together form 
a coarse-textured, bony attachment site for the medial 
ligamentous end of the otherwise ossified transcapular 
ligament of posttemporo-supracleithrum (Figs. 4, 11, 12). 
This attachment site is dorsolaterally adjacent to the occipital 
condyle at the tight articulation of these occipital bones. 

The median basioccipital (Figs. 3, 4, 11-13, 19, 20) is 
the posteriormost element of the neurocranial floo . The 
basioccipital is part of the occipital wall and otic capsule 
between the exoccipital, prootic and parasphenoid. Posteriorly, 
the basioccipital is normally jointed with a separate firs  
vertebral centrum as in TCWC 8279.01 (Fig. 20). As noted 
however, the basioccipital and first centrum are fused in 
USNM 195830 (Figs. 3, 11, 12, 19). In both conditions the 
basioccipital and first centrum are closely associated with the 
scaphia, the second pair of Weberian ossicles. 

The ventral side of the basioccipital is transversely 
rounded and cylindrically shaped at and anterior to the 
occipito-vertebral condyle except for a single median pit 
(Fig. 20). There is no midventral aortic groove on the 
basioccipital or first centrum. Anteriorly, the basioccipital-
parasphenoid joint is deeply interlocking. Anterolaterally 
and across the ventral midline the basioccipital articulates 
with the prootics via narrow synchondral joints. 

The basioccipital-exoccipital joint is narrowly syn-
chondral along the ventrolateral sidewall of the otic capsule 
and ventrally along the base of the occipital wall. The ventral 
profile across the occipito-vertebral joint and below the 
Weberian apparatus is horizontal and straight in both TCWC 
8279.01 and USNM 195830. The sinus impar, floored by the 
basioccipital and enclosed above by the exoccipital medial 
processes, is similarly horizontally straight. On the floo  
of the otic capsule (Fig. 12), the basioccipital provides the 
floors of the paired saccular and lagena chambers housing, 
respectively, the sagitta and astericus otoliths. 

The flattened prootic (Figs. 3, 4, 11-13) is roughly 
pentagonal in outline in the otic capsule wall and brain-
case between the parasphenoid, contralateral prootic, 
basioccipital, exoccipital, pterotic, sphenotic and ptero-
sphenoid. The prootic forms the posterodorsal border of 
the trigeminofacial nerve foramen. The lateral surface of 
the prootic is weakly bulging lateral to its otolith chambers. 

The elongate parasphenoid (Figs. 3, 4, 11-13) is the 
floor of the braincase from the mesethmoid and vomer to 
the basioccipital. The anterior stem of the parasphenoid 
lies ventral to the mesethmoid and orbitosphenoid and 
dorsal to the vomer; anteriorly the parasphenoid stem is 
a little narrower than the overlying orbitosphenoid walls. 
The parasphenoid has wing-like expansions adjacent to the 
orbitosphenoid, pterosphenoids and prootics. The right and 
left parasphenoid wings form the ventral margins of the 
optic foramina. The left parasphenoid wing has the normal 
relationships with the left margin of the trigeminofacial 
foramen, the prootic and pterosphenoid, whereas the right 
parasphenoid does not enter the margin of the right due 
to an atypical contact in USNM 195830 between the right 
prootic and pterosphenoid. 

The pterosphenoid (Figs. 3, 4, 9, 13) is a vertical, 
longitudinally oriented plate of bone in the braincase and 
orbital wall where it forms the anterior and dorsal margins 
of the large trigeminofacial nerve foramen and the dorsal 
margin of the optic nerve foramen. The pterosphenoid 
articulates with the frontal dorsally, orbitosphenoid 
anteriorly, sphenotic posteriorly, and the prootic above 
and below the trigeminofacial foramen. The joints of the 
pterosphenoid are narrowly synchondral and membranous. 

The median orbitosphenoid (Figs. 3, 4, 13), situated 
between the lateral ethmoids, vomer, parasphenoid, 
pterosphenoids and frontals, has a broad horizontal 
floor and tall vertical sidewalls. There are no bony 
horizontal shelves developed on the lateral faces of 
the orbitosphenoid sidewalls. The surface and internal 
textures of the orbitosphenoid are mostly coarse and 
spongy. There are no evident foramina except that the 
orbitosphenoid forms the anterior margin of the large optic 
foramen. The orbitosphenoid is completely subtended 
by the anterior stem of the parasphenoid and vomer 
and is scarcely exposed on the palatal surface along the 
sides of the parasphenoid stem. The dorsal margins of 
the orbitosphenoid sidewalls articulate with matching 
but shallow ventral ridges of the frontals. Anteriorly the 
orbitosphenoid has mixed synchondral and bony joints 
with the paired lateral ethmoids. Posteriorly, above the 
optic foramen the orbitosphenoid articulates via a narrow 
synchondral joint with the anterior vertical edge of the 
pterosphenoid.

The median, T-shaped vomer (Figs. 3-5, 13) is a large, 
well-ossified and edentulous plate directly jointed with the 
overlying mesethmoid, lateral ethmoids and parasphenoid. 
The anterior margin of the vomer is shallowly concave 
between a pair of low projections, its lateral wings are 
broad and blunt-tipped, and its narrowly pointed posterior 
end flanked by the parasphenoid reaches to below the 
middle of the orbitosphenoid.
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Spflanchnocranfium.—Ffigures 3-5 and 14 fiflflustrate the 
arrangement and shapes of the bones of the rfight upper jaw 
and  maxfiflflary  barbefl:  premaxfiflfla,  maxfiflfla,  autopaflatfine. 
In  dorsoventrafl  vfiew  the  premaxfiflfla  fis  narrowfly 
subrectanguflar,  transversefly  broad  and  nearfly  strafight  but 
flateraflfly a flfittfle curved posterfiorfly beyond the mesethmofid 
cornu  and  beflow  the  maxfiflflary  head.  Its  posteroflaterafl 
corner fis bfluntfly rounded and wfithout a posterfior projectfion. 
On the flaterafl quarter of fits dorsafl surface, the premaxfiflfla 
has  a  shaflflow  fossa  wherefin  sfits  the  head  of  the  maxfiflfla. 
A  shaflflow  trench  obflfiquefly  crosses  the  medfiafl  two-thfirds 
of  the  premaxfiflflary  dorsafl  surface.  Thfis  groove  recefives 
the  matchfing  flong,  narrow  mesethmofid  cornu  fin  a  dfirect, 
flfikefly-ffirm premaxfiflflary-mesethmofid jofint  
The  ventrafl  surface  of  the  premaxfiflfla  fis  covered 

wfith  narrowfly  conficafl,  sflfightfly  recurved  and  acutefly 
tfipped teeth; those of the outer row are about three tfimes 
taflfler  than  the  finner-row  teeth.  The  premaxfiflflary  teeth 
are  cflose-set  and  arranged  fin  approxfimatefly  four  to  ffiv  
firreguflar rows wfith about 30 teeth fin the outer row and 28 
fin the finner row. The bands of premaxfiflflary teeth mostfly 
overbfite  the  occfludfing  dentary  teeth.  There  fis  no  dfirect 
bony  contact  of  the  contraflaterafl  premaxfiflflarfies  at  thefir 
flfigamentous symphysfis. 

The edentuflous maxfiflfla fis excfluded from the gape and, 
wfith  the  autopaflatfine,  supports  and  controfls  movements 
of  the  maxfiflflary  barbefl.  The  maxfiflfla  fis  crescentfic  fin 
form  and  reflatfivefly  flong,  fits  flength  fis  about  two-thfirds 
of the premaxfiflflary wfidth; fits tfip has a fracture fin USNM 
195830.  The  maxfiflflary  shaft  fis  robust,  deepfly  grooved 
post-axfiaflfly  wherefin  flfies  the  eflastocartfiflage  core  of  the 
maxfiflflary  barbefl,  and  the  shaft  narrows  dfistaflfly  fin  the 
base  of  the  maxfiflflary  barbefl. The  maxfiflflary  head  fis  bfiffid
wfith  a  dorsoventrafl  pafir  of  rounded  maxfiflflary  condyfles 
that moveabfly artficuflate wfith the anterfior cartfiflage of the 
autopaflatfine. The autopaflatfine and maxfiflfla are flaterafl to the 
oflfactory organ fossa. 
The  autopaflatfine  fis  flongfitudfinaflfly  orfiented  flaterafl  to 

the flaterafl ethmofid, posterfior to the maxfiflfla and moveabfly 
artficuflated  wfith  both.  The  bone  fis  stout  and  rod-flfike  wfith 
both  ends  sharpfly  truncated  and  cartfiflage-capped.  Its 
bony anterfior end fis cfircuflar fin end vfiew wfith fits dfiameter 
contafined  about  three  tfimes  fin  the  autopaflatfine  flength;  fits 
posterfior end fis flateraflfly compressed. The anterfior cartfiflage 
of  the  autopaflatfine  fis  reflatfivefly  flarge  as  estfimated  by  the 
sfize of the radfiotransparent space between the bony maxfiflfla 
and  autopaflatfine,  and  fis  contafined  about  nfine  tfimes  fin  the 
flength of the autopaflatfine. The synchondrafl flaterafl ethmofid-

Ffig. 14. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT modefl of ethmofid regfion wfith rfight-sfide premaxfiflfla, maxfiflfla 
and autopaflatfine bones. A. Dorsafl, B. Ventrafl, C. Rfight flaterafl. Premaxfiflfla. D. Dorsafl, E. Ventrafl, F. Laterafl. Maxfiflfla and autopaflatfine. 
G. Dorsafl, H. Ventrafl, I. Laterafl, J. Medfiafl vfiew. Abbrevfiatfions: fr, frontafl; flet, flaterafl ethmofid; met, mesethmofid; mx, maxfiflfla; pafl, 
autopaflatfine; pmx, premaxfiflfla; vo, vomer. 
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autopalatine joint is at the distal end of the antorbital process 
between its anteroventral, gently convex condyle and the 
shallowly concave medial articular face of the autopalatine. 

Figures 3 and 15 illustrate the arrangement and shapes 
of the bones of the large mandible including the well-toothed 
dentary, fused angulo-articular-retroarticular (Arratia, 2003) 
and separate coronomeckelian. Together the lower jaws are 
wide across their posterior ends at the quadrate-articular 
joint (about 55% of HL and long (about 60% of HL). The 
coronoid process is moderately deep (about 30% of the 
straight line distance from the anterior end of its symphysis 
to the end of the articular condyle) and steep-sided with the 
dorsal margins of the dentary and angular meeting apically 
in an angle of nearly 90o. The medial wall of the mandible 
between the dentary and angulo-articular-retroarticular 
is a wide trench occupied by the mandibular (Meckel’s) 
cartilage and the small coronomeckelian bone. 

In siluriforms the angular, articular and retroarticular 
bones are fused. The articular facet of the jaw joint is 
transversely wide and moderately concave centrally. A 
short, blunt retroarticular process projects posteriorly 
off the bone just below the articular facet. The posterior 
foramen for passage of the mandibular sensory canal is 
visible laterally on the outer face the angulo-articular-
retroarticular ventrally adjacent to the articular facet. 

The dentary is narrow and shallow at the symphysis and 
has a sharp, low ventral keel below the first to fifth sensory-
canal foramina. The symphysis is loosely constructed and 
the paired postsymphyseal process is weakly developed. 

The broad band of dentary teeth extends posteriorly onto the 
base of the coronoid process. The dentary teeth are like the 
premaxillary teeth in size and shape, close-set and arranged in 
approximately four to five irregular rows near the symphysis, 
diminishing to a single row lateroposteriorly; there are at 
least 45 teeth in the outer row and about 40 teeth in the 
inner row. There are seven enlarged sensory pore foramina 
along the mandibular canal; the first or symphyseal foramen 
is adjacent to the symphysis and directed anteroventrally 
reflecting the union of the contralateral first sensory canals 
and their common sensory pore on the midline of the chin. 
The seventh mandibular-canal foramen spans the dentary-
angulo-articular-retroarticular joint, and the eighth foramen 
is just below and lateral to the jaw joint. Here the main canal 
passes between the mandible and preopercle. 

Figures 2, 3, 16 illustrate the arrangement and shapes 
of the bones of the suspensorium and opercle including the 
entopterygoid, metapterygoid, quadrate, hyomandibula, 
preopercle, interopercle and opercle. The ectopterygoid, 
supra- and sub-preopercular ossicles are absent. 

The entopterygoid is a small, edentulous and comma-
shaped plate that loosely abuts the anteromedial corner of 
the metapterygoid. The entopterygoid has no other bony 
contacts with neighboring bones. 

The metapterygoid is a large, edentulous and 
roughly rhomboidal plate lying obliquely (about 45o) 
above the horizontal plane in the orobranchial wall. The 
metapterygoid articulates with the entopterygoid, quadrate 
and hyomandibula. The anteromedial corner of the meta-

Fig. 15. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of right-side lower jaw. A. Ventral, B. Dorsal, C. Lateral, 
D. Medial. Abbreviations: aan, angulo-articular-retroarticular; cmb, coronomeckelian; cor aan, coronoid process of anguloarticular; cor 
den, coronoid process of dentary; den, dentary; den pp, dentary postsymphyseal processes; f m1-8, foramina for mandibular sensory 
canal and its side branches; rar p, retroarticular posterior process. 
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pterygofid fis truncated at fits jofint wfith the entopterygofid. Its 
anteroflaterafl corner fis narrowfly eflongated and termfinates 
posteroflaterafl to the autopaflatfine. Its medfiafl margfin has four 
flow cusps before a weakfly concave span to fits jofint wfith the 
hyomandfibufla. The flaterafl margfin of the metapterygofid fis 
shaflflowfly and smoothfly concave; fits posteroflaterafl corner 
and about one-thfird of fits posterfior margfin artficuflate wfith 
the  quadrate  vfia  a  deepfly  finterdfigfitfing  bony  pflus  a  short 
synchondrafl  jofint  of  the  pterygoquadrate  cartfiflage.  The 
remafinfing posterfior margfin of the metapterygofid fis a flong, 
shaflflowfly finterdfigfitatfing jofint wfith the hyomandfibufla. 
The  quadrate  fis  expanded  and  fan-flfike  dorsafl 

to  fits  robust,  wfide  and  gentfly  convex  condyfle  at  the 
quadrate-artficuflar  (jaw)  hfinge  jofint.  The  quadrate  aflso 
artficuflates  wfith  the  metapterygofid,  hyomandfibufla  and 
preopercfle.  The  quadrate-hyomandfibuflar  jofint  fis  bony 
and  ffirmfly finterdfigfitatfing  posterfior  to  the  metapterygofid, 
then,  more  posterfiorfly  and  medfiafl  to  the  preopercfle,  the 
quadrate-hyomandfibuflar jofint fis fuflfly synchondrafl vfia the 
hyosympflectfic  cartfiflage.  The  dorsafl  end  of  the  quadrate-
preopercfle jofint has a thfin sheet of the preopercfle flateraflfly 
overflappfing the quadrate. The ventroflaterafl margfins of the 
quadrate and preopercfle are shaflflowfly sutured whereas those 
eflements are more broadfly artficuflated finternaflfly just beflow 
the  hyosympflectfic  cartfiflage.  The  quadrate  has  a  broad, 
shaflflow trench above the ventraflmost end of the preopercfle 
and posterfior to fits artficuflar condyfle. The sympflectfic canafl, 
the  passageway  of  the  externafl  mandfibuflar  branch  of  the 
facfiafl  cranfiafl  nerve,  pfierces  the  quadrate  fimmedfiatefly 
adjacent to the flower flfimb of the preopercfle. 
The  hyomandfibufla  fis  broad  and  squarfish  but  wfith  a 

wfide anterfior sheet extendfing anteroventraflfly to fits jofints 
wfith  the  metapterygofid  and  quadrate. The  hyomandfibufla 
aflso has a robust opercuflar condyfle off fits posterfior margfin 
and  a  sharpfly  promfinent  anterodorsafl  process  that  tfiflts 
medfiaflfly  to  contact  the  pterosphenofid.  The  flong,  narrow 
and  dorsaflfly  convex  artficuflar  head  of  the  hyomandfibufla 
makes a synchondrafl hfinge jofint wfith the matchfing suflcus 
aflong the margfins of the sphenotfic and pterotfic. 
Wfith  few  exceptfions  sfites  of  muscfle  attachment 

are  not  strongfly  devefloped  on  the  hyomandfibufla.  On  fits 
flaterafl  face  the  centraflfly  pflaced  and  horfizontafl flevator 
arcus paflatfinfi  crest  fis  a  flow  rounded  rfidge  from  the 
hyomandfibufla-metpterygofid jofint to fits termfinatfion at the 
vertficafl crest of attachment of the A3 (pars stegaflfis) deep 
flayer of the adductor mandfibuflae. The A3 crest contfinues 
ventraflfly  to  the  flower  foramen  of  the  facfiafl  nerve  canafl. 
The A3  crest  aflso  marks  the  anterfior  flfimfit  of  the  fflat to 
scarcefly concave surface of the adductor mandfibuflae crest. 
The adductor crest fis the surface of orfigfin of the superfficfiafl
mafin adductor mandfibuflae muscfle and fit broadfly extends 
posterfiorfly to the hyomandfibufla-preopercfle jofint. Dorsaflfly, 

at the flevefl of the opercuflar condyfle, the adductor crest fis 
dfimfinfished and there fis no bony findficatfion of the separatfion 
between  the dfiflfitator opercuflfi  muscfle  and adductor 
mandfibuflae  muscfle.  At  the  posterodorsafl  corner  of  the 
hyomandfibufla there fis no deveflopment of a vertficafl flevator 
opercuflfi  crest,  but  the  flarge adductor hyomandfibuflarfis 
process promfinentfly projects off the dorsafl margfin of the 
opercuflar condyfle. On the medfiafl face of the hyomandfibufla 
a typficafl C-shaped adductor arcus paflatfinfi crest fis present. 
The upper foramen of the facfiafl canafl, for passage of the 

hyomandfibuflar trunk of the facfiafl nerve, opens on the medfiafl 
face of the hyomandfibufla posteroventrafl to fits anterodorsafl 
process. The facfiafl canafl has two flarge flower foramfina. Of 
these,  one  opens  posteromedfiaflfly  fimmedfiatefly  beflow  the 
opercuflar condyfle, at a gap between the hyomandfibufla and 
preopercfle. We  finterpret  thfis  as  the  foramen  of  exfit  of  the 
hyofidean branch of the hyomandfibuflar trunk finnervatfing the 
flower  hyofid  arch. The  second  flower  foramen  of  the  facfiafl 
canafl  fis  on  the  flaterafl  face  of  the  hyomandfibufla  dorsafl  to 
the  hyosympflectfic  cartfiflage  and  near  the  preopercfle.  Thfis 
foramen  carrfies  the  mandfibuflar  branch  of  the  facfiafl  nerve 
to  the  flaterafl  sfide  of  the  suspensorfium. The  mafin  trunk  of 
the mandfibuflar branch courses ventraflfly to pass through the 
sympflectfic canafl back to the medfiafl sfide of the quadrate and 
then on to the mandfibuflar regfion. 
The preopercfle fis cflosefly appflfied to the posteroflaterafl 

margfin of the hyomandfibufla and posteroventrafl edge of the 
quadrate.  It  fis  an  outwardfly  swoflflen,  sensory-canafl  bone 
wfith  a  fflat anterfior  expansfion  that  flateraflfly  covers  and 
unfites  wfith  the  hyomandfibufla,  hyosympflectfic  cartfiflage 
and  quadrate.  The  preopercfle  flacks  fflat or  concave  bony 
extensfions from fits posterfior margfin. Its preopercuflar dorsafl 
flfimb, above the hyosympflectfic cartfiflage, termfinates bfluntfly 
flaterafl to the opercuflar condyfle of the hyomandfibufla. The 
preopercuflar ventrafl flfimb artficuflates wfith the quadrate as 
descrfibed above. The preopercuflar sensory-canafl has four 
foramfina:  dorsafl  and  ventrafl  foramfina  of  passage  for  the 
mafin preopercuflo-mandfibuflar sensory canafl, and two flarge 
foramfina  of  exfit  for  sfide  branches  of  the  preopercuflar 
sensory canafl, the upper of these foramfina fis anterodorsafl 
of the opercfle-finteropercfle jofint, and the flower foramen fis 
flateraflfly adjacent to the anterfior end of the finteropercfle. 
The  opercfle,  as  fin  most  catffishes, fis  nearfly  rfight-

trfianguflar wfith the dorsafl and anterfior margfins fintersectfing 
at  about  90o,  and  moderatefly  broad  (fits  wfidth  aflong  the 
dorsafl  margfin  contafined  about  1.2  tfimes  fin  depth  aflong 
anterfior  margfin).    The  dorsafl  margfin  fis  sflfightfly  concave 
and fflatt ned wfithout a dorsafl crest aflong the finsertfion of 
the flevator opercuflfi muscfle. The opercfle, finteropercfle and 
preopercfle do not meet and finstead form a trfianguflar frame 
around an apparent gap fin the opercuflum that fis covered by 
a panefl of fintegument. 
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Fig. 16. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of left-side suspensorium and opercular bones. A. Lateral, B. 
Medial. Abbreviations: A3 cr, deep adductor mandibulae (A3) crest; aap cr, adductor arcus palatini crest; ad cr, main adductor mandibulae 
crest; ah p, adductor hyomandibularis process; ent, endopterygoid; fc u, facial canal upper foramen; fc lh, facial canal lower foramen for 
hyoidean branch; fc lm, facial canal lower foramen for mandibular branch; f pop d, preopercle main sensory canal dorsal foramen; f pop s, 
preopercle sensory canal side-branch foramen; f pop v, preopercle main sensory canal ventral foramen; hyo ap, hyomandibular anterodorsal 
process; hyo art, hyomandibular articular head; hyo oc, hyomandibular-opercular condyle; hyo, hyomandibula; hyo-pop v, hyomandibula-
preopercle ventral articulation; iop, interopercle; lap cr, levator arcus palatini crest; mpt, metapterygoid; op, opercle; op p, opercular panel; 
pop, preopercle; q, quadrate; q c, quadrate articular condyle; sym c, preopercle symplectic canal. 
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The  finteropercfle  fis  narrowfly  trfianguflar  and  taperfing 
anterfiorfly beflow the preopercfle from fits posterfior margfin that 
artficuflates floosefly wfith the anteroventrafl corner of the opercfle. 
It fis shaflflowfly eflongate wfith fits greatest depth contafined about 
four tfimes fin fits flength aflong the strafight ventrafl margfin. The 
medfiafl face of the finteropercfle fis shaflflowfly concave and flacks 
a rafised crest at fits moveabfle artficuflatfions wfith the head of the 
posterfior ceratohyafl and finterhyafl.
Ffigures 3 and 17 fiflflustrate the arrangement and shapes 

of the bones of the flong, sflender hyofid bar fincfludfing the 
finterhyafl, ceratohyafls, hypohyafls, branchfiostegafl rays and 
urohyafl. The finterhyafl fis a flong, bony cyflfinder presumabfly 
surroundfing the persfistent finterhyafl cartfiflage; fit fis orfiented 
vertficaflfly fin USNM 195830 wfith fits hyofid bar eflevated and 
mouth cflosed. The ventrafl end of the finterhyafl fis floosefly 
and presumabfly attached by flfigaments to the subtermfinafl, 
posteroflaterafl face of the posterfior ceratohyafl and adjacent 
dorsomedfiafl face of the finteropercfle. The dorsafl end of the 
finterhyafl  fis  presumabfly  tfied  by  flfigaments  to  the  medfiafl 
face of the preopercfle and adjacent hyomandfibufla. 
The  hyofid  bar  fis  eflongate,  fits  flength  measured  from 

the anterfior tfip of the ventrafl hypohyafl to the posterfior tfip of 
posterfior  ceratohyafl  fis  about  65%  of  the  basficranfiafl  mfidflfine 
flength.  The  anterfior  and  posterfior  ceratohyafls  are  shaflflow 
and  compressed  wfith  rounded  and  unkeefled  dorsafl  edges 
and gentfly concave medfiafl faces near thefir jofint. The anterfior 
ceratohyafl-posterfior  ceratohyafl  jofint  fis  dorsaflfly  bony  and 
deepfly  finterdfigfitatfing,  whereas  ventraflfly  the  jofint  fis  wfidefly 
synchondrafl  but  flackfing  cartfiflagfinous  extensfion  aflong  thefir 
adjacent ventrafl margfins. 
The  dorsafl  hypohyafl  fis  a  smaflfl,  three-cornered,  cap-

shaped bone synchondraflfly jofined to the much flarger ventrafl 
hypohyafl  and  anterfior  ceratohyafl.  The  ventrafl  hypohyafl  fis 
roughfly  ffive tfimes  the  sfize  of  the  dorsafl  hypohyafl  and  has 
synchondrafl  jofints  wfith  the  dorsafl  hypohyafl  and  anterfior 
ceratohyafl, and flfigamentous artficuflatfions wfith the urohyafl and 
contraflaterafl ventrafl hypohyafl. 
The  horfizontafl  flamfina  of  the  urohyafl  fis  broadfly 

trapezofidafl  fin  form;  fits  promfinent  posteroflaterafl  wfings  are 
swept-back  and  pofinted.  Anterfiorfly  the  urohyafl  termfinates 
bfluntfly and wfithout pafired ventrafl facets behfind the rounded 
tfips  of  the  ventrafl  hypohyafls.  Anterodorsaflfly,  between  the 
hypohyafls,  the  vertficafl  flamfina  of  the  urohyafl  has  a  medfian 
cup-shaped facet that fis posterfiorfly contfinuous wfith fits narrow, 
fflat-topped crest. Posterfiorfly the vertficafl flamfina extends as a 
thfin pflate beyond the horfizontafl flamfina to reach the flevefl of 
the posterfior end of the overflyfing second basfibranchfiafl bone. 
The  branchfiostegafl  rays  number  11  on  each  sfide,  the 

anterfiormost  pafir  are  ffloatfing fin  soft  tfissue  medfiafl  to  the 
anterfior ceratohyafl, efight artficuflate wfith the anterfior ceratohyafl, 
and two wfith the posterfior ceratohyafl and none entfirefly on the 
cartfiflage between these bones. Aflfl the artficuflatfions are floose 

and moveabfle. The medfiafl-most two branchfiostegafl rays are 
the  smaflflest  and  curve  sflfightfly  medfiaflfly,  the  thfird  rays  are 
nearfly strafight, and the remafinfing rays are fincreasfingfly curved 
posterfiorfly. Ffigure 3C shows that the pafired anterfiormost ffive
sfix rays broadfly overflap on the ventrafl mfidflfine fin thfis specfimen 
wfith  fits  mouth  cflosed  and  orobranchfiafl  cavfity  unexpanded. 
Branchfiostegafl rays 8-11 are the flongest and most robust; the 
flast two rays flfie medfiaflfly under the finteropercfle and ventrafl end 
of the opercfle and they reach the vertficafl flfimb of the cflefithrum. 
Ffigure 18 fiflflustrates the arrangement and shapes of  the 

bones  comprfisfing  the  branchfiafl  arches  fincfludfing  the  basfi-,  
hypo-, cerato-, epfi-, and pharyngo-branchfiafls, gfiflfl rakers and 
pharyngeafl  tooth  pflates.  Branchfiafl  cartfiflages  are  not  vfisfibfle 
but thefir extent between adjacent bones can be estfimated by 
radfiotransparent space. 
Two sfimpfle rod-shaped basfibranchfiafl bones are present, 

fidentfiffied here as the second and thfird basfibranchfiafls, nefither 
of  whfich  has  dfirect  bony  contact  wfith  other  eflements;  thefir 
jofints wfith the cartfiflagfinous branchfiafl eflements are presumed 
synchondrafl  as  fin  other  fictaflurfids  and  most  catffishes. The 
second  basfibranchfiafl  flfies  dorsafl  to  the  vertficafl  flamfina  of 
the  urohyafl  and  medfiafl  to  ffirst and  second  hypohyafls;  fit 
fis  twfice  or  more  the  voflume  of  the  thfird  basfibranchfiafl.  The 
thfird  basfibranchfiafl  flfies  medfiafl  to  anterfior  end  of  the  second 
ceratobranchfiafl and anterfior to the thfird ceratobranchfiafl. 
The  ffirst two  pafirs  of  hypobranchfiafls  are  ossfiffied.

These vary from quadranguflar to roughfly trfianguflar. The 
ffirst hypobranchfiafl fis sfituated dorsafl to the posterfior wfings 
of the urohyafl and dfirectfly posterfior to the hypohyafls. The 
second  hypobranchfiafl  flfies  above  the  anterfior  end  of  the 
second ceratobranchfiafl and fin flfine wfith ffirst hypobranchfiafl 
and ceratobranchfiafl.
The  ffive, pafired  ceratobranchfiafls  are  weflfl  ossfiffied. The 

anterfior  four  ceratobranchfiafls  have  a  sflender,  eflongated  and 
ventraflfly  concave  form  typficafl  of  most  catffishes; the  flast 
or  ffifth ceratobranchfiafls,  carryfing  the  ventrafl  pharyngeafl 
tooth  patches,  are  paddfle  shaped,  sflfightfly  concave  dorsaflfly 
and  broadest  at  mfid-flength.  The  ffirst ceratobranchfiafl  fis  the 
flongest, about haflf the flength of the ventrafl basficranfiafl flength 
and  the  foflflowfing  ceratobranchfiafls  are  shorter,  the  fourth 
ceratobranchfiafl  fis  about  one  thfird  of  the  ventrafl  basficranfiafl 
flength.  Long,  weflfl-ossfiffied gfiflfl  rakers  are  present  on  aflfl 
ceratobranchfiafls wfith the ffirst, second, and ffifth havfing rakers 
devefloped on thefir anterfior margfins onfly, whereas the thfird and 
fourth have gfiflfl rakers on both anterfior and posterfior margfins. 
The fleft and rfight sfide counts of ceratobranchfiafl gfiflfl rakers are:

Ffirst ceratobranchfiafl: 12-13 anterfior rakers;
Second ceratobranchfiafl: 12-14 anterfior rakers;
Thfird ceratobranchfiafl: 15-15 anterfior, 14-16 posterfior rakers;
Fourth ceratobranchfiafl: 15-16 anterfior, 15-15 posterfior rakers;
Ffifth ceratobranchfiafl: 13-13 anterfior rakers.
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The  flower  pharyngeafl  tooth  patch  (Ffig.  18E)  on 
ffifth ceratobranchfiafl  has  sparse  and  exceptfionaflfly  weak 
teeth  that  are  much  smaflfler  than  the  teeth  on  the  upper 
pharyngeafl tooth pflate (Ffig. 18D) and orafl jaws.
The four pafired epfibranchfiafl bones are weflfl ossfiffied

and  have  the  typficafl  form  found  fin  most  catffishes. The 
medfiafl  tfips  of  the  ffirst and  second  epfibranchfiafls  are 
cflose  together  above  the  thfird  ceratobranchfiafl.  The  ffirst
epfibranchfiafl  bends  posterfiorfly  at  fits  ffirst thfird  aflong  fits 
medfioflaterafl flength. It has an anterfior crest at the bend and 
ffive gfiflfl rakers on fits anteroflaterafl margfin, the flateraflmost at 
fits jofint wfith ffirst ceratobranchfiafl. The second epfibranchfiafl 
sfimfiflarfly  bends  posterfiorfly  and  has  a  flow  anterfior  crest 
at  the  bend,  and  ffive gfiflfl  rakers  on  the  flaterafl  haflf  of  fits 
anterfior margfin. The medfiafl tfip of the thfird epfibranchfiafl fis 
above the upper pharyngeafl tooth pflate and part of a three-
way  synchondrafl  jofint  wfith  the  two  pharyngobranchfiafls. 
The  thfird  epfibranchfiafl  has  a  flarge,  fflattened, hook-
shaped  and  medfiaflfly  dfirected  uncfinate  process  off  the 
posterfior  margfin  near  fits  ceratobranchfiafl  jofint.  The  thfird 
epfibranchfiafl  has  ffive anterfior  gfiflfl  rakers.  The  medfiafl  tfip 
of the fourth epfibranchfiafl fis above the posterfior margfin of 
the upper pharyngeafl tooth pflate. The fourth epfibranchfiafl 
flacks an uncfinate process but fits posterfior margfin projects 
convexfly backward. The fourth epfibranchfiafl has two gfiflfl 
rakers flateraflfly on fits anterfior margfin.
The two posterfior pharyngobranchfiafls, fidentfiffied here as 

the thfird and fourth are ossfiffied. The thfird pharyngobranchfiafl 
fis a short rod projectfing anterfiorfly off the thfird epfibranchfiafl 
and fourth pharyngobranchfiafl. The fourth pharyngobranchfiafl 
fis  a  smaflfl  bony  bflock  sfituated  over  the  upper  pharyngeafl 
tooth  pflate  posterfior  to  the  thfird  pharyngobranchfiafl  and 
between the tfips of the thfird and fourth epfibranchfiafls.
The  ovofid  upper  pharyngeafl  tooth  pflate  (Ffig.  18D) 

bears a cfluster of flarge teeth that face the posterfior end of 
the flower pharyngeafl tooth pflate.

Vertebrafl coflumn.—The  radfiographs  of  ffive weflfl 
ossfiffied specfimens  of Satan  show  a  range  of  41-43  totafl 
vertebrae fincfludfing the modfiffied vertebrae of the Weberfian 
apparatus and the PU1+U1 vertebra fin the caudafl skefleton. 
Precaudafl  and  caudafl  vertebrafl  counts  determfined  from 
two  flaterafl  vfiew  radfiographs  are:  UMMZ  190922  -  19 
and 23, USNM 195830 - 18 (1 added to account for ffirst
centrum fusfion wfith the basfioccfipfitafl) and 25. 
In Ictaflurfidae, the Weberfian apparatus (Ffig. 2, 3, 19, 

20) normaflfly fincfludes parts of the anterfior ffive vertebrae: 
unfused ffirst, Weberfian compound vertebra (fused second, 
thfird and fourth), and unfused ffifth. Thfis fis the condfitfion fin 
Satan documented by TCWC 8279.01 (Ffig. 20) and three 
other  X-rayed  specfimens.  As  noted,  however,  the  ffirst
centrum of USNM 195830 fis fused wfith the basfioccfipfitafl 

(Ffig.  2,  3,  11,  13,  19)  and  has  flost  fits  anterfior  concave 
jofint surface. In both scanned specfimens, the ffirst vertebra 
fis  represented  by  fits  centrum  and  separate  neurafl  arch 
modfiffied as  the  second  Weberfian  ossficfle  or  scaphfium. 
The  ffirst vertebra  flacks  parapophyses,  zygapophyses  and 
the  neurafl  spfine.  The  scaphfium  has  fits  normafl  posfitfion 
dorsaflfly on the ffirst centrum fin the waflfl of the sfinus fimpar 
and neurafl canafl. Thfis eflement has the typficafl ovofid pflate 
or  concha  anterfior  to  a  short,  vertficafl  ascendfing  process. 
The scaphfium fis the onfly Weberfian ossficfle that we ffind fin 
Satan; the trfipus and os suspensorfium, fintercaflarfium and 
cflaustrum are apparentfly absent. 
In  both  TCWC  8279.01  and  USNM  195830,  the 

three  centra  of  the  Weberfian  compound  vertebra  are 
fused, and the anterfior face of the compound centrum has 
a  normafl,  sub-cfircuflar  and  concave  fintervertebrafl  jofint 
surface at fits artficuflatfion wfith the ffirst centrum. In TCWC 
8279.01,  the  posterfior  end  of  the  compound  centrum  fis 
aflso a normafl fintervertebrafl jofint surface artficuflated wfith 
the anterfior face of the ffifth vertebra. The ffifth vertebra 
of  TCWC  8279.01  fis  normaflfly  proportfioned  anterfiorfly 
and  posterfiorfly,  formfing  standard  amphficoeflous 
fintervertebrafl jofints wfith the compound and sfixth centra. 
In  thfis  specfimen,  the  ventrafl  sfide  of  the  compound 
centrum fis a shaflflow, open aortfic groove that contfinues a 
short dfistance onto the ffifth centrum. The sfidewaflfls of the 
aortfic groove are flow. In TCWC 8279.01 the compound 
centrum  fis  1.7  tfimes  flonger  than  the  ffifth centrum,  and 
together  the  compound  pflus  ffifth centra  are  2.8  tfimes 
flonger than the sfixth centrum.  
In  contrast,  USNM  195830  (Ffig.  19)  has  the 

compound  and  ffifth centra  cflosefly  artficuflated  and 
shortened.  The  posterfior  end  of  the  compound  centrum 
fis  hfighfly  modfiffied as  a  deepfly  finterflockfing  bony  jofint 
wfith  a  dfistorted  anterfior  end  of  the  ffifth centrum.  The 
ffifth vertebra  fis  severefly  dfimfinfished  fin  sfize  anterfiorfly 
and fis finserted finto and surrounded by the posterfior end 
of  the  compound  centrum.  We  finterpret  thfis  as  another 
maflformed fintervertebrafl jofint, unflfike the sfimpfle jofint as 
fin TCWC 8279.01 (Ffig. 20), or the deepfly finterdfigfitatfing 
compound  centrum-ffifth centrum  jofint  characterfistfic  of 
epfigean fictaflurfids. The combfined flength of the compound 
and ffifth centra fin USNM 195830 fis shortened, onfly 1.7 
tfimes  flonger  than  the  sfixth  centrum.  Aflso,  fin  USNM 
195830  the  ventrafl  sfide  of  the  compound  centrum  has 
a  scarcefly  devefloped  shaflflow,  open  aortfic  groove  that 
contfinues onto the ffifth centrum  
As  fin  aflfl  other  fictaflurfids, Satan  has  enflarged  pafired 

transverse processes on the Weberfian compound vertebra; 
these  are  the  parapophyses  of  the  fourth  vertebra.  These 
processes are sfimfiflarfly shaped fin both scanned specfimens 
but  fin  USNM  195830  they  are  dfistaflfly  narrower, 
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Fig. 18. Satan eurystomus, USNM 195930, 88.7 mm SL. 3-D HRXCT model of branchial arch skeleton, A-B. Entire branchial bony 
skeleton, A. Dorsal, B. Ventral; C-D. Upper branchial elements, C. Dorsal, D. Ventral; E-F. Lower branchial elements, E. Dorsal, F. 
Ventral. Abbreviations: bb2-bb3, basibranchials 2, 3; cb1-cb5, ceratobranchials 1, 2, 3, 4, 5; eb1-eb4, epibranchials 1, 2, 3, 4; gr, gill 
rakers; hb1-hb2, hypobranchials 1, 2; ltp, lower pharyngeal tooth plate; pb3-pb4, pharyngobranchials 3, 4; up, uncinate process; utp, 
upper pharyngeal tooth plate. 
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Ffig.  19. Satan eurystomus,  USNM  195930,  88.7  mm  SL.  3-D  HRXCT  modefl  of  anterfior  vertebrae  fincfludfing  Weberfian  apparatus, 
vertebra  6  and  occfipfitafl  bones. A.  Dorsafl,  B.  Ventrafl,  C.  Left-sfide  flaterafl,  D.  Left-sfide  flaterafl  wfith  occfipfitafl  bones,  E. Anterfior  of 
Weberfian compound vertebra, F. Posterfior of Weberfian compound vertebra and vertebra 6. Abbrevfiatfions: boc, basfioccfipfitafl; c1, ffirst
centrum; eoc, exoccfipfitafl; ns3-ns6, neurafl spfines 3, 4, 5, 6; r, rfib; sc, scaphfium ossficfle; soc, supraoccfipfitafl; tp5-tp6, transverse processes 
of vertebrae 5, 6; v5-v6, vertebrae 5, 6; Wa cc, Weberfian compound vertebra; tp4a, Weberfian apparatus anterfior flfimb of fourth transverse 
process, tp4p, Weberfian apparatus posterfior flfimb of fourth transverse processes.
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corresponding to the shorter compound vertebra, versus 
much more widely expanded in TCWC 8279.01. In both 
specimens, the fourth transverse processes reach the 
cleithrum and posttemporo-supracleithrum, and nearly 
reach the skin posterior to the pectoral girdle. The fourth 
parapophyses are also divided into a robust anterior limb 
and narrower posterior limb. These limbs are divided 
distally by a concave marginal notch that is incised to 
about 22% of the length of the anterior limb in the TCWC 
specimen, and about 18% in the USNM specimen. The 
distally thickened end of the anterior limb makes the 
joint with the vertebral process of the posttemporo-
supracleithrum. The posterior limbs taper distally and are 
directed a little posterolaterally without peripheral bony 
contacts. Dorsally between the anterior and posterior 
limbs a curved ridge on the fourth parapophysis rises and 
is continuous with the lateral ridges that ascend the much 
enlarged fourth neural spine. 

In both scanned specimens, the Weberian apparatus 
has an enlarged compound neural arch and spine structure 
that is formed from the third and fourth neural arches 
and spines. The neural spine of the third arch is directed 
anterodorsally behind the skull to about half the height 
of the occiput and its neural spine is bifid distally to 
receive the vertical lamina of the supraoccipital’s posterior 
process. In USNM 195830 a broken terminal fragment 
of that supraoccipital process is suspended in the median 
septum (Figs. 3A, 20D). This fragment resembles in its 
position a third supraneural (“neural complex”) but that 
element is absent in this species. The fourth neural arch 
and spine are tall and directed posterodorsally toward the 
dorsal fin. The fourth neural spine is also distally divided. 
Its thickened limbs run alongside the enlarged first and 
second dorsal-fin pterygiophores that form and support the 
articulation platform for the two dorsal-fin spines. Between 
the third and fourth neural spines the dorsal midline of the 
compound Weberian vertebra has an elevated, thin vertical 
lamina with a concave profile in lateral vie . 

The anterior margins of the fifth neural arch and 
parapophysis are little expanded and are applied closely to 
the corresponding but larger fourth neural arch and fourth 

Fig. 20. (left) Satan eurystomus, TCWC 8279.01, 180 mm SL. 
3-D HRXCT model of anterior vertebrae including Weberian 
apparatus, vertebra 6 and occipital bones. A. Ventral, B. Left-
side lateral, C. Medial view of right-side from near sagittal 
plane. Abbreviations: boc, basioccipital; c1, first centrum; eoc, 
exoccipital; ns4-ns6, neural spines 4, 5, 6; sc, scaphium ossicle; 
soc, supraoccipital; soc pp, supraoccipital posterior process; tp5-
tp6, transverse processes of vertebrae 5, 6; v5-v6, vertebra 5, 6; 
Wa cc, Weberian compound centrum; tp4a, Weberian apparatus 
anterior limb of fourth transverse processes; tp4p, Weberian 
apparatus posterior limb of fourth transverse processes.
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parapophysfis. The ffifth neurafl spfine fis much shorter than the 
fourth and fis subequafl fin flength and orfientatfion to the sfixth 
neurafl  spfine. The  ffifth and  sfixth  neurafl  spfines  are  ventrafl 
and separate from the overflyfing proxfimafl dorsafl-ffin radfiafls. 
The  thfin  ffifth parapophysfis  dfiverges  posterfiorfly  from  the 
expanded parapophysfis of the fourth and runs paraflflefl wfith 
the  sfixth  parapophysfis.  The  ffifth vertebra  aflso  has  a  pafir 
of  short  posterfior  zygapophyses  that  artficuflate  wfith  smaflfl 
anterfior zygapophyses on the base of the neurafl arch of the 
sfixth vertebra. There fis no free rfib on the ffifth parapophysfis. 
Ventraflfly  the  ffifth centrum  has  no  superfficfiafl ossfifficatfio  
and very flow crests fflankfing the mfidventrafl aortfic groove  
The  Weberfian  apparatus  of Satan  has  no  detectabfle 

deveflopment  of  so-caflfled  superfficfiafl ossfifficatfion (Brfidge 
and  Haddon,  1892;  Chardon  et  afl.,  2003)  that  fin  epfigean 
fictaflurfids and other catffishes covers the sfides and venter of 
the compound and ffifth centra and to whfich the swfim bfladder 
fis cflosefly appflfied. There fis no thfickened swfim bfladder waflfl 
fin Satan, the space normaflfly occupfied by a swfim bfladder fis 
ffiflfled wfith floosefly organfized adfipose and connectfive tfissue 
(Langecker and Longfley, 1993; pers. obs.).  
Post-Weberfian vertebrafl structure of Satan fis generaflfly 

sfimfiflar to that of the majorfity of sfiflurfiforms: amphficoeflous 
centra,  precaudafl  vertebrae  wfith  serfiaflfly  shortenfing 
parapophyses,  rfibs  artficuflated  wfith  the  ventrafl  sfides  of 
the  parapophyses  of  vertebrae  sfix  to  about  12,  anterfior 
zygapophyses on the bases of thefir neurafl arches and pafired 
posterfior zygapophyses on the postero-dorsoflaterafl corners 
of thefir centrua, short neurafl arches and spfines beflow and 
just posterfior to the dorsafl-ffin pterygfiophores; and caudafl 
vertebrae wfith fuflfly devefloped hemafl spfines commencfing 
at about vertebra 18. 
The  foflflowfing  descrfiptfion  of  the  caudafl  skefleton 

of Satan fis  based  on  two  flaterafl-vfiew  radfiographs  of the 
hoflotype UMMZ 190922 and USNM 195830 (Ffig. 2), and 
the CT scan of TCWC 8279.01 (Ffig. 21). The caudafl-ffin
fis  weakfly  emargfinate  fin  form  and  supported  by  17–18 
prfincfipafl caudafl-ffin rays pflus 15-17 upper-procurrent and 
13-14  flower-procurrent  ffin rays  that  extend  anterfiorfly  to 
the flevefl of the ffifth preurafl centrum. Lundberg and Baskfin 
(1969), usfing a radfiograph of the hoflotype, finterpreted the 
hypurafl fusfion pattern of Satan as PH; 1+2; 3+4+5+6 (fi.e. 
parhypurafl  separate  from  two  fused  flower  hypurafls,  and 
four fused upper hypurafls). In contrast, our fimages of both 
USNM 195830 and TCWC 8279.01 show that the hypurafl 
fan fincfludes a separate parhypurafl, flower hypurafls 1 and 2 
that are at fleast partfly separate and together more than twfice 
as  flarge  as  the  parhypurafl. There  fis  a  dfistfinct  horfizontafl 
gap between the flower and upper hypurafls, and the upper 
hypurafls  3,  4,  5  and  6  are  at  fleast  partfly  dfistfingufishabfle 
by  narrow  gaps  and  thfickened  rfidges  that  may  be  flfines 
of  fusfion  or  abuttfing  jofints. Hypurafls  3  and  4  together 

are  much  flarger  than  hypurafl  5  and  an  uppermost,  much 
smaflfler and separate hypurafl 6. The reflatfive sfizes of these 
hypurafl eflements fis sfimfiflar those of other fictaflurfids wfith 
unconsoflfidated hypurafls (e.g. Lundberg and Baskfin, 1969, 
ffigs. 1, 2A, pp. 9, 10)
The caudafl margfin of the hypurafl fan fis smoothfly and 

rounded. The hypurapophysfis on the hemafl arch of PU1 fis 
smaflfl and separate from a smaflfl secondary hypurapophysfis 
on the base of hypurafl 1 posterodorsafl to the caudafl artery 
foramen. There fis no autogenous U2 centrum. In addfitfion, 
there  fis  a  sfingfle  broad  epurafl  that  flacks  bony  contact 
wfith adjacent bones; the uroneurafl fis strongfly devefloped, 
sharp-tfipped, and dfistaflfly separate from the adjacent upper 
hypurafl. The neurafl spfine of the compound caudafl centrum 
does not reach more than haflf the hefight of adjacent PU2 
neurafl spfine. The neurafl spfines of PU2-4 or 5 are sflfightfly 
thfickened  and  wfith  truncated  tfips.  The  hemafl  spfines  of 
PU2-3 are expanded and nearfly as broad as the parhypurafl, 
whereas the hemafl spfines of PU4-5 are sflfightfly broadened 
and wfith truncated tfips.

Dorsafl fin and skefleton.—In Satan the dorsafl ffin (Ffig. 
2, 3, 22, 23) fis supported by two ffin spfines and seven or efight 
branched soft rays. The dorsafl ffin fis finternaflfly supported by 
the fourth supraneurafl and seven to efight pterygfiophores. 

Ffig. 21. Satan eurystomus, TCWC 8279.01, 180 mm SL. 3-D HRXCT 
modefl  of  caudafl-ffin skefleton  and  adjacent  preurafl  vertebrae  fin  fleft-
sfide  flaterafl  vfiew.  Segmented  arc  flfines  behfind  hypurafl  fan  estfimate 
the dfistafl flfimfits of the parhypurafl and sfix hypurafls. Abbrevfiatfions: ca, 
caudafl artery and vefin foramen; ep, epurafl; hs, haemafl spfine; hy1-hy6, 
hypurafls  1,  2,  3,  4,  5,  6;  hyp,  hypurapophysfis;  ph,  parhypurafl;  pu1 
u1, preurafl centrum 1 + urafl centrum 1; pu2, preurafl centrum 2; shyp, 
secondary hypurapophysfis; un, uroneurafl.
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The ffirst dorsafl-ffin spfine fis the short so-caflfled spfineflet 
that fis present fin most catffishes and finvoflved fin the dorsafl-
ffin spfine  flockfing  apparatus.  The  spfineflet  has  the  typficafl 
anatomficafl reflatfionshfips wfith the fourth supraneurafl, fused 
proxfimafl  and  mfiddfle  radfiafls  of  the  ffirst pterygfiophore, 
flong  second  dorsafl-ffin spfine,  and  mfiddfle  nuchafl  pflate. 
In Satan,  the  spfineflet  has  a  unfique  shape  (Ffig.  23F-H): 
unusuaflfly wfide and squat, wfith a dfistfinctfive dorso-medfian 
peak  above  broad,  anteroventraflfly  sflopfing  flfimbs  wfith 
sfinusofidaflfly-curved flaterafl margfins, and strongfly recurved 
ventraflfly wfith bflunt tfips. 
The  second  dorsafl-ffin spfine  fis  the  flarge  defensfive 

spfine that moveabfly artficuflates wfith the nuchafl pflate on the 
second proxfimafl radfiafl. The spherficafl dfistafl radfiafl of the ffirs  
pterygfiophore  fis  ossfiffied and  fused  medfiaflfly  to  the  spfine 

base  between  the  flateraflfly  expanded  and  rounded  basafl 
artficuflar condyfles. A basafl foramen fis present between the 
spfine shaft, the medfian radfiafl and the artficuflar condyfles. In 
Satan, flaterafl to the basafl foramen, a pafir of flong posterfior 
processes  project  promfinentfly  off  the  base  of  the  spfine. 
Thfis  spfine  fis  nearfly  strafight  and  rounded  fin  cross-sectfion. 
The shaft has unornamented anterfior and posterfior margfins 
wfithout  serrae  or  dentatfions.  The  ffirst and  taflflest  dorsafl-
ffin soft  ray  fis  about  1.5  tfimes  flonger  than  the  adjacent 
dorsafl-ffin spfine. The  foflflowfing  sfix  soft  dorsafl-ffin rays  are 
progressfivefly shorter; the separate bases of the flast two soft 
rays artficuflate together on the flast pterygfiophore. 
At  the  base  of  the  dorsafl-ffin finsertfion,  the  fourth 

supraneurafl  fis  reflatfivefly  smaflfl  and  remote  from  the 
posterfior  process  of  the  supraoccfipfitafl.  The  supraneurafl 

Ffig.  22. Satan eurystomus,  USNM  195930,  88.7  SL.  3-D  HRXCT  modefl  of  entfire  dorsafl-ffin and  skefleton. A.  Left-sfide  flaterafl,  B. 
Dorsafl. C-D.  Dorsafl-spfine bases and supportfing skefleton. C. Left-sfide flaterafl, D. Anterodorsafl. Abbrevfiatfions: dfp1-dfp7, dorsafl-ffin
pterygfiophores 1, 2, 3, 4, 5, 6, 7; dfry, branched dorsafl-ffin rays; dsp1, dorsafl-ffin spfine 1 (spfineflet); dsp2, dorsafl-ffin spfine 2; ds, dorsafl-ffin
spfineflet; mnp, mfiddfle nuchafl pflate; pnp, posterfior nuchafl pflate; sn4, supraneurafl 4.



Satan’s skeleton revealed: a tomographic and comparative osteology of Satan eurystomus 150

Fig. 23. Satan eurystomus, USNM 195930, 88.7 SL. 3-D HRXCT model of dorsal-fin spines. A-E. Second dorsal-fin spine. A. Left-
side lateral, B. Anterior, C-E. Second dorsal-fin spine base. C. Anterior, D. Posterior, E. Lateral. F-H. First dorsal-fin spine (spinelet). 
F. Anterior, G. Posterior, H. Lateral. Abbreviations: dsp c, dorsal-spine 2 condyle; dsr1, dorsal spine 2 distal radial 1; dsp b f, dorsal 
spine 2 basal foramen; lcl, dorsal spine 1 (spinelet) lateral curved limb; dmp, dorsal spine 1 (spinelet) medial peak; dsp pp, dorsal spine 
2 posterior process.
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has  an  anterfiorfly  bfiffid vertficafl  pflate  that  fis  onfly  sflfightfly 
expanded dorsaflfly and fit flacks a superfficfiafl nuchafl pflate fin 
the skfin. Thfis supraneurafl artficuflates onfly wfith the dfistafl 
thfird of the enflarged ffirst proxfimafl radfiafl and ventrafl to the 
sflfightfly expanded mfiddfle nuchafl pflate. 
The  ffirst dorsafl-ffin pterygfiophore  fis  flong  and  has 

promfinent flaterafl rfidges that are braced by the spflfit neurafl 
spfine of the fourth vertebra. The ffirst proxfimafl and mfiddfle 
radfiafls are fused and dfistaflfly expanded fin the skfin as the 
mfiddfle nuchafl pflate. Thfis pflate fis pfierced dorsaflfly by a pafir 
of foramfina for the passage of arrector-muscfle tendons that 
finsert on the flfimbs of the spfineflet. The mfiddfle nuchafl pflate 
aflso sends a medfian, beak-flfike process anterfiorfly over the 
fourth  supraneurafl.  Posterfiorfly  the  mfiddfle  nuchafl  pflate 
dfivfides  finto  pafired  horfizontafl  flfimbs  that  artficuflate  wfith 
the posterfior nuchafl pflate on the second radfiafl. The mfiddfle 
radfiafl  of  the  ffirst pterygfiophore  fis  an  enflarged,  medfian 
peg-flfike  process  that  sfits  behfind  the  ventrafl  flfimbs  of  the 
spfineflet and sends fits sflender, curved dfistafl end through the 
foramen fin the spfine base to contact a matchfing anterfiorfly-
dfirected process off the second mfiddfle radfiafl. These two 
mfidflfine  processes  of  the  ffirst and  second  mfiddfle  radfiafls 
unfite to form a bony rfing through the medfian foramen fin 
the base of the second dorsafl-ffin spfine.
The second proxfimafl radfiafl fis flong, artficuflated to the 

ffirst aflong the mfidflfine, and has promfinent flaterafl struts that 
dorsaflfly  support  fits  wfing-flfike  posterfior  nuchafl  pflate,  the 
artficuflar facets for the second ffin spfine base, and the rfing-
formfing medfian process of the mfiddfle radfiafl. 

Anafl  fin  and  skefleton.—The  anafl  ffin (Ffigs.  1,  2)  fis 
supported by 19-21 rays of whfich about sfix anterfior rays 
are  sfimpfle. The  anafl-ffin pterygfiophore  counts  are  one  or 
two fless than the number of ffin rays. The anafl-ffin proxfimafl 
radfiafls overflap and are not tfightfly jofined to thefir adjacent 
hemafl spfines from about vertebra 18-30.

Pectorafl fin and skefleton.—The pectorafl ffin (Ffigs. 2, 3, 
24, 25) fis supported by fits fleadfing ffin spfine pflus 10-11 soft 
ffin rays. There are two separate, ossfiffied pectorafl-ffin radfiafls. 
Cartfiflagfinous pectorafl radfiafls are radfiotransparent. The ffirs  
(flateraflmost) pectorafl-ffin radfiafl fis the shorter and cflosest to 
the outer three soft-rays; the medfiafl radfiafl fis cflosest to the 
finner soft-rays. Both radfiafls are dorsoventraflfly fflattened and 
cflub-shaped,  gentfly  curved  posterfiorfly  (flateraflfly  concave) 
and dfistaflfly expanded near thefir moveabfle synchondrafl jofints 
wfith  the  soft  ffin-rays. The  pectorafl-radfiafl  proxfimafl  jofints 
wfith  the  scapuflocoracofid  are  moveabfle  and  synchondrafl. 
The  pectorafl-ffin rays  graduaflfly  dfimfinfish  fin  flength  aflong 
thefir scarcefly convex ffin margfin from the flongest and most 
flaterafl  ray  to  the  short  medfiafl  ray  that  fis  one-thfird  of  the 
flength of the flongest ray. 

The  pectorafl-ffin spfine  (Ffig.  25)  fis  weflfl  ossfiffied and 
has  a  typficafl  base  wfith  three  weflfl-devefloped  artficuflar 
processes finvoflved fin the flockfing jofint wfith the cflefithrum 
and  scapuflocoracofid  (Ffine  et  afl.,  1997;  Vanscoy  et  afl., 
2015). The fflange-flfike and rounded dorsafl process finserts 
finto a matchfing deep artficuflar groove on the medfiafl face of 
the cflefithrum. The beak-flfike anterfior process of the spfine 
base  artficuflates  wfith  the  dorsafl  surface  of  the  abductor 
brfidge  of  the  scapuflocoracofid  anterfior  and  ventrafl  to  the 
cflefithrafl  artficuflar  groove.  The  ventrafl  process  fis  cflub-
shaped, dfistaflfly rounded fin outflfine and fflattened beflow fits 
artficuflatfion wfith the ventrafl surface of the abductor brfidge 
of the scapuflocoracofid. 
The  pectorafl-spfine  shaft  fis  stout,  nearfly  strafight 

aflong  fits  mfiddfle  and  dfistafl  span,  sharp-tfipped  wfith  one 
deveflopfing  dfistafl  unfused  ffin-spfine segment  on  both 
the  fleft  and  rfight  spfines.  There  are  no  dfistafl  serrae  on 
the  anterfior  sfide  of  the  shaft,  but  a  shaflflow  anterodfistafl 
concavfity proxfimafl to the tfip marks the flfimfit of the flatest 
fused  ffin-spfine segment.  Aflong  the  generaflfly  smooth 
anterfior margfin of the spfine, the mfidflfine rfidge and fflankfing
grooves are scarcefly devefloped and there are no anterfior 
dentatfions.  On  fits  dorsafl  surface  the  spfine  shaft  has  a 
narrow suflcus that subtends the posterfior dentatfions. There 
are  ffive and  seven  posterfior  dentatfions  aflong  the  mfiddfle 
thfird of the posterfior margfin of the shaft. The dentatfions 
are of moderate hefight, about haflf of the shaft wfidth, and 
unficuspfid, sharp to acutefly rounded, and erect to antrorse. 
Most  posterfior  dentatfion  bases  arfise  from  dorsafl  haflf 
(hemfitrfichfium) of the spfine shaft. 
Ffigures  3  and  24  fiflflustrate  the  arrangement  and 

shapes  of  the  three  bones  comprfisfing  the  pectorafl  gfirdfle 
fincfludfing  the  cflefithrum,  compound  scapuflocoracofid  pflus 
mesocoracofid and posttemporo-supracflefithrum. 
The dermafl cflefithrum has robust vertficafl and horfizontafl 

flfimbs  that  meet  ventroflateraflfly  aflong  a  90o  bend  at  the 
gfirdfle’s  shouflder.  The  pectorafl-ffin spfine  artficuflates  wfith 
the  pectorafl  gfirdfle  on  the  medfiafl  face  of  the  shouflder.  In 
thfis jofint the cflefithrum provfides the deep, curved artficuflar 
groove that recefives the dorsafl process of the ffin-spfine base. 
The  horfizontafl  flfimbs  of  the  cflefithrum  expand  medfiaflfly  to 
meet on the mfidflfine fin a broad, floosefly abuttfing symphysfis. 
Commencfing  at  the  shouflder,  the  anterfior  margfin  of  the 
horfizontafl flfimb fis downturned to form the anterfior waflfl of 
a  ventrafl  sfide  fossa  occupfied  by  spfine-arrector  (abductor) 
muscfles.  The  muscfle  fossa  and  waflfl  smoothfly  dfimfinfish 
medfiaflfly and dfisappear before the mfidflfine symphysfis. Near 
the  symphysfis  thfis  fimparts  a  dfistfinctfive  truncatfion  to  the 
anterfior proffifle of the cflefithrafl ma gfin. 
At the base of fits vertficafl flfimb, and posterfior to the 

shouflder  and  ffin-spfine jofint,  the  cflefithrum  has  a  robust, 
trfianguflar and sharpfly-tfipped posterfior (humerafl) process 
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that extends to about the midpoint of the depressed 
pectoral-spine shaft. The exposed lateral surface of the 
cleithral posterior process is ornamented with horizontally-
trending, subparallel ridges and grooves, but is without 
dermal tubercles or coarse rugosities. The vertical 
limb of the cleithrum is forked and articulates with the 
posttemporo-supracleithrum. 

The scapula, scapulocoracoid and mesocoracoid 
arch are completely fused to form a scapulocoracoid 
complex that is tightly bound to the posterior, medial 
and ventral surfaces of the cleithrum. At the shoulder, 
medial to the cleithral articular groove for the fin spine, 
the scapulocoracoid carries the joint surfaces for the 
ventral and anterior articular processes of the fin spine, 
and pectoral-fin bony radials that, in turn, articulate 
with cartilaginous fin radials and the fin rays. A scapular 
foramen is present in the scapulocoracoid wall above these 
joints and the lower end of the mesocoracoid arch attaches 
to the scapulocoracoid below the scapular foramen. Also 
at the shoulder, but anterior to the cleithral articular 
groove, a stout abductor bridge of bone extends from the 
scapulocoracoid to the downturned anterior margin of the 
cleithrum. The scapulocoracoid and mesocoracoid arch 
extend dorsally on the medial face of the dorsal limb of 
the cleithrum. 

Medial to the scapulocoracoid-pectoral radial joints, 
the contralateral horizontal limbs of the scapulocoracoids 
broaden greatly and meet in their symphysis with five to six 
coarsely interlocking sutural processes. The dorsal surfaces 
of the expanded horizontal limbs of the scapulocoracoids 
form the floor of a large triangular extensor fossa, which is 
a major site of origin of the arrector dorsalis and abductor 
superficialis muscles that insert on the pectoral-fin spine 
and rays respectively. The anterior edge of the extensor 
fossa is limited by a low crest along the posterior edge of 
the cleithrum. Laterally, the cleithrum with this crest turn 
posterodorsally to form a roof over the scapulocoracoid 
extensor fossa and become the anterior face of the dorsal 
limb of the cleithrum. 

Immediately ventral to the joint surfaces for the 
pectoral spine and fin rays the scapulocoracoid has a 
sharply elevated and transversely oriented keel that 
extends medially along its border with the cleithrum. 
The scapulocoracoid keel is short, terminating less 
than one fourth of the distance to the scapulocoracoid 
symphysis. There is no development of a secondary keel 
on the rear edge of the scapulocoracoid just below the 
scapular foramen. 

The posttemporo-supracleithrum (Figs. 3, 4, 10-
12, 24) is well developed and has the characteristic 
4-pronged shape and articulations with the cleithrum, 
the occipito-temporal region of the skull, the basicranial 

wall of the occiput, and the Weberian apparatus. First, 
the ventrolateral cleithral process of posttemporo-
supracleithrum (Fig. 24C) reaches ventroposteriorly 
along the lateral side of the vertical limb of the cleithrum. 
Second, the pterotic or dorsal process of the posttemporo-
supracleithrum extends dorsally to its ligamentous 
contact with the epioccipital and barely touches the 
supraoccipital, but in Satan this process passes well 
posterior to the pterotic bone. Third, the partially ossifie  
transcapular ligament is the medially directed limb of 
the posttemporo-supracleithrum that joins the pectoral 
girdle to the basicranium at a facet on the basioccipital–
exoccipital joint lateral to the occipital condyle. The 
medial-most end of the transcapular ligament of Satan 
remains unossified. Fourth, the vertebral process of the 
posttemporo-supracleithrum extends ventrally along the 
medial side of the vertical limb of the cleithrum to a 
direct bony joint with the anterolateral tip of the fourth 
parapophysis of the compound Weberian vertebra. 

The posttemporo-supracleithrum also provides the 
connection between the body lateralis sensory canal and the 
postotic part of the cephalic sensory canals.  The main body 
canal enters the posttemporo-supracleithrum posteriorly 
from two tubular ossicles and the canal exits anteriorly to 
pass into the small tubular extrascapula. A short, tubular 
extension of the posttemporo-supracleithrum, comparable 
to the subpterotic process of other ictalurids, projects 
anteriorly toward but does not contact the extrascapular 
and pterotic. 

Pelvic fin and girdle.—There are 9-10 pelvic fin
rays; the lateral-most ray is unbranched, the second and 
third rays are the longest. The pelvic-fin margin is scarcely 
convex from the longest ray to the shorter, most medial 
rays (Fig. 26). There is no pelvic splint lateral to the outer 
pelvic-fin ra .

The basipterygia are broad plates that meet on 
the midline in a wide synchondral symphysis. Each 
basipterygium bears two short anterior processes 
separated by an anterior marginal notch. The outer anterior 
process is narrow, pointed and directed anteriorly. The 
inner anterior process is broad and meets its contralateral 
inner process on the midline. This process is posteriorly 
continuous via thin fenestrated bone to the medial 
margin of the basipterygial plate. The lateral edge of the 
basipterygial plate projects prominently outward anterior 
to the base of the outer pelvic-fin ray. This posterolateral 
process is not joined anteriorly by a bony membrane 
to the outer margin of the outer anterior process. The 
posterior margin of the basipterygium is smoothly 
rounded and there is no ossified posterior process mesial 
to the inner fin rays  



J.G. LUNDBERG ET AL153

Ffi
g. 
24
. 
Sa
ta
n 
eu
ry
st
o
mu
s,
 
U
S
N
M 
19
59
30
, 
88
.7
 
S
L. 
3-
D 
H
R
X
C
T 
mo
de
fl 
of
 r
fig
ht
-s
fid
e 
pe
ct
or
afl
 g
fir
dfl
e 
an
d 
ffi
n.
 A
. 
Do
rs
afl
, 
B. 
Ve
nt
ra
fl, 
C. 
La
te
ra
fl, 
an
te
rfi
or
 t
o 
rfi
gh
t, 
D. 
Me
dfi
afl
, 
an
te
rfi
or
 

to
 fl
ef
t. 
Ab
br
ev
fia
tfi
on
s:
 c
fl, 
cfl
efi
th
ru
m;
 c
fl 
hfl
, 
cfl
efi
th
ru
m 
ho
rfi
zo
nt
afl
 fl
fi
mb
; 
cfl
 p
cp
, 
cfl
efi
th
ra
fl 
po
st
er
fio
r 
pr
oc
es
s;
 c
fl 
vfl
, 
cfl
efi
th
ru
m 
ve
rt
fic
afl
 fl
fi
mb
; 
co
r, 
sc
ap
ufl
oc
or
ac
ofi
d;
 c
or
 b
r, 
sc
ap
ufl
oc
or
ac
ofi
d 

br
fid
ge
 t
o 
cfl
efi
th
ru
m;
 c
or
 
hfl
, 
sc
ap
ufl
oc
or
ac
ofi
d 
ho
rfi
zo
nt
afl
 fl
fi
mb
; 
co
r 
k, 
sc
ap
ufl
oc
or
ac
ofi
d 
ke
efl
; 
ot
fl, 
os
sfi
ffi
ed
 t
ra
ns
ca
pu
fla
r 
flfi
ga
me
nt
; 
pf
r, 
pe
ct
or
afl
-f
fin
 r
ad
fia
fls
; 
ps
p, 
pe
ct
or
afl
-f
fin
 s
pfi
ne
; 
pt
t 

cfl
p, 
 p
os
tt
e
mp
or
o-
su
pr
ac
fle
fit
hr
u
m 
 c
fle
fit
hr
afl
  
pr
oc
es
s;
  
pt
t 
 d
p, 
 p
os
tt
e
mp
or
o-
su
pr
ac
fle
fit
hr
u
m 
 d
or
sa
fl 
 (
pt
er
ot
fic
)  
flfi
mb
; 
 p
tt
  
sp
t, 
 p
os
tt
e
mp
or
o-
su
pr
ac
fle
fit
hr
u
m 
 s
ub
pt
er
ot
fic
  
pr
oc
es
s;
  
pt
t 
 v
p, 

po
st
te
mp
or
o-
su
pr
ac
fle
fit
hr
u
m 
ve
rt
eb
ra
fl 
pr
oc
es
s.



Satan’s skeleton revealed: a tomographic and comparative osteology of Satan eurystomus 154

Fig. 25. Satan eurystomus, USNM 195930, 88.7 SL. 3-D HRXCT model of right-side pectoral-fin spine. A. Anterior, B. Posterior, 
C. Dorsal, D. Ventral, E. Medial. Abbreviations: aap, anterior articular process; bslr, basal recess; dap, dorsal articular process; pap, 
posterior articular process; pd, posterior dentations; ufss, unfused spine segment. 
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MORPHOLOGICAL RESULTS AND COMPARISONS

Here we flfist and revfiew the morphoflogficafl characters 
of Satan that  we  ffind to  be  unfique  among  Ictaflurfidae  or 
shared as potentfiafl synapomorphfies wfith efither Pyflodfictfis 
(Hubbs  and  Bafifley,  1947;  Lundberg,  1970,  1975,  1982, 
1992),  or  the  other  fictaflurfid  stygobfites  (Arce-H.  et  afl., 
2016).  Our  phyflogenetfic  framework  for  assessfing  the 
evoflutfionary sfignfifficance of these features as apomorphfies, 
pflesfiomorphfies  and  homopflasfies  foflflows. Satan fis  a 
member  of  famfifly  Ictaflurfidae sensu Arce-H.  et  afl.  (2016) 
fincfludfing  the  seven  extant  genera  and  wfithout  extfinct 
†Astephus.  As  cfircumscrfibed,  the  key  morphoflogficafl 
synapomorphy  unfitfing  the  Ictaflurfidae  fis  the  spread  of 
jaw  adductor  muscfle  over  the  hyomandfibuflar–cranfiafl 
jofint onto the skuflfl roof and concomfitant deveflopment of 
parasagfittafl  and  occfipfitafl  crests  of  muscfle  orfigfin  on  the 
supraoccfipfitafl  and  frontafl  bones  (Ffigs.  3,  4,  27). Another 

correflate of cranfiafl expansfion of the jaw adductor muscfles 
fis  the  shfift  of  the  cranfiafl  exfit  of  the  finfraorbfitafl  sensory 
canafl  from  the  sphenotfic  bone  anterfiorfly  finto  the  frontafl. 
Second,  Asfian Cranogflanfis  (Cranogflanfidfidae)  has  been 
hypothesfized to be the flfivfing sfister flfineage of Ictaflurfidae. 
Thfis fis based on nucflear and mfitochondrfiafl gene sequence 
evfidence presented by Hardman (2005), Peng et afl. (2005) 
and  Suflflfivan  et  afl.  (2006).  Suflflfivan  et  afl.,  (2006)  and 
Lundberg et afl. (2007) pflaced these two famfiflfies together 
fin  a  putatfive  monophyfletfic  Superfamfifly  Ictaflurofidea. 
Dfiogo  (2004)  suggested  morphoflogficafl  evfidence  that 
supports  the  fictaflurfid-cranogflanfidfid  reflatfionshfip  but  the 
flfimfited  comparatfive  scope  of  that  work  suggests  fit  needs 
verfifficatfion. The  combfined  moflecuflar  and  morphoflogficafl 
anaflyses of Arce H. et. (2016) dfid not resoflve the posfitfion 
of Cranogflanfidfidae reflatfive to Ictaflurfidae. Thfird, the extfinct 
North  Amerfican  genus †Astephus fis  possfibfly  cflosefly 
reflated to fictaflurfids and thfis fossfifl taxon fis often compared 
to  modern  fictaflurfids  (Lundberg,  1975,  1992;  Grande  and 
Lundberg, 1988; Arce-H. et afl., 2016). Grande and Lundberg 
(1988)  supported  thfis  reflatfionshfip  based  on  apomorphfic 
but homopflasfious features of the peflvfic ffin and gfirdfle, and 
thefir  endemfism  fin  North  Amerfica.  Fourth,  Superfamfifly 
Ictaflurofidea  and †Astephus beflong  to  the  monophyfletfic 
Suborder Sfiflurofidefi (sensu Suflflfivan et afl., 2006; Lundberg 
et afl., 2007) wfithfin whfich thefir finterreflatfionshfips to other 
famfiflfies are currentfly unresoflved.

 Sfinguflar features of Satan among Ictaflurfidae

Here  we  note  tweflve  saflfient  features  that  unfiquefly 
characterfize Satan among North Amerfican catffishes

1. Frontafl-flaterafl ethmofid jofint (Ffigs. 3-6). In Satan, 
the  fimmobfifle  bony  jofint  between  the  frontafl  and  flaterafl 
ethmofid on the dorsafl surface of the skuflfl roof fis sfimpfle and 
overflappfing, wfithout mufltfipfle, finterdfigfitatfing bony sutures. 
We finterpret thfis feature to be an autapomorphy of Satan. 
In most other fictaflurfids, Cranogflanfis, †Astephus and other 
sfiflurofid famfiflfies the frontafl-flaterafl ethmofid artficuflatfion on 
the dorsafl sfide of the skuflfl roof fis moderatefly to extensfivefly 
finterdfigfitatfing. Trogflogflanfis  fis  exceptfionafl  fin  havfing  no 
bony contact at aflfl between the frontafl and flaterafl ethmofid. 
Instead,  a  wfide,  band  of  the  flaterafl  ethmofid’s  antorbfitafl 
process  cartfiflage  separates  the  bony  eflements  (Lundberg, 
1982, ffig. 6, p. 23; Arce-H. et afl., 2016, MorphoBank project 
2100, medfia #M374321). Thfis feature fis an autapomorphy 
of Trogflogflanfis wfithfin Ictaflurfidae. 
2. Posterfior cranfiafl fontanefl (pcf) cflosure (Ffigs. 3, 4, 7, 

8). In contrast to the many reductfions of bony jofints, Satan 
has an expanded and dfistfinctfive pattern of partfiafl cflosure 
of the pcf formed by a novefl serfies of three dorsafl mfidflfine 
jofints  that  together  separate  short  anterfior  and  posterfior 

Ffig.  26. Satan eurystomus,  USNM  195930,  88.7  SL.  3-D 
HRXCT modefl of peflvfic gfirdfles and ffins. A. Dorsafl, B. Ventrafl. 
Abbrevfiatfions: bas, basfipterfigyum; flap, flaterafl anterfior process of 
basfipterygfium;  map,  medfiafl  anterfior  process  of  basfipterygfium; 
pfry1, peflvfic-ffin ray 1; pfry9, peflvfic-ffin ray 9
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remnants  of  the  pflesfiomorphficaflfly  open  fontanefl.  The 
most anterfior of the mfidflfine jofints fis between the frontafls 
posterfior to the smaflfl anterfior fontanefl remnant. In havfing 
a symphysfis of finterdfigfitatfing sutures thfis finterfrontafl jofint 
fis  sfimfiflar  to  the  epfiphyseafl  bar  that  flfies  fin  front  of  the 
anterfior fontanefl remnant. The second mfidflfine jofint cfloses 
a sectfion of the pcf fimmedfiatefly posterfior to the ffirst. Thfis 
jofint fis aflso finterfrontafl but fis a sfimpfle, strafight, abuttfing 
mfidflfine  contact  wfithout  finterdfigfitatfing  edges  or  fusfion. 
The  thfird  and  most  posterfior  pcf  cflosure  fis  wfithfin  the 
supraoccfipfitafl fimmedfiatefly behfind the second and fit too fis 
a strafight abuttfing contact on the mfidflfine wfithout apparent 
finterflockfing  sutures  or  fusfion.  Thfis  deveflopmentaflfly 
compflex compflement of three mfidflfine jofints and fontanefl 
remnants fis an autapomorphy of Satan. 
A few fictaflurfid specfies retafin a pflesfiomorphficaflfly open 

or  sflfightfly  narrowed  pcf. Wfith  growth  and  deveflopment, 
however, most specfies show more severe narrowfing of the 
fontanefl or fits compflete cflosure. Generaflfly, these cflosures 
resuflt from strafight, abuttfing mfidflfine contacts between the 
somewhat  eflevated  pafir  of  parasagfittafl  crests  aflong  the 
pcf margfins on the frontafl and/or supraoccfipfitafl. Remnant 
sflfit-flfike  openfings  of  the  pcf  may  persfist  anterfiorfly 
and/or  posterfiorfly,  as  for  exampfles  fin Pyflodfictfis  (Ffig. 
27); Trogflogflanfis  (Lundberg,  1982,  ffig. 6,  p.  23);  and 
Prfieteflfla phreatophfifla (MorphoBank project 2100, medfia 
#M374321 and Lundberg, 1982, ffig. 7B, p. 34)
3.  Supraoccfipfitafl  medfian  suflcus  (Ffigs.  3,  4,  7,  8). 

In Satan,  the  posterfior  haflf  of  the  supraoccfipfitafl  has 
an  eflongate  dorsomedfian  bony  suflcus  that  fincfludes  the 
posterfior pcf remnant. The suflcus fis narrowfly and sharpfly 
bounded by the rafised parasagfittafl crests and posterfiorfly by 
the sharp margfins of the supraoccfipfitafl posterfior process. 
The  suflcus  autapomorphy  fis  reductfive  fin  that  bone  fis 
dfimfinfished  fimmedfiatefly  adjacent  to  the  mfidflfine,  but  the 
boundfing parasagfittafl crests remafin weflfl devefloped as sfites 
of jaw adductor muscfle attachment.  
Among  fictaflurfids  there  fis  a  great  varfiety  of  bony 

surface topographfies and textures near the dorsafl mfidflfine 
of the neurocranfium. No other fictaflurfid has a medfian suflcus 
flfike that of Satan. Off the mfidflfine, however, the margfinafl 
outflfine  of  the  parasagfittafl  crests  and  supraoccfipfitafl 
posterfior  process  of Satan fis  sfimfiflar  fin  the  outflfine  to 
Pyflodfictfis (see beflow). 
4. Temporafl  fossa  wfide  and  deep  (Ffigs.  3,  4,  9-11). 

Satan has an extraordfinarfifly wfide and deep cavfity wfithfin 
the  temporafl  fossa.  The  temporafl  fossa  and  cavfity  are 
centered between the supraoccfipfitafl, epfioccfipfitafl, pterotfic 
and  sphenotfic.  It  remafins  to  be  determfined  fif  thfis  cavfity 
fis  ffiflfled wfith  jaw  muscfle,  as  mfight  be  expected  of  an 
fictaflurfid,  or  wfith  floose  connectfive  and  adfipose  tfissue 
that fis generaflfly present subcutaneousfly fin Satan. Among 

other fictaflurfids, onfly Pyflodfictfis (Ffig. 27) and Trogflogflanfis 
(MorphoBank project 2100, medfia #M374321) show some 
excavatfion  of  the  temporafl  regfion  finto  a  fossa  of  sfimfiflar 
outflfine to that fin Satan, but these are far fless pronounced. 
We  have  not  observed  a  comparabfle  deep  cavfity  of  the 
temporafl  fossa  on  the  otfic  capsufle  and  occfipfitafl  regfion 
roof fin other flfivfing Ictaflurfidae, Cranogflanfis, †Astephus or 
other sfiflurofid famfiflfies. 
5. Posfitfion of the finfraorbfitafl sensory canafl (Ffigs. 3, 

4). Aflone among flfivfing fictaflurfids, Satan has the junctfion 
of the finfraorbfitafl, supraorbfitafl and otfic sensory canafls and 
the assocfiated cranfiafl exfit of the finfraorbfitafl canafl flocated 
fin the sphenotfic-frontafl jofint. The bony channefls for these 
sensory  canafls  and  thefir  foramfina  are  enflarged  fin Satan. 
In contrast, other fictaflurfids (Ffig. 27), fincfludfing the other 
stygobfitfic specfies, have the junctfion of these three sensory 
canafls  and  the  finfraorbfitafl  canafl  cranfiafl  exfit  flocated 
anterfiorfly, entfirefly wfithfin the frontafl bone. 
In  Sfiflurfiformes,  the  finfraorbfitafl  sensory  canafl 

pflesfiomorphficaflfly  jofins  the  supraorbfitafl  and  otfic  canafls 
wfithfin  the  sphenotfic  and  the  finfraorbfitafl  canafl  dfirectfly 
enters  the  skuflfl  roof  to  the  sphenotfic  (Lundberg,  1975, 
1982, 1992; Grande and Lundberg, 1988). Thfis condfitfion 
of  the  finfraorbfitafl  canafl  fis  retafined  fin Cranogflanfis  and 
†Astephus.  The  condfitfion  fin Satan  fis  morphoflogficaflfly 
fintermedfiate between the pflesfiomorphfic sphenotfic posfitfion 
of the finfraorbfitafl exfit and the apomorphfic frontafl posfitfion. 
Thfis mfight be vfiewed as a transfitfionafl condfitfion between 
the  sphenotfic-onfly  and  frontafl-onfly  pflacements,  or, 
aflternatfivefly, fin Satan fit may be stygomorphficaflfly reflated 
to  enflargement  of  the  sensory  canafls  and  foramfina  pflus 
bone reductfion fin the sphenotfic-frontafl jofint.  
6.  Infraorbfitafl  bone  number  (Ffigs.  3,  4). Satan  has 

ffive tubuflar  finfraorbfitafl  bones,  the  flowest  number  of 
finfraorbfitafls among fictaflurfids. Other specfies of the famfifly 
have  sfix  to  efight  finfraorbfitafl  bones.  Thfis  feature  fis  a 
presumed reductfive autapomorphfic bone floss fin Satan. 

7.  Pterotfic-posttemporo-supracflefithrum  artficuflatfion 
(Ffigs.  3,  4,  10,  11).  The  posttemporo-supracflefithrum  of 
Satan  flacks  dfirect  bony  artficuflatfions  wfith  the  pterotfic 
vfia  fits  pterotfic  and  subpterotfic  processes. Thfis  floose  and 
flfikefly entfirefly flfigamentous artficuflatfion fis finterpreted as a 
reductfive autapomorphy of Satan. 
In other fictaflurfids the dorsafl or pterotfic flfimb and, fin 

most specfies, the subpterotfic process of the posttemporo-
supracflefithrum  pflesfiomorphficaflfly  make  cflose  and  dfirect 
bony contact wfith the pterotfic at the posteroflaterafl corner 
of  the  skuflfl. Cranogflanfis, †Astephus and  most  other 
sfiflurfiforms have a tfighter cranfiafl jofint of the pterotfic flfimb.
8.  Branchfiostegafl  membranes  (Ffig.  3B,  30A). 

Hubbs  and  Bafifley  (1947)  noted  the  wfidefly  overflappfing 
branchfiostegafl  membranes  of Satan.  Other  fictaflurfids, 
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Cranogflanfis  and  most  other  sfiflurofid  catffishe  
pflesfiomorphficaflfly  have  non-overflappfing  branchfiostegafl 
membranes. Hubbs and Bafifley (1947) aflso stated that the 
overflappfing  condfitfion  fis  “often”  present  fin Pyflodfictfis. 
We observed the branchfiostegafl membranes to be scarcefly 
overflappfing fin just four of 45 fflufid preserved or cfleared/
stafined  specfimens,  the  others  havfing  non-overflappfing 
membranes  (Ffig.  30B). We  suggest  that  the  apparent 
consfistentfly overflappfing condfitfion of the branchfiostegafl 
membrane fis an autapomorphy of Satan. Functfionaflfly thfis 
may be reflated to the expansfive bucco-pharyngeafl space 
and a suctfion-feedfing mechanfism of Satan. 
9.  Interhyafl  (Ffigs.  3,  17).  The  finterhyafl  of Satan 

fis  greatfly  eflongated,  roughfly  two  to  three  tfimes  flonger 
than the finterhyafls of other fictaflurfids and Cranogflanfis at 
comparabfle body sfize. Aflso, fin Satan the finterhyafl extends 
ventraflfly (Ffig. 17C, D, F) from fits upper end on the medfiafl 
face of the preopercfle to reach downward over the flaterafl 
face  of  the  posterfior  ceratohyafl  near  the  finteropercfle. 
The  autapomorphficaflfly  eflongated  and  flarge  sfize  of  the 
finterhyafl of Satan fis possfibfly reflated to fits finferred suctfion 
feedfing mechanfism. 
10.  Interopercfle-posterfior  ceratohyafl  jofint  (Ffigs.  3, 

17). The finteropercfle of Satan flacks a weflfl-deffined, rafised 
facet on fits medfiafl face at fits artficuflatfion wfith the posterfior 
ceratohyafl.  Thfis  reduced  structure  of  the  finteropercfle-
posterfior  ceratohyafl  jofint  fin Satan  fis  an  autapomorphy. 
Thfis  aflso  may  be  reflated  to  fits  finferred  suctfion  feedfing 
mechanfism.  The  finteropercfles  of  other  fictaflurfids, 
Cranogflanfis  and †Astephus pflesfiomorphficaflfly  have  a 
dfistfinct concavfity, often wfith a rafised rfim, at fits jofint the 
posterfior ceratohyafl. 
11.  Dorsafl-ffin spfineflet  (ffirst dorsafl  spfine)  (Ffigs. 

22,  23). Satan  has  a  weflfl-devefloped  and  dfistfinctfivefly 
shaped  dorsafl-ffin spfineflet. The  spfineflet  has  a  sharp  mfid-
dorsafl  peak  and  heavy,  abruptfly-recurved  ventrafl  flfimbs. 
Thfis  novefl  feature  fis  a  smaflfl-sfized  but  non-reductfive 
autapomorphy of Satan. 
Weflfl-devefloped dorsafl-ffin spfineflets are present pflesfio-

morphficaflfly fin other fictaflurfids except for the two specfies 
of Prfieteflfla that flack the structure. The dorsafl-ffin spfineflet 
fis aflso present fin Cranogflanfis, †Astephus and most other 
sfiflurfiforms wfith a weflfl-devefloped second dorsafl-ffin spfine. 
Generaflfly, the spfineflet fis stout, weflfl ossfiffied, a horseshoe-, 
V- or U-shaped wfith sfimpfle, nearfly strafight flfimbs. 

12.  Anterfior  margfin  of  cflefithrum  (Ffigs.  3,  24).  In 
Satan,  the  anterfior  margfins  of  the  cflefithra  are  shaflflowfly 
concave  and  transversefly  truncated  across  thefir  ventrafl 
mfidflfine  symphysfis.  In  other  fictaflurfids, Cranogflanfis, 
†Astephus and most other sfiflurfiforms, the anterfior margfins 
of the cflefithra are strafight or smoothfly convex anterfiorfly 
near and across thefir mfidflfine symphysfis. 

The  foregofing  flfist  advances  tweflve  autapomorphfies 
that  dfistfingufish Satan  wfithfin  Ictaflurfidae  and  probabfly, 
at  fleast  fin  combfinatfion,  from  aflfl  other  catffishes. Some 
of  these  are  reductfive  floss  or  sfimpflfifficatfion features  of 
skuflfl  bones  (finfraorbfitafls,  pterotfic)  and  jofints  (frontafl-
flaterafl  ethmofid,  finteropercfle-posterfior  ceratohyafl).  Some 
of  the  autapomorphfies  are  anatomficaflfly  and  perhaps 
deveflopmentaflfly  compflex,  such  as  the  serfies  of  three 
mfidflfine  jofints  cflosfing  the  posterfior  cranfiafl  fontanefl,  the 
deepfly excavated temporafl fossa and finterhyafl enflargement. 
One,  the  dorsafl-ffin spfineflet,  fis  the  novefl  shape  of  a  tfiny 
sfingfle bone that generaflfly functfions to flock the dorsafl-ffin
spfine when eflevated.

Synapomorphfies unfitfing Satan and Pyflodfictfis

Thfis  sectfion  revfiews  ten  synapomorphfies  of Satan 
and Pyflodfictfis that were suggested fin prevfious studfies or 
dfiscovered fin the present work. Further, we rafise questfions 
about the poflarfitfies of pafired-ffin ray merfistfic characters fin 
Ictaflurfidae and we correct ffive errors fin the past flfiterature 
deaflfing  wfith  mfisfinterpreted  characters  fin  these  catffishes.
The prfimary flfiterature fincfludes: Hubbs and Bafifley (1947), 
Suttkus  (1961),  Tayflor  (1969),  Lundberg  (1970,  1975, 
1982,  1992),  Langecker  and  Longfley  (1993),  Waflsh  and 
Gfiflbert (1995) and Arce-H. et afl. (2016). 
1.  Head  shape  and  mouth  posfitfion  (Ffig.  1,  Pflate 

I).  Hubbs  and  Bafifley  (1947)  pofinted  out  the  externafl 
resembflance  between Satan  and Pyflodfictfis  fin  thefir 
depressed,  fflattened heads  and  wfide  transverse  mouths. 
Thfis fis a consfistent and excflusfive synapomorphy of Satan 
and Pyflodfictfis. Other fictaflurfids (fincfludfing the fflat buflflheads 
Amefiurus pflatycephaflus and A. brunneus) and Cranogflanfis 
have  deeper  and  more  arched  heads  and  most  fictaflurfids 
have notabfly narrower gapes than Satan and Pyflodfictfis.
The  fflat-headed and  wfide-mouthed  externafl  form  of 

Satan and Pyflodfictfis fis refflected fin many aspects of thefir 
skuflfl rooffing bones and jaws (Ffigs. 3, 27). These features 
appear  to  be  functfionaflfly  assocfiated  wfith  an  enhanced 
mechanfism  for  suctfion  feedfing  fin Pyflodfictfis  that  can  be 
extrapoflated to Satan (dfiscussed beflow). 
2. Mesethmofid bone shape (Ffigs. 3, 5, 27, 28). Suttkus 

(1961) was the ffirst finvestfigator to examfine aspects of the 
skefletafl anatomy of Satan. Based on a radfiograph of TU 
10809, he caflfled attentfion to the cflose sfimfiflarfity between 
Satan and Pyflodfictfis fin thefir broad and shaflflowfly-forked 
mesethmofid cornua. Trogflogflanfis and Prfieteflfla flundbergfi 
(unknown  untfifl  1995)  aflso  have  dfivergent  and  shaflflowfly 
forked  mesethmofid  cornua. As  deffined, we  can  finterpret 
thfis form of the mesethmofid cornua as a consfistent but non-
excflusfive synapomorphy of Satan and Pyflodfictfis. However, 
the mesethmofid of Trogflogflanfis fis hfighfly dfivergent fin fits 
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gracfifle  structure  fincfludfing  the  deflficatefly  sflender  cornua 
supported by an extremefly narrow mesethmofid neck that 
fis onfly about 7% of the wfidth across the cornua tfips. The 
mesethmofid neck of P. flundbergfi fis aflso narrow at about 
16%  of  the  wfidth  across  the  cornua  tfips.  These  more 
flfightfly  bufiflt  mesethmofids  are  dfistfinct  from  the  heavfifly 
bufiflt  mesethmofid  cornua  and  neck  present  fin Satan  and 
Pyflodfictfis, about 30% of the wfidth across the cornua tfips. 
In  most  fictaflurfids  fincfludfing P. phreatophfifla  the 

mesethmofid  cornua  are  narrowfly  forked  and  cflosefly 
surround  a  deep,  constrficted  medfian  notch. Cranogflanfis 
has wfidefly forked cornua that fflank a deep but unconstrficted 
notch.  The  wfidth  of  the  mesethmofid  neck  fis  varfiabfle 
among the epfigean fictaflurfids. 
3.  Laterafl  ethmofid  posterfior  process  (Ffigs.  6,  28). 

Satan and Pyflodfictfis  share  a  unfique  posterfior  process  of 
the flaterafl ethmofid that arfises from the dorsoflaterafl margfin 
of  that  bone  and  extends  flateraflfly  aflong  the  frontafl  and 
then  ventrafl  to  the  frontafl  margfin.  Other  fictaflurfids  and 
Cranogflanfis flack such a process. We finterpret the posterfior 
process of the flaterafl ethmofid as a consfistent and excflusfive 
synapomorphy of Satan and Pyflodfictfis. 
4.  Supraoccfipfitafl  posterfior  process  (Ffigs.  3,  4,  8, 

27). Tayflor (1969) noted that the supraoccfipfitafl processes 
of Satan and Pyflodfictfis  are  extremefly  narrow  compared 
to  most  other  fictaflurfids  aflthough  these  processes  greatfly 
dfiffer fin flength between these specfies. In both, the wfidth 
of  supraoccfipfitafl  posterfior  process  abruptfly  dfimfinfishes 
behfind  the  occfiput  to  a  thfin,  vertficafl  bflade  compfletefly 
flackfing  a  superfficfiafl horfizontafl  pflate  fin  the  fintegument. 
We  finterpret  the  bflade-flfike  supraoccfipfitafl  process  as  a 
consfistent  but  not  excflusfive  synapomorphy  of Satan 
and Pyflodfictfis.  In Pyflodfictfis  the  supraoccfipfitafl  posterfior 
process fis flong, reachfing nearfly haflf way across the nape to 
the dorsafl-ffin orfigfin; fin Satan, the process fis much shorter 
but  not  rudfimentary,  a  condfitfion  found  aflso  fin Noturus 
mfiurus. The entfire supraoccfipfitafl process fis rudfimentary fin 
other Noturus  and Prfieteflfla. The  supraoccfipfitafl  posterfior 
processes  of Ictaflurus, Amefiurus  and Trogflogflanfis  are 
horfizontaflfly  expanded  fin  the  skfin  of  the  nape  to  varyfing 
degrees and ornamented wfith pfits or rfidges and grooves. 
5. Parasagfittafl and occfipfitafl crests (Ffigs. 3, 4, 8, 11A, 

27).  Satan and Pyflodfictfis share a dfistfinctfive arrangement 
of the parasagfittafl and occfipfitafl muscfle-attachment crests 
on  the  supraoccfipfitafl  and  aflong  the  occfipfitafl  margfin. 
Thfis  fis  a  structuraflfly  compflex,  consfistent  and  excflusfive 
synapomorphy  for  these  specfies.  Dfifferent  aspects  of 
these same structures have been descrfibed and used fin the 
phyflogenetfic  anaflyses  of  Lundberg  (1970,  1982,  1992) 
and Arce-H.  et  afl.  (2016).  These  may  be  summarfized  as 
foflflows.  In Satan and Pyflodfictfis  the  parasagfittafl  crests 
have  sharpfly  anguflar  margfins.  In Satan,  these  edges 

frame the mfidflfine suflcus, whereas fin Pyflodfictfis the crest’s 
sharpfly anguflar edges fflank pafired, fflat-topped and ffinefly
rfidged pflateaus that abut on the mfidflfine. Aflso fin Satan and 
Pyflodfictfis, the occfipfitafl crests are tfiflted obflfiquefly forward 
(anterodorsaflfly) and deflfimfit, wfith thefir medfiaflfly adjacent 
parasagfittafl crests, a pafired posterfiorfly-open narrow notch 
on the supraoccfipfitafl occupfied by an anterfior flobe of epaxfiafl 
muscfle. Thus, the epaxfiafl muscfles are extended anterfiorfly 
onto the skuflfl roof more so than fin other fictaflurfids. 
Other fictaflurfids manfifest a varfiety of dfistfinctfly dfifferent 

arrangements  of  the  parasagfittafl  and  occfipfitafl  crests  that 
refflect dfifferences  fin  the  jaw  and  epaxfiafl  muscfles  on  the 
skuflfl (Lundberg, 1970, 1982, 1992; Arce-H. et afl., 2016). 
6.  Opercuflar  frame  and  panefl  (Ffigs.  3,  16,  29). 

An  outstandfing  feature  of  the  opercuflar  bones  of Satan, 
ffirst observed  fin  the  CT  fimage  of  USNM  195830,  fis  the 
arrangement  of  the  opercfle,  preopercfle  and  an  eflongate 
finteropercfle.  In  thfis  specfimen,  the  three  opercuflar  bones 
frame the sfides of a flarge, trfianguflar area fin the gfiflfl cover. 
Thfis opercuflar frame fis covered by a panefl of fintegument 
and presumabfly ffiflfled wfith a thfin flayer of connectfive tfissue 
and  possfibfly  some  muscfle.  Infitfiaflfly  we  suspected  the 
opercuflar frame and panefl to be an artfifact of preservatfion 
wfith  the  opercfle  and  finteropercfle  possfibfly  ffixed fin  a 
pose  of  pharyngobranchfiafl  expansfion.  However,  the 
opercuflar frame and panefl are aflso present fin the second 
scanned specfimen of Satan TCWC 8279.01. Furthermore, 
severafl specfimens of Pyflodfictfis fincfludfing ffive artficuflated 
cfleared/stafined  preparatfions,  two  dry  skefletons  and 
severafl  aflcohofl-preserved  specfimens  consfistentfly  show  a 
comparabfle opercuflar frame and panefl between sfimfiflarfly-
shaped opercuflar bones and covered wfith the fintegument 
of the gfiflfl cover. The eflongated shape of the finteropercfles 
fin  these  two  specfies  fis  flfinked  fin  the  anatomficafl  context 
of the opercuflar frame and panefl as one sfide of the bony 
trfiangfle connectfing the wfidefly dfivergent flower corners of 
the opercfle and preopercfle.
The recentfly-obtafined CT scans of P. flundbergfi show 

a  gap  between  the  opercfle  and  preopercfle,  suggestfing  a 
comparabfle  opercuflar  frame  and  panefl.  However,  fin  thfis 
specfies the finteropercfle fis short and deepfly trfianguflar. By 
contrast, aflfl other fictaflurfids examfined, fincfludfing cfleared/
stafined and artficuflated dry skefletons, representfing specfies 
of Ictaflurus, Amefiurus, Noturus, P. phreatophfifla  and 
Trogflogflanfis, have the opercuflar bones flargefly fin contact 
and  the  finteropercfle  fis  short  and  deep.  In  these  specfies, 
there fis no findficatfion of a flarge trfianguflar opercuflar frame, 
panefl or flong finteropercfle flfike that of Satan and Pyflodfictfis. 
Nor have we seen a bony frame and panefl fin the opercuflum 
fin  a  cursory  survey  of  catffishes of  other  famfiflfies.  The 
fictaflurfid  specfies  wfithout  the  opercuflar  frame  and  panefl, 
and  as  weflfl P. flundbergfi,  have  the  finteropercfle  tucked 
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Ffig.  27. Pyflodfictfis oflfivarfis,  UMMZ  169029,  306  mm  SL.  Dry  neurocranfium,  dorsafl  vfiew,  wfith  dotted  flfine  findficatfing  outflfine  of  rfight-
sfide temporafl fossa. Photograph by M. Arce-H. Abbrevfiatfions: acf, anterfior cranfiafl fontanefl; boc, basfioccfipfitafl; eb, epfiphyseafl bar; eoc, 
exoccfipfitafl;  epo,  epfioccfipfitafl;  ext,  extrascapufla;  fr,  frontafl;  fios  f,  foramen  at  unfion  of  finfraorbfitafl,  supraorbfitafl,  otfic  canafls;  flet,  flaterafl 
ethmofid; met, mesethmofid; met cfl, mesethmofid cfleft; met co, mesethmofid cornu; na, nasafl; oc cr, occfipfitafl crest; pcf a, posterfior cranfiafl 
fontanefl, anterfior subdfivfisfion; pcf p, posterfior cranfiafl fontanefl, posterfior subdfivfisfion; ps cr, parasagfittafl crest; pto, pterotfic; ptt, posttemporo-
supracflefithrum; soc, supraoccfipfitafl; soc pp, supraoccfipfitafl posterfior process; spo, sphenotfic; spo p, sphenotfic process; tm f, temporafl fossa.

Ffig.  28. Pyflodfictfis oflfivarfis,  USNM  264813,  99  mm  basficranfiafl  flength.  Dry  neurocranfium,  ventrafl  vfiew.  Photograph  by  M.  Arce-H. 
Abbrevfiatfions: boc, basfioccfipfitafl; eoc, exoccfipfitafl; epo, epfioccfipfitafl; fr, frontafl; flet, flaterafl ethmofid; flet pp, flaterafl ethmofid posterfior process; 
met, mesethmofid; ors, orbfitosphenofid; pas, parasphenofid; pro, prootfic; pto, pterotfic; pts, pterosphenofid; spo, sphenotfic; vo, vomer.
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beflow the adjacent opercfle and preopercfle. Therefore, the 
opercuflar panefl and frame wfith a flong finteropercfle appears 
to be a consfistent and potentfiaflfly excflusfive synapomorphy 
of Satan and Pyflodfictfis.
7. Ffirst mandfibuflar sensory canafl pore (Ffigs. 1 ventrafl 

vfiew,  3,  15,  30).  Hubbs  and  Bafifley  (1947)  observed  fin 
Satan  and Pyflodfictfis  that  the  pafired  ffirst or  symphyseafl 
pores  of  the  mandfibuflar  flateraflfis  canafl  have  a  common 
openfing fin a medfian pfit on the chfin. Subsequent authors 
(Suttkus, 1961; Tayflor, 1969; Lundberg, 1970, 1982) have 
verfiffied fin Satan  and Pyflodfictfis  that  the  ffirst mandfibuflar 
sensory  canafl  foramfina,  tubes  and  pores  are  cflose  to  the 
symphysfis and the tubes open by a common medfian pore. 
Thfis aflso fis a consfistent and excflusfive synapomorphy for 
Satan and Pyflodfictfis wfithfin Ictaflurfidae. In other fictaflurfids 
and  sfiflurfiforms  generaflfly,  the  anterfiormost  mandfibuflar 
canafl  pores  are  spaced  apart  posteroflateraflfly  away  from 
the mandfibuflar symphysfis. 
8.  Preopercuflo-mandfibuflar  sensory  canafl  foramfina 

and pores (Ffigs. 3, 15, 16, 30). Tayflor (1969) reported that 
Satan  and Pyflodfictfis  have  12  sensory  pores  assocfiated 
wfith the preopercuflo-mandfibuflar canafl. Thfis fis vfiewed as 
a synapomorphfic fincrease of pores above the more generafl 
number of 10-11 pores fin other fictaflurfids. The fincrease of 
pore numbers fin the preopercuflo-mandfibuflar branch of the 
cephaflfic canafl system has aflso been expressed as the count 
of bone foramfina aflong the mandfibfle. Lundberg (1992) and 
Arce-H. et afl. (2016) observed efight mandfibuflar foramfina 
fin Satan and Pyflodfictfis (fincfludfing the foramen of passage 
of  the  mafin  canafl  between  mandfibfle  and  preopercfle)  vs. 
sfix  or  seven  fin  other  fictaflurfids.  In  efither  case Satan  and 
Pyflodfictfis  show  the  fincrease  fin  pores  and  assocfiated 
foramfina of the preopercuflo-mandfibuflar branch. 
9.  Posterfior  ceratohyafl  (Ffig.  17).  Both Satan  and 

Pyflodfictfis have  sfimfiflarfly  shaped,  eflongated  posterfior 
ceratohyafl  bones.  Thfis  fis  a  consfistent  and  excflusfive 
synapomorphy  among  fictaflurfids.  Other  fictaflurfids  have 
shorter,  trfianguflar-shaped  posterfior  ceratohyafls  as  do 
Cranogflanfis and †Astephus. 
In Pyflodfictfis  the  posteroventrafl  corner  of  the 

posterfior  ceratohyafl  fis  aflso  expanded,  whereas  fin Satan 
the  flower  margfin  of  posterfior  ceratohyafl  fis  smoothfly 
curved  and  not  ventraflfly  expanded.  The  flack  expansfion 
may  be  a  pflesfiomorphfic  condfitfion  and  the  expansfion  an 
autapomorphy of Pyflodfictfis. 

10.  Fourth  supraneurafl  and  anterfior  nuchafl  pflate. 
(Ffigs.  3,  22,  31).  The  anterfior  nuchafl  pflate  fis  absent  fin 
Noturus, Prfieteflfla, Pyflodfictfis and Satan. Pyflodfictfis and 
Satan  have  weflfl-devefloped  fourth supraneurafl  bones 
that  artficuflate  posterfiorfly  wfith  the  ffirst pterygfiophore  fin 
a  flong  vertficafl  butt-jofint  and  these  specfies  have  a  flong 
medfian and narrowfly-bfiffid anterfior arm of the supraneurafl 

beflow  the  skfin  and  between  the  epaxfiafl  muscfle  masses. 
Thfis  arrangement  of  the  supraneurafl  aflong  wfith  the  floss 
of  anterfior  nuchafl  pflate  fis  a  consfistent  and  excflusfive 
synapomorphy of the fourth supraneurafl among fictaflurfids. 
In  specfies  of Noturus  and Prfieteflfla the  fourth 

supraneurafls are rudfimentary and may fuse wfith the ffirst
pterygfiophore or they are flost. Among fictaflurfids, aflfl specfies 
of Ictaflurus, Amefiurus and Trogflogflanfis pflesfiomorphficaflfly 
have  weflfl-expanded  anterfior  nuchafl  pflates  and  contact 
wfith  the  supraoccfipfitafl  process  fis  made  fin  some  specfies 
of Ictaflurus. 

Satan-Pyflodfictfis Synapomorphfies Summary and 
Suctfion Feedfing.—The  foregofing  flfist  advances  ten 
synapomorphfies  supportfing Satan  and Pyflodfictfis  as  sfister 
flfineages. These appear to be functfionaflfly reflated to feedfing. 
Two  of  the  synapomorphfies  of Satan  and Pyflodfictfis 
finvoflve  the  anterfior  parts  of  the  cephaflfic  flateraflfis  system 
that can pflay an fimportant rofle fin prey detectfion: medfiaflfly 
unfited symphyseafl mandfibuflar canafl pores and fincrease of 
preopercuflo-mandfibuflar canafl pores. In the ffirst comparfison 
of Satan  and Pyflodfictfis  Hubbs  and  Bafifley  (1947)  caflfled 
attentfion  to  thefir  “greatfly  depressed”  heads  and  “wfide 
transverse”  mouths  (Ffigs.  1,  30;  Pflate  1).  The  head  and 
mouth constructfion of these catffishes suggests that they feed 
on reflatfivefly flarge, whofle prey. Indeed, the capacfious gape 
and  bucco-pharyngeafl  cavfity  and  projectfing  flower  jaw  of 
flarge Pyflodfictfis are weflfl known to angflers and “noodflfing” 
hand  ffishers. Post-juvenfifle  Fflathead  Catffish (>30cm  TL) 
become flarge, voracfious and dedficated pfiscfivores (Jackson, 
1999). Smaflfl, eyefless Wfidemouth Bflfindcat are known from 
thefir gut contents to feed on stygobfitfic crustaceans fin the 
deep  aqufifer  (Longfley,  1981;  Langecker  and  Longfley, 
1993). A foragfing Fflathead Catffish executes a rapfid suctfion 
component  fin  fits  attack  on  mobfifle,  whofle  prey.  Sfimfiflar 
morphoflogy fimpflfies the same for Satan. 
It fis flfikefly that aflfl fictaflurfids and most catffishes practfice 

some degree of suctfion feedfing. But, severafl features shared 
by Pyflodfictfis and Satan suggest they have a hefightened rofle 
for suctfion feedfing compared to other fictaflurfids.
Anatomficafl  and  advanced  bfiomechanficafl  anaflyses 

of  many  actfinopterygfian  ffishes have  fidentfiffied the 
muscufloskefletafl  components  finvoflved  fin  producfing  fast-
suctfion for prey capture (Lauder, 1985; Westneat, 2006). 
The  reflatfivefly  wfide  mouths  and  heads  of  these  catffishes
refflect the  fincreased  capacfity  of  thefir  bucco-pharyngeafl 
space for takfing fin water and flarge prey. Epaxfiafl muscfles 
finsertfing  hfigh  on  the  occfiput  and  skuflfl  roof  have  been 
shown  to  rotate  the  neurocranfium  dorsaflfly  durfing  the 
expansfion  phase  of  suctfion  feedfing.  In Pyflodfictfis  and 
Satan the  conformatfion  of  the  parasagfittafl  and  occfipfitafl 
crests  on  the  occfipfitafl  regfion  bones  refflect an  anterfior 
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Ffig. 29. Pyflodfictfis oflfivarfis, ANSP 150648, 83 mm SL. Cfleared and doubfle stafined, rfight-sfide suspensorfium and opercuflar bones. 
A. Laterafl, B. Medfiafl. Photograph by M. Arce-H. Abbrevfiatfions: aap cr, adductor arcus paflatfinfi crest; ent, endopterygofid; f pop 
d, preopercfle mafin sensory canafl dorsafl foramen; f pop s, preopercfle sensory canafl sfide-branch foramfina; f pop v, preopercfle mafin 
sensory canafl ventrafl foramen; hyo, hyomandfibufla; hyo ap, hyomandfibuflar anterodorsafl process; hyo art, hyomandfibuflar artficuflar 
head;  hyo  oc,  hyomandfibuflar-opercuflar  condyfle;  hyo-pop  v,  hyomandfibufla-preopercfle  ventrafl  artficuflatfion;  fiop,  finteropercfle;  flap 
cr, flevator arcus paflatfinfi crest; mpt, metapterygofid; op, opercfle; op p, opercuflar panefl; pop, preopercfle; q, quadrate; q c, quadrate 
artficuflar condyfle. 
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Ffig. 30. Surface pores of the preopercuflo-mandfibuflar sensory canafl fin ventrafl vfiew, numbered from 1 (ffirst or symphyseafl pores openfing 
together fin a medfian pfit or common pore beflow the mandfibuflar symphysfis) to 9 or 10; A. Satan eurystomus, UMMZ 190922, 68.7 mm 
SL (see credfit for Ffig. 1); B. Pyflodfictfis oflfivarfis, ANSP 152383, 48.2 mm SL. Photograph by M. Arce-H. 

extensfion of epaxfiafl muscfle onto the skuflfl roof tabfle that 
other  fictaflurfids  do  not  have. Aflso,  the  vertficafl,  bfladeflfike 
supraoccfipfitafl posterfior processes of Pyflodfictfis and Satan 
may  refflect an  fincrease  fin  epaxfiafl  muscfle  finsertfion  just 
behfind  the  occfiput. The  opercuflar  frame  and  panefl,  the 
fintegument-covered trfianguflar space between the dfivergent 
opercfle and preopercfle wfith an eflongated finteropercfle, are 
found onfly fin Pyflodfictfis and Satan among fictaflurfids. The 
opercuflar frame and panefl of P. flundbergfi  dfiffers fin havfing 
a short, deep finteropercfle as fin other fictaflurfids. Therefore, 
the flong finteropercfle fin an opercuflar-panefl frame appears 
to be a consfistent and potentfiaflfly excflusfive synapomorphy 
of Satan  and Pyflodfictfis.  The  opercuflar  frame  and  panefl 
fincreases  the  surface  area  of  the  opercuflum  and  wfith 
that  the  voflume  of  the  pharyngeafl  space  as  the flevator 
arcus paflatfinfi  and dfiflatator opercuflfi  muscfles  flfift  the 
suspensorfium  and  opercfle.  The  posterfior  ceratohyafls  of 
Pyflodfictfis  and Satan  are  aflso  eflongated.  Presumabfly,  the 
resufltfing fincreased flength of the hyofid bars shoufld fincrease 
flaterafl  and  ventrafl  expansfion  of  the  pharyngeafl  space 
durfing contractfion of the sternohyofideus muscfles. 
There  are  aflso  autapomorphfic  features  of Pyflodfictfis 

or Satan  that  reflate  to  the  mechanfics  of  suctfion  feedfing. 
Pyflodfictfis  has  a  unfiquefly  enflarged  and  eflongated 
flevator arcus paflatfinfi  crest  on  the  hyomandfibufla  and 
metapterygofid. The flevator arcus paflatfinfi muscfle finsertfing 
on  the  crest  flfifts  the  suspensorfium  flateraflfly  causfing 
pharyngeafl  expansfion. Satan has  enflarged,  overflappfing 
branchfiostegafl  membranes  that,  flfike  the  opercuflar  frame 
and  panefl,  fincrease  gfiflfl  cover  area  and  voflume  of  the 
pharynx. Satan aflso has fincreased fflexfibfiflfity of two jofints 
that  are  flfikefly  mobfifle  durfing  buccafl  expansfion.  The 

pterotfic-posttemporo-supracflefithrum  artficuflatfion  wfith  the 
skuflfl fis flfigamentous. Thfis shoufld permfit a fless constrafined 
dorsafl rotatfion of the skuflfl upon epaxfiafl contractfion. Aflso, 
the  finteropercfle-posterfior  ceratohyafl  jofint  of Satan  fis 
shaflflower by reductfion of an finteropercuflar artficuflar crest. 
Thfis  more  fflexfibfle jofint  coufld  facfiflfitate  retractfion  of  the 
flonger hyofid bar durfing expansfion. The finterhyafl of Satan 
fis unfiquefly eflongated compared to aflfl other fictaflurfids. The 
exact rofle that a flonger finterhyafl pflays fin the dynamfics of 
hyofid  bar  movement  durfing  expansfion  or  compressfion 
needs  to  be  determfined.  Possfibfly  fits  flength  fis  sfimpfly  an 
accommodatfion  to  the  expanded  voflume  of  the  pharynx. 
Ffinaflfly, fin Satan, the unfiquefly truncated anterfior margfin of 
the cflefithrum may be reflated to some modfifficatfion of the 
sternohyofideus  muscfle  fin  fits  rofle  generatfing  pharyngeafl 
expansfion.  To  date  we  have  had  no  opportunfity  for 
dfirect  study  of  the  muscuflature  or  feedfing  behavfior  and 
mechanfics of Satan.  

Uncertafintfies.—Satan  and Pyflodfictfis  have  hfigh 
numbers  of  pafired-ffin rays  compared  to  other  fictaflurfids: 
the pectorafl flepfidotrfichfia fincflude a fleadfing ffin spfine pflus 
10-11 soft rays (Ffig. 30) and the peflvfic ffin ray counts are 
9-10 soft ffin rays. Other fictaflurfids have 8-9 soft pectorafl-
ffin rays behfind the fleadfing spfine (or fin Prfieteflfla a fleadfing 
sfimpfle  flepfidotrfichfium),  and  peflvfic  ffin ray  counts  of  8-9. 
These  hfigher  counts  of  pafired-ffin rays  shared  by Satan 
and Pyflodfictfis  have  been  consfidered  synapomorphfies 
(Lundberg,  1970,  1975,  1982,  1992).  However,  the 
hfigh  pectorafl-  and  peflvfic-ffin ray  counts  are  apomorphfic 
homopflasfies  under  the  aflternatfive  hypothesfis  that Satan 
fis more cflosefly reflated to Trogflogflanfis and Prfieteflfla than 
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Fflathead  Catffish, but  we  suggest  the  character  fis  rare  or 
too  varfiabfle  to  propose  fit  as  a  strong  cfladfistfic  character. 
We regard the overflappfing branchfiostegafl membranes as a 
dfistfinctfive feature of Satan among fictaflurfids.
Usfing dorsoventrafl and flaterafl vfiew 2-D radfiographs 

of  the  hoflotype  of Satan,  Lundberg  (1970,  1982,  1992) 
suggested  four  synapomorphfies  for Satan  and Pyflodfictfis 
finvoflvfing features of the nasafl bone (broad and fflattened),
the coronofid process of the flower jaw (flow), the artficuflar 
bone  (artficuflar  process  enflarged)  and  scapuflocoracofid 
symphysfis (few, four to ffive mfidflfine sutures). Based on the 
greatfly fimproved tomographfic fimages now avafiflabfle, we 
see that the nasafl bone of Satan fis a wfide tubuflar ossficfle and 
not fflattened wfith a rfim of membrane bone as fin Pyflodfictfis. 
The coronofid process of the flower jaw of Satan fis steep-
sfided and not flow as fin Pyflodfictfis, and the artficuflar bone 
process of Satan fis moderatefly flarge but does not approach 
the  more  greatfly  projectfing  condfitfion  of Pyflodfictfis.  The 
scapuflocoracofid symphysfis of Satan fis unfited by ffive to sfix 
coarsefly finterflockfing sutures that fis more than fin Pyflodfictfis 
and not as the earflfier avafiflabfle data suggested. The number 
of mfidflfine sutures of the scapuflocoracofid of Satan does not 
dfiffer from or overflaps wfith severafl specfies of Ictaflurus, 
Amefiurus and Noturus. 

Synapomorphfies unfitfing the Trogflobfites

Thfis  sectfion  revfiews  the  ffifteen morphoflogficafl 
synapomorphfies of the Trogflobfites, the cflade of fictaflurfids 
recovered fin the cfladfistfic anaflysfis of Arce-H. et afl. (2016) 
contafinfing the four stygobfitfic specfies: Satan eurystomus, 
Trogflogflanfis pattersonfi, Prfieteflfla phreatophfifla and P. 
flundbergfi.  The  study  used TNT  Parsfimony  Anaflysfis 
(Gofloboff et afl., 2008) on a data set of 209 morphoflogficafl 
characters for 64 fingroup termfinafls, fincfludfing three specfies 
of †Astephus,  and  seven  outgroup  termfinafls  sampflfing 
dfifferent sfiflurofid famfiflfies. Because Satan and Trogflogflanfis 
flack  sequence  data,  no  moflecuflar  synapomorphfies  are 
known  for  the  Trogflobfites  cflade.  Here  we  revfiew  the 
morphoflogficafl  characters,  and  thefir  synapomorphfic 
consfistency  and  excflusfivfity  for  the  Trogflobfites  cflade. 
The present study added finformatfion on many anatomficafl 
detafifls of Satan but these have not changed the character 
states as scored by Arce-H. et afl. (2016). 
1. Eyes (Ffig.1, Pflate I). The four stygobfites flack fuflfly 

devefloped eyes. Thfis stygomorphfic feature fis a consfistent 
and  excflusfive  synapomorphy  for  the  Trogflobfites  cflade 
wfithfin Ictaflurfidae. Aflfl other fictaflurfids normaflfly have fuflfly 
devefloped eyes. Cases of eye absence, mficrophthaflmfia and 
poflymorphfic eye maflformatfions are documented fin naturafl 
popuflatfions of some fictaflurfid specfies but these are wfithout 
systematfic reflevance (Wefisefl and McLaury, 1964). 

Ffig.  31. Pyflodfictfis oflfivarfis,  UMMZ  169029,  306  mm  SL. 
Dry skefleton of Weberfian apparatus, vertebra 6 and dorsafl-ffi  
pterygfiophores (ffin-spfines removed) fin dorsafl vfiew, anterfior to 
fleft. Abbrevfiatfions: mnp, mfiddfle nuchafl pflate; ns3, neurafl spfine 
3;  pnp,  posterfior  nuchafl  pflate;  sn3-4,  supraneurafls  3,  4;  tp5-
6,  transverse  processes  of  vertebrae  5,  6;  vfl,  vertficafl  flamfina; 
tp4a,  Weberfian  apparatus  anterfior  flfimb  of  fourth  transverse 
processes;  tp4p,  Weberfian  apparatus  posterfior  flfimb  of  fourth 
transverse processes. Photo by M. Arce. H.

to Pyflodfictfis  (Arce-H.  et  afl.,  2016).  Wfithfin  the  broader 
context  fincfludfing  Cranogflanfidfidae  as  the  possfibfle  sfister 
flfineage of Ictaflurfidae, the poflarfity of ffin ray transformatfion 
wfithfin North Amerfican catffishes fis reversed from prevfious 
hypotheses.  Cranogflanfidfids  have  9-11  soft  pectorafl  rays 
foflflowfing  the  ffin spfine  and  11-14  peflvfic-ffin rays.  Aflso, 
fossfifl †Astephus have  9-10  soft  pectorafl-ffin rays,  and 
ten  soft  peflvfic-ffin rays. A  more  fuflfly  resoflved  and  weflfl-
supported tree for Ictaflurfidae fis needed for ancestrafl state 
reconstructfion of ffin-ray transformatfion wfithfin the famfifl . 

Correctfions.—Durfing  the  course  of  thfis  cfloser 
examfinatfion  of Satan  we  found  ffive features  that  were 
fincorrectfly  understood  and  pubflfished  as  potentfiafl 
synapomorphfies of Satan and Pyflodfictfis. These characters 
are  no  flonger  reflevant  to  the  hypothesfis  of  reflatfionshfip 
between Satan and Pyflodfictfis and are corrected here.

Hubbs and Bafifley (1947) suggested that the broadfly 
overflappfing  branchfiostegafl  membranes  present  fin Satan 
fis  approached  by Pyflodfictfis. They  state  that Pyflodfictfis 
often  has  overflappfing  branchfiostegafl  membranes.  We 
found onfly four specfimens of Pyflodfictfis wfith overflappfing 
branchfiostegafl membranes among the 45 aflcohofl preserved 
findfivfiduafls fin the ANSP ffishcoflflectfion. Perhaps overflappfing 
branchfiostegafl membranes occur fin some specfimens of the 
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It  fis  noteworthy  that Satan and Trogflogflanfis  have 
not  compfletefly  flost  eyes.  Langecker  and  Longfley  (1993) 
descrfibed the presence of eye rudfiments fin smaflfl findfivfiduafls 
of  these  catffishes foflflowed  by  regressfive  deveflopment. 
Deveflopmentafl detafifls of the eyes for the Prfieteflfla specfies 
are unknown.
2. Skfin pfigmentatfion (Ffig.1, Pflate I). The four stygobfite 

specfies flack skfin pfigmentatfion. Thfis stygomorphfic feature 
fis  a  consfistent  and  excflusfive  synapomorphy  for  the 
Trogflobfites  cflade  wfithfin  Ictaflurfidae.  Aflfl  other  fictaflurfid 
specfies  are  normaflfly  pfigmented.  Cases  of  aflbfinfism  and 
pfiebafld cofloratfion for severafl fictaflurfid specfies are reported 
fin the popuflar press and onflfine sport-ffishfing websfites. 
3.  Ffifth  Vertebra  (Ffigs.  3,  19,  20,  31).  Compflex 

overflappfing  and  tfightfly  suturafl  fintervertebrafl  jofints 
between the Weberfian and ffifth vertebrae pflesfiomorphficaflfly 
characterfize  aflfl  epfigean  fictaflurfids  and  outgroup  catffishes
(Ffig. 31; Lundberg, 1982; Chardon et afl., 2003). In Satan 
(Ffig.  20), Trogflogflanfis  and  the  two-nomfinafl  specfies  of 
Prfieteflfla  the  ffifth vertebrae  flack  strongfly  overflappfing 
suturafl artficuflatfions wfith the posterfior face of the Weberfian 
compound  centrum.  These  sfimpflfiffied ffifth vertebrae 
resembfle  typficafl  precaudafl  vertebrae.  The  reductfive 
structure of the ffifth vertebrae fis a consfistent and excflusfive 
synapomorphy for the Trogflobfites cflade wfithfin Ictaflurfidae. 
4. Laterafl flfine extent (Ffig. 1). In Satan, Trogflogflanfis 

and both  nomfinafl Prfieteflfla  specfies,  the  flaterafl  flfine  does 
not  reach  the  caudafl  skefleton.  Thfis  fis  reconstructed  as  a 
consfistent but non-excflusfive synapomorphy of Trogflobfites. 
In  contrast,  many Ictaflurus, Amefiurus, Pyflodfictfis  and 
Cranogflanfis  pflesfiomorphficaflfly  have  compflete  flaterafl 
flfine body canafls that reach the base of the caudafl ffin. Aflfl 
Noturus and some specfies of Amefiurus aflso have shortened 
flaterafl flfine canafls that do not reach the caudafl skefleton. 
5. Mesethmofid cornua (Ffigs. 3, 5). The anaflysfis of 

Arce-H. et afl. (2106) recovered the wfidefly-forked form 
of the mesethmofid cornua of Satan, Trogflogflanfis and P. 
flundbergfi  as  a  synapomorphy  of  Trogflobfites. Prfieteflfla 
phreatophfifla  has  narrowfly  dfivfided  mesethmofid  cornua 
that  surround  a  deep,  narrow  mesethmofid  notch.  The 
condfitfion  of P. phreatophfifla  was  reconstructed  as  a 
reversafl  wfithfin  the  Trogflobfites  cflade  to  the  presumed 
pflesfiomorphfic state retafined by Noturus, most Amefiurus 
and Ictaflurus specfies. 
As  descrfibed  above  (pp.  131-132)  and  noted  by 

Suttkus  (1961), Pyflodfictfis  aflso  has  wfidefly  forked 
mesethmofid cornua. Thus, reconstructfions of mesethmofid 
character transformatfions confflfict between the aflternatfive 
hypotheses on the reflatfionshfips of Satan. 

6.  Anterfior  cranfiafl  fontanefl  (Ffigs.  3,  4).  In Satan, 
Trogflogflanfis  and P. phreatophfifla  the  termfinus  of  the 
anterfior cranfiafl fontanefl faflfls posterfior to a flfine across the 

flaterafl ethmofid wfing tfips. The state of thfis character was 
findetermfinate for P. flundbergfi fin Arce-H. et afl. (2016). Thfis 
feature fis reconstructed as a consfistent but non-excflusfive 
synapomorphy  of  Trogflobfites  among  fictaflurfids.  The 
anterfior extensfion of the anterfior cranfiafl fontanefl varfies fin 
state  wfithfin Ictaflurus, Amefiurus  and Noturus. Pyflodfictfis 
and Cranogflanfis  have  the  presumed  pflesfiomorphfic  more 
anterfior flfimfit of the anterfior cranfiafl fontanefl.
7. Descendfing wfing of frontafl (Ffigs. 3D, 5). Satan, 

Trogflogflanfis (MorphobBank  medfia  #  M374323)  and 
P. phreatophfifla  have  shaflflow  descendfing  wfings  of  the 
frontafls  between  the  ventrafl  surfaces  of  the  frontafls 
and  vertficafl  waflfls  of  the  orbfitosphenofid,  but  the  state 
of  thfis  character was  findetermfinate  for P. flundbergfi  fin 
Arce-H.  et  afl.  (2016).  In  the  bflfind  fictaflurfids  the  depth 
of  the  descendfing  frontafl  wfing  fis  fless  than  one  thfird  of 
the skuflfl depth at that flevefl. Thfis feature was recovered 
as  a  consfistent  but  non-excflusfive  synapomorphy  of  a 
monophyfletfic Trogflobfites cflade. Pyflodfictfis and Noturus 
have  sfimfiflarfly  shaflflow  descendfing  wfings  of  the  frontafl 
bone and thfis was recovered as a homopflasfious sfimfiflarfity 
by  Arce-H.  et  afl.  (2016).  Aflfl  specfies  of Ictaflurus  and 
Amefiurus have pflesfiomorphficaflfly taflfl frontafl wfings.
8.  Supraoccfipfitafl  posterfior  process  (Ffigs.  3,  4). 

Arce-H.  et  afl.  (2016)  scored  the  posterfior  process  of  the 
supraoccfipfitafl  bone  of Satan, Trogflogflanfis and the  two 
specfies of Prfieteflfla as short, fi.e. much shorter than flength 
of the supraoccfipfitafl bone wfithout the process. In contrast, 
many  specfies  of Ictaflurus, Amefiurus, Pyflodfictfis  and 
Cranogflanfis have moderatefly to very flong supraoccfipfitafl 
processes. The supraoccfipfitafl process fis rudfimentary or very 
short fin Noturus. Based on flength onfly, the supraoccfipfitafl 
process fis reconstructed as a consfistent but non-excflusfive 
synapomorphy of Trogflobfites cflade (Arce et afl., 2016). As 
noted above (p. 64), the supraoccfipfitafl posterfior processes 
of Satan and Pyflodfictfis, aflthough dfifferfing fin flength, can 
be  treated  aflternatfivefly  as  synapomorphficaflfly  sfimfiflar  fin 
befing vertficaflfly bflade-flfike. 
9.  Pterotfic  wfing  (Ffigs.  3,  4,  10,  11).  In Satan, 

Trogflogflanfis and both specfies of Prfieteflfla the posteroflaterafl 
wfing  or  corner  of  the  pterotfic  fis  rounded  (Arce-H.  et  afl., 
2016). In contrast, many fictaflurfids, Cranogflanfis and severafl 
other sfiflurofids pflesfiomorphficaflfly have a sharpfly-cornered or 
projectfing pterotfic wfing. The shared rounded pterotfic wfing 
fis  recovered  as  consfistent  but  not  excflusfive  synapomorphy 
of a monophyfletfic Trogflobfites cflade. At fleast one Amefiurus 
specfies and most or aflfl specfies of Noturus have a sfimfiflarfly 
rounded pterotfic wfing. These were recovered as homopflasfious 
features wfithfin the famfifly Arce-H. et afl. (2016).
10.  Parasphenofid  and  orbfitosphenofid  (Ffigs.  4,  13). 

In Satan, Trogflogflanfis and Prfieteflfla phreatophfifla  the 
orbfitosphenofid has about the same wfidth as the underflyfing 
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parasphenofid  stem,  but  thfis  feature was  findetermfinate 
for P. flundbergfi  fin Arce-H.  et  afl.  (2016).  Thfis  condfitfion 
was reconstructed as a consfistent aflthough non-excflusfive 
synapomorphy  for  the  Trogflobfites.  Many  fictaflurfids  and 
Cranogflanfis  pflesfiomorphficaflfly  have  an  orbfitosphenofid 
that  fis  much  wfider  than  the  parasphenofid  stem.  Some 
specfies  of Noturus  have  orbfitosphenofid  wfidths  sfimfiflar 
to those of the stygomorphs and some specfies of Noturus 
show  other  states  of  orbfitosphenofid  wfidth  (Arce-H.  et 
afl.,  2016).  Generaflfly,  there  appears  to  be  a  hfigh  flevefl  of 
homopflasy among fictaflurfids fin orbfitosphenofid wfidth. 
11. Adductor arcus paflatfinfi  scar  (Ffigs.  4,  13).  In 

Satan, Trogflogflanfis and P. phreatophfifla  the  adductor 
arcus  paflatfinfi  scar  of  muscfle  orfigfin  fis  contfinuous  wfith 
the ventrafl edge of the parasphenofid, but the state of thfis 
character was findetermfinate for P. flundbergfi fin Arce-H. et 
afl. (2016). Thfis sfimfiflarfity fis reconstructed as a consfistent 
but non-excflusfive synapomorphy of Trogflobfites. Noturus 
aflso has the muscfle scar contfinuous wfith the ventrafl edge 
of  the  parasphenofid.  In  contrast,  fin Ictaflurus, Amefiurus, 
Pyflodfictfis  and Cranogflanfis  the  muscfle  scar  on  the 
parasphenofid  pflesfiomorphficaflfly  fis  turned  dorsaflfly,  away 
from the ventrafl edge of the bone. 
12.  Anterfior  ceratohyafl-ventrafl  hypohyafl  jofint.  In 

Satan, Trogflogflanfis and P. phreatophfifla  the  anterfior 
ceratohyafl-ventrafl  hypohyafl  jofint  fis  entfirefly  synchondrafl 
but  the  state  of  thfis  character was  findetermfinate  for P.  
flundbergfi fin Arce-H. et afl. (2016). Thfis was reconstructed 
as  a  consfistent  but  non-excflusfive  synapomorphy  of 
Trogflobfites.  Thfis  jofint  fis  varfiabfly  synchondrafl  or  bony 
among  specfies  of Ictaflurus  and Noturus. In  contrast, 
aflfl  specfies  of Amefiurus, Pyflodfictfis  and Cranogflanfis 
pflesfiomorphficaflfly  have  dfirect  bony  jofints  between  the 
anterfior ceratohyafl-ventrafl hypohyafl.
13. Dorsafl hypohyafl (Ffig. 17). Satan, Trogflogflanfis and 

P. phreatophfifla have reduced, smaflfl dorsafl hypohyafls, but 
state of thfis character was findetermfinate for P. flundbergfi 
fin Arce-H.  et  afl.  (2016).  Thfis  condfitfion  fis  reconstructed 
as  a  consfistent  but  non-excflusfive  synapomorphy  of 
Trogflobfites  among  fictaflurfids.  There  fis  finterspecfiffic sfize 
varfiatfion  of  the  dorsafl  hypohyafl  fin Noturus.  In  contrast, 
specfies of Ictaflurus, Amefiurus, Pyflodfictfis and Cranogflanfis 
pflesfiomorphficaflfly have unreduced dorsafl hypohyafls. 
14. Upper hypurafls. (Ffigs. 2, 21). In the upper haflf of 

the caudafl skefletons of Trogflogflanfis (MorphoBank project 
2100, medfia #M374312) and P. phreatophfifla (MorphoBank 
project  2100,  medfia #M366791)  there  fis  a  sfingfle,  flarge 
upper hypurafl pflate assumed to be the fused hypurafls 3, 4, 
5 and possfibfly 6, unfless that eflement and perhaps others are 
flost. Thfis same condfitfion has been reported for Satan by 
Lundberg and Baskfin (1969), Lundberg (1970, 1982) and 
Arce-H.  et  afl.  (2016). As  orfigfinaflfly  coded  and  anaflyzed, 

fusfion of these three or four hypurafls fis a consfistent but non-
excflusfive  synapomorphy  of  a  monophyfletfic  Trogflobfites 
cflade. Sfimfiflar fusfions of the upper hypurafls found fin some 
specfies of Noturus are recovered as homopflasfious features 
wfithfin Ictaflurfidae (Arce-H. et afl., 2016).
Pflesfiomorphficaflfly,  most  fictaflurfids, Cranogflanfis and 

many other sfiflurofids have the upper four hypurafl eflements 
as  separate,  unfused  bones. However, fin  the  X-ray  and 
tomographfic fimages of the caudafl skefleton of Satan (USNM 
195830, TCWC 8279.01) there are features such as notches, 
grooves  and rfidges  that  appear  to  correspond  wfith  the 
reflatfive  sfizes,  narrow  gaps  and/or  boundary  flfines  between 
hypurafl  eflements  3,  4,  5  and  6  (Ffigs.  2,  21),  suggestfing 
that the hypurafls are partfly separate and not as compfletefly 
consoflfidated  as  the  compactfly-fused  upper  hypurafl  pflates 
of Trogflogflanfis and P. phreatophfifla. These  observatfions 
rafise  a  questfion  about  the  prfimary  homoflogy  of  the  upper 
hypurafl  eflements  fin  the  caudafl  skefleton  of  subterranean 
fictaflurfids. 
15.  Transcapuflar  flfigament  ossfifficatfion (Ffigs.  3,  4, 

11). In Satan, Trogflogflanfis and the two Prfieteflfla specfies 
ossfifficatfion of  the  transcapuflar  flfigament  fis  fincompflete 
medfiaflfly near and at fits basfi-/exo-occfipfitafl facet. In most 
other  fictaflurfids  and  sfiflurofids  fin  generafl  ossfifficatfion of 
the  transcapuflar  flfigament  fis  pflesfiomorphficaflfly  compflete 
wfith  a  dfirect  bony  jofint  on  the  occfipfitafl  facet.  Reduced 
ossfifficatfion of the flfigament fis consfistent but non-excflusfive 
as a synapomorphy of a monophyfletfic Trogflobfites cflade. 
Pyflodfictfis and Noturus aflso have an fincompfletefly ossfiffied
transcapuflar flfigament and these features were recovered as 
homopflasfious by Arce-H. et afl. (2016).

Trogflobfites Synapomorphfies Summary.—The  fore-
gofing flfist revfiews the ffifteen synapomorphfies recovered by 
Arce-H.  et  afl.  (2016)  that  support  monophyfly  of  the  four 
fictaflurfid Trogflobfites. Three of the ffifteen synapomorphfies 
are  consfistent  and  excflusfive  synapomorphfies  for  the 
Trogflobfites:  eye  floss,  pfigment  floss  and  sfimpflfifficatfion of 
the pflesfiomorphficaflfly compflex fintervertebrafl jofint between 
the  Weberfian  compound  vertebra  and  ffifth vertebra.  The 
floss of eye structure, vfisfion functfion and pfigmentatfion are 
common convergent or paraflflefl features of ffishes and other 
anfimafl  finhabfitants  of  hypogean  habfitats.  Such  features 
are  often  excfluded  from  phyflogenetfic  anaflyses  fincfludfing 
most  prevfious  phyflogenetfic  treatments  of  Ictaflurfidae. 
Neverthefless, Arce-H. et afl. (2016) argued that hypothesfized 
adaptfive scenarfios shoufld foflflow from phyflogenetfic work, 
rather than precede fit, and aflfl characters can be consfidered 
findependent  (e.g.  Wheefler,  2012).  There  was  no  a  prfiorfi 
reason  to  consfider  putatfive  adaptfive  characters  to  be  fless 
findependent  than  any  other  characters  fin  our  combfined 
data  context.  Reductfion  of  the  compflex  anterfior  vertebrafl 
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jofints  aflso  occurs  fin  non-fictaflurfid  stygomorphfic  and 
epfigean catffishes (Lundberg et afl., 2014). The Trogflobfites 
hypothesfis  posfits  that  the  co-occurrence  of  these  features 
fin  the  four  subterranean  fictaflurfids  fis  due  to  descent  from 
a common stygobfitfic ancestor. The remafinfing 12 synapo-
morphfies  of  the  Trogflobfites  are  non-excflusfive  wfithfin 
Ictaflurfidae. In flfistfing these characters, we fidentfify the other 
fictaflurfid taxa that share sfimfiflar homopflasfious features wfith 
the Trogflobfites. Reductfive characters among these are the 
shortened flaterafl flfine canafl, floss of an finfraorbfitafl bone and 
underdevefloped or fincompflete ossfifficatfions of the pterotfic, 
supraoccfipfitafl, hyofid arch bones and transcapuflar flfigament. 
Langecker  and  Longfley  (1993)  flfist  addfitfionafl 

apomorphfic and mostfly reductfive features present among 
the fictaflurfid stygobfites. The optfic flobes and pfineafl organs 
of Satan and Trogflogflanfis are  reduced,  but  they  have  an 
enflarged  cerebeflflum  and saccus vascuflosus.  Of  finterest, 
fis the recent demonstratfion that the saccus vascuflosus of 
saflmonfids  fis  responsfive  to  seasonafl  day-flength  change 
and  partficfipates  fin  reguflatfing  the  photoperfiodfic  actfivfity 
of  gonads  (Nakane  et  afl.,  2013).  If  thfis  functfion  of  the 
saccus vascuflosus fis generafl for tefleosts, we specuflate that 
for  stygobfites  flfivfing  fin  permanent  darkness  there  coufld 
be  a  seflectfive  advantage  to  abandon  flfight-medfiated  or 
any  seasonafl  cycflfing  of  reproductfion  fin  favor  of  a  more 
opportunfistfic strategy based on food or mate avafiflabfiflfity. 
The enflarged saccus vascuflosus of Satan and Trogflogflanfis 
may  be  an  expressfion  of  transformed  controfl  of  gonad 
deveflopment and reproductfive tfimfing. 
Waflsh  and  Gfiflbert  (1995)  noted  addfitfionafl 

characterfistfics of the fictaflurfid stygomorphs. Aflfl four specfies 
have adnate adfipose-caudafl-ffin foflds (aflso characterfistfic of 
aflfl Noturus). Satan and Trogflogflanfis have weflfl-ossfiffied and 
dentficuflated pectorafl- and dorsafl-ffin spfines. In contrast, the 
two specfies of Prfieteflfla have reduced the spfinous structure 
of  the  ffirst pectorafl-ffin ray  and  second  dorsafl-ffin ray  that 
remafin segmented and fflexfibfle. Aflso, the dorsafl-ffin spfineflet 
fis flost fin both Prfieteflfla specfies. Satan, Trogflogflanfis and P.  
flundbergfi  have  flost  the  swfim  bfladder  and  fits  space  fin  the 
vfiscerafl cavfity fis ffiflfled wfith adfipose deposfits  

DISCUSSION AND CONCLUSIONS

Thfis  work  fis  the  ffirst detafifled  descrfiptfion  and 
anaflysfis  of  the  bony  skefleton  of  the Wfidemouth  Bflfindcat, 
Satan eurystomus.  In  addfitfion  to  thfis  pubflfished  text  and 
fiflflustratfions,  we  created  an  onflfine  archfive  of  stfiflfl  and 
anfimated  tomographfic  fimages  of  the  skefletafl  anatomy  of 
thfis flfittfle-known specfies. These new research resources wfiflfl 
aflflow Satan to  be  more  fuflfly  fincorporated  finto  fintegratfive 
and  comparatfive  phenomfics,  systematfics  and  evoflutfionary 
bfioflogy of sfiflurfiform and stygobfitfic ffishes  

We  found  that  mfissfing  morphoflogficafl  character 
data  remafins  to  be  assembfled  for P. flundbergfi  and P.  
phreatophfifla.  Thfis  finformatfion  fis  needed  to  augment 
character  data  for  more  robust  phyflogenetfic  anaflyses. 
Preparatfion  and  anaflysfis  of  addfitfionafl  CT  scans  and 
revfisfion  of  the  taxonomy  of Prfieteflfla  fin  progress  by 
Hendrfickson, Lundberg, Luckenbfiflfl and Arce. 
In  thfis  paper, we  used  new  and  prevfiousfly  pubflfished 

character data to fidentfify the dfistfinctfive and shared features 
of Satan.  The  characters  supportfing  the Satan-Pyflodfictfis 
reflatfionshfip  finvoflve  many  structures  that  functfion  fin  prey 
detectfion  and  suctfion  feedfing  on  reflatfivefly  flarge  prey. 
Under  the Satan-Pyflodfictfis  hypothesfis,  the  apomorphfic 
sfimfiflarfitfies  shared  among Satan  and  the  other  stygobfitfic 
taxa Trogflogflanfis, P. phreatophfifla  and P. flundbergfi  are 
reconstructed  as  stygomorphfic  convergences.  Conversefly, 
the  characters  that  support  monophyfly  of  the  Trogflobfites 
are  the  stygomorphfisms  and  a  mfix  of  mostfly  reductfive 
homopflasfious features found fin some other fictaflurfids. Under 
the  Trogflobfites  hypothesfis,  the  apomorphfic  sfimfiflarfitfies 
shared by Satan and the epfigean Pyflodfictfis are reconstructed 
as convergent homopflasfies reflated to feedfing mechanfisms. 
Sortfing  out  the  competfing  hypotheses  on  the 

reflatfionshfips  of Satan  wfiflfl  requfire  addfitfionafl  character 
evfidence  that  fimproves  resoflutfion and  nodafl  support 
throughout  the  phyflogenetfic  tree  of  Ictaflurfidae. Ictaflurus, 
Amefiurus  and Noturus,  the  three  flarge  epfigean  genera,  are 
weflfl-supported monophyfletfic groups (Lundberg, 1970, 1982, 
1992;  Hardman  and  Page,  2003;  Hardman,  2004;  Hardman 
and  Hardman,  2008;  Egge  and  Sfimons,  2009;  Arce-H.  et 
afl.,  2016).  However,  among  these  studfies  there  are  many 
confflficts on  generfic  finter-  and  fintra-reflatfionshfips.  Wfithout 
a  more  compflete  and  weflfl  supported  resoflutfion  of  fictaflurfid 
phyflogeny constrafints on subtrees fincfludfing the stygomorphfic 
specfies are weak. Addfitfionafl morphoflogficafl data for the rare 
bflfindcats can be obtafined fif some exfistfing or newfly coflflected 
specfimens  are  better  prepared  and  fimaged.  Moflecuflar  data 
are  dfiffficuflt to  obtafin  due  mafinfly  to  flack  of  approprfiatefly 
preserved specfimens of Satan and  Trogflogflanfis. 

Scenarfios for Satan’s orfigfin.—It  fis  generaflfly 
assumed  that  the  evoflutfionary  pathways  fleadfing  to 
hfighfly  specfiaflfized,  obflfigate  cave  dweflflfing  specfies  trace 
back  out  of  thefir  dark  waters  to  typficafl,  surface  water 
ancestors. Armbruster  et  afl.  (2016,  p. 775)  descrfibed  the 
transfitfion as “a progressfion from epfigean, to stygophfifle, to 
stygobfiont.” Regardfing Satan’s orfigfin, the two hypotheses 
offer  dfistfinctfly  dfifferent  vfiews  of  the  evoflutfion  of  thfis 
smaflfl, bflfind catffish fin the deep Edwards Aqufifer. 
If  epfigean Pyflodfictfis  and  hypogean Satan  are  sfister 

flfineages,  thefir  excflusfive  synapomorphfic  characterfistfics 
are  finferred  to  have  orfigfinated  fin  thefir  common  epfigean 
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ancestor.  As  found  herefin,  these  are  flargefly  features 
reflated to feedfing and ffindfing prey. Durfing the transfitfion 
from surface to deep subterranean waters Satan’s flfineage 
evoflved the typficafl stygomorphfic characterfistfics fincfludfing 
a  reduced  body  sfize,  but  retafined  fits  orfigfinafl  functfionafl 
morphoflogy  for  suctfion  feedfing  on  whofle  prey.  A  few 
novefltfies were added, such as the much enflarged finterhyafl 
bone  and  further  enflargement  of  cephaflfic  flaterosensory 
mechanoreceptors  (Langecker  and  Langfley,  1993). 
Despfite  thefir  predatory  sophfistficatfion,  nefither  the Satan 
nor Pyflodfictfis flfineage fis known to have dfiversfiffied beyond 
thefir sfingfle modern specfies. 
The  Trogflobfites  hypothesfis  of  Arce-H.  et  afl.  (2016) 

posfits  a  monophyfletfic  group  of  aflfl  four  extant  stygobfitfic 
fictaflurfids. The finterreflatfionshfips recovered fin that study are: 
(Trogflogflanfis (Satan (P. phreatophfifla, P. flundbergfi))).  The 
proxfimate  reflatfives  of  the  Trogflobfites  wfithfin  Ictaflurfidae 
were  unresoflved  among  resuflts  of  dfifferent  anaflytficafl 
protocofls,  fi.e.  the  cflosest  epfigean  reflatfives  are  unknown. 
Neverthefless,  the  strafightforward  reconstructfion  for  the 
Trogflobfites  fis  a  hypogean  most  recent  common  ancestor 
wfith synapomorphfies such as floss of eyes and pfigmentatfion, 
and  sfimpflfifficatfion of  the  ffifth vertebra.  Cfladogenesfis  and 
dfivergence wfithfin the Trogflobfites woufld have produced the 
four,  extant  specfies  wfith  dfistfinctfive  specfiaflfizatfions:  swfim 
bfladder floss fin Trogflogflanfis, Satan and P. flundbergfi, reductfion 
of  ffin spfines  fin  both Prfieteflfla specfies,  deveflopment  of  the 
gapfing, suctorfiafl mouth and toothfless jaws fin Trogflogflanfis. 
If  the Texas-Mexfican Trogflobfites  are  a  cflade  unfited 

by  contfinufity  of  descent  and  permanentfly  conffined to 
underground  desert  streams  and  deep  aqufifers,  there  are 
some  fintrfigufing  puzzfles  fin  thefir  subterranean  hfistory  of 
specfiatfion  and  bfiogeography. Trogflogflanfis and Satan are 
sympatrfic  and  narrowfly  endemfic  fin  the  deep  Edwards 
Aqufifer beflow the cfity of San Antonfio, Texas. Gfiven the 
tree  topoflogy  of  the  Trogflobfites,  the  Edwards  Aqufifer, 
or  whatever  hypogean  waterways  preceded  fit,  woufld 
be  part  of  the  cflade’s  ancestrafl  dfistrfibutfion.  Today,  the 
deep  poofl  of  the  Edwards  aqufifer  that  fis  home  to Satan 
and Trogflogflanfis  fis  known  to  be  fed  by  runoff  from  the 
Edwards  Pflateau  to  the  north  and  west,  vfia  fits  Trfinfity 
Aqufifer (Gary et afl. 2011). The southwestern parts of the 
Edwards  Pflateau  recharge  the  Edwards-Trfinfity  Aqufifer 
(Boghficfi,  2004)  where Prfieteflfla phreatophfifla fis  found. 
These  aqufifers  aflfl  share  the  same  flfimestone  formatfions 
and  tectonfic  hfistorfies,  and,  as  thefir  names  findficate,  they 
today  are  recognfized  to  be  hydroflogficaflfly  connected  to 
at fleast some degree. The extent of those connectfions has 
surefly varfied over the hfistory of both the aqufifers and thefir 
styobfitfic  bfiota. Prfieteflfla flundbergfi,  the  most  southern 
specfies,  though  sharfing  a  home  fin  reflated  flfimestones  of 
the same age, seems fless flfikefly to have had subterranean 

aqufifer  connectfions  to  the  other  specfies.  Interestfingfly, P.  
flundbergfi occurs flfiteraflfly fin the heart of the dfistrfibutfion of 
another bflfind caveffish, the wfidefly rangfing and extensfivefly 
studfied Astyanax mexficanus,  the  Bflfind  Mexfican  Tetra 
(Keene et afl. 2016, and fincfludfing a chapter on geoflogficafl 
hfistory and hydroflogy – Espfinasa and Espfinasa 2016).  
The very exfistence of stygobfitfic specfies seems unflfikefly 

and  fit  may  be  even  more  remarkabfle  that  some  mfight 
have  produced  mufltfispecfies  stygobfitfic  cflades  such  as  the 
Trogflobfites. Two recent studfies of smaflfl cflades of stygobfitfic 
ffishes suggest  qufite  unexpected  evoflutfionary  hfistorfies. 
Ffirst,  Armbruster  et  afl.  (2016)  conducted  a  specfies-
compflete  morphoflogy-based  phyflogenetfic  anaflysfis  of 
North Amerfican freshwater Ambflyopsfidae (Cave-, Sprfing-, 
and  Swampffishes). Thefir  fimmedfiate  resuflts  suggested  the 
strafightforward transfitfion noted earflfier from epfigean specfies, 
to  stygophfifle,  to  stygobfiont  specfies.  The  authors  found, 
however,  that  support  for  some  nodes  was  weak.  Further, 
recent  moflecuflar-based  studfies  of  ambflyopsfids  recover 
epfigean and stygophfiflfic specfies nested among the obflfigate 
stygobfionts fin phyflogenetfic reconstructfions (Dfiflflman et afl., 
2011;  Gross,  2012;  Grande  et  afl.,  2013;  Nfiemfiflfler  et  afl., 
2013a, b). The resuflts fimpfly mufltfipfle coflonfizatfions of cave 
waters,  convergent  evoflutfion  of  stygomorphfic  features  fin 
subterranean  waters,  pflus  some  reversafls  from  hypogean 
to epfigean specfies, even fincfludfing a possfibfle reversafl from 
degenerate to functfionafl eyes (Nfiemfiflfler et afl., 2013a).
Second,  fin  a  moflecuflar  phyflogenetfic  study  of  Indo-

Austraflfian regfion gobfifiform ffishes, Chakrabarty et afl. (2012) 
dfiscovered  a  weflfl-supported  trans-oceanfic  sfister-group 
pafir  of  obflfigate  stygobfites.  These  are  narrowfly-endemfic 
Typhfleotrfis  from  karst  cave  habfitats  fin  Madagascar,  and 
Mfiflyerfinga  that  fis  from  sfimfiflar  habfitats  fin  northwestern 
Austraflfia. These  reflated  freshwater  specfies  are  now  flfivfing 
severafl  thousands  of  kfiflometers  apart  on  opposfite  sfides 
of  the  Indfian  Ocean. As  estfimated  by  moflecuflar  tfime-tree 
anaflyses thefir vficarfiant orfigfins were about 120 Mya fin the 
flate Cretaceous durfing the break up of Gondwana. 
The bfioflogy and dfiversfity of Satan and fits subterranean 

brethren are fascfinatfing to behofld and contempflate, however 
devfiflfishfly puzzflfing and dfiffficuflt they are to understand  
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Lfist of Abbrevfiatfions

A3 cr, deep adductor mandfibuflae (A3) crest;
aan, anguflo-artficuflar-retroartficuflar;
aap, anterfior artficuflar process;
aap cr, adductor arcus paflatfinfi crest;
acf, anterfior cranfiafl fontanefl;
ad cr, mafin adductor mandfibuflae crest;
ah p, adductor hyomandfibuflarfis process;
anf, anafl ffin
asc, anterfior semficfircuflar canafl;
bas, basfipterfigyum;
bb2-bb3, basfibranchfiafls 2, 3;
boc, basfioccfipfitafl;
boc/c1, basfioccfipfitafl and fused ffirst centrum
br, branchfiostegafl rays;
bsflr, basafl recess;
c1, ffirst centrum
ca, caudafl artery and vefin foramen;
car f, carotfid foramen;
cb1-cb5, ceratobranchfiafls 1, 2, 3, 4, 5;
ch cart, ceratohyafl cartfiflage;
cha, anterfior ceratohyafl;
chp, posterfior ceratohyafl;
cfl hfl, cflefithrum horfizontafl flfimb;
cfl pcp, cflefithrafl posterfior process;
cfl, cflefithrum;
cfl vfl, cflefithrum vertficafl flfimb;
cmb, coronomeckeflfian;
cor, scapuflocoracofid;
cor aan, coronofid process of angufloartficuflar;
cor br, scapuflocoracofid brfidge to cflefithrum;
cor den, coronofid process of dentary;
cor hfl, scapuflocoracofid horfizontafl flfimb;
cor k, scapuflocoracofid keefl;
cor s, scapuflocoracofid symphysfis;
csk, caudafl skefleton;
cv1, ffirst caudafl vertebra
dap, dorsafl artficuflar process;
den pp, dentary postsymphyseafl processes;
den, dentary;
df s, dorsafl-ffin skefleton
dfp1-dfp7, dorsafl-ffin pterygfiophores 1, 2, 3, 4, 5, 6, 7
dfry, branched dorsafl-ffin rays
dmp, dorsafl spfine 1 (spfineflet) medfiafl peak;
dsp1, dorsafl-ffin spfine 1 (spfineflet)
dsp2, dorsafl-ffin spfine 2
dsp b f, dorsafl spfine 2 basafl foramen;
dsp c, dorsafl-spfine 2 condyfle;
dsp pp, dorsafl spfine 2 posterfior process;
dsr1, dorsafl spfine 2 dfistafl radfiafl 1;
eb, epfiphyseafl bar;
eb1-eb4, epfibranchfiafls 1, 2, 3, 4;
ent, endopterygofid;
eoc, exoccfipfitafl;
eoc mp, exoccfipfitafl medfiafl processes;
ep, epurafl;

epo, epfioccfipfitafl;
ext, extrascapufla;
f  m1-8,  foramfina  for  mandfibuflar  sensory  canafl  and  sfide 
branches;

f mag, foramen magnum;
f pop d, preopercfle mafin sensory canafl dorsafl foramen;
f pop s, preopercfle sensory canafl sfide-branch foramfina;
f pop v, preopercfle mafin sensory canafl ventrafl foramen;
f uh, urohyafl foramen;
fb j, frontafl abuttfing jofint;
fc flh, facfiafl canafl flower foramen for hyofidean branch;
fc flm, facfiafl canafl flower foramen for mandfibuflar branch;
fc u, facfiafl canafl upper foramen;
fm 7, fm 8, mandfibuflar sensory canafl foramfina;
fr, frontafl;
fs j, frontafl suturafl jofint;
gr, gfiflfl rakers;
hb c, hypobranchfiafl artery canafl;
hb1-hb2, hypobranchfiafls 1, 2;
hhd, dorsafl hypohyafl;
hhv, ventrafl hypohyafl;
hhv ap, artficuflar processes of ventrafl hypohyafls;
hor sc, horfizontafl semficfircuflar canafl;
hs, haemafl spfine;
hy b, hyofid bar;
hy1-hy6, hypurafls 1, 2, 3, 4, 5, 6;
hyo, hyomandfibufla;
hyo ap, hyomandfibuflar anterodorsafl process;
hyo art, hyomandfibuflar artficuflar head;
hyo oc, hyomandfibuflar-opercuflar condyfle;
hyo-pop v, hyomandfibufla-preopercfle ventrafl artficuflatfion;
hyo-sk, hyomandfibufla-cranfiafl jofint;
hyp, hypurapophysfis;
fih, finterhyafl;
fio1-5, finfrorbfitafls 1-5;
fiop, finteropercfle;
fios  f,  foramen  at  unfion  of  finfraorbfitafl,  supraorbfitafl,  otfic 
canafls;

fla, flagenar chamber;
fla o, flagenar otoflfith;
flap cr, flevator arcus paflatfinfi crest;
flap, flaterafl anterfior process of basfipterygfium;
flcfl, dorsafl spfine 1 (spfineflet) flaterafl curved flfimb;
flet, flaterafl ethmofid;
flet ap, antorbfitafl process;
flet pp, flaterafl ethmofid posterfior process;
flet-pafl con, flaterafl ethmofid paflatfine condyfle;
flop f, fleft optfic nerve foramen;
fltf t, fleft trfigemfino-facfiafl nerve foramen;
fltp, flower pharyngeafl tooth pflate;
map, medfiafl anterfior process of basfipterygfium;
mco p, coronofid process of mandfibfle;
met, mesethmofid; 
met cfl, mesethmofid cfleft;
met co, mesethmofid cornu;
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met nk, mesethmoid neck;
mn s, mandibular (dentary) symphysis;
mnp, middle nuchal plate;
mpt, metapterygoid;
mx, maxilla;
mx-pal j, maxillary-autopalatine joint;
na, nasal;
ns3-ns6, neural spines 3, 4, 5, 6;
oc cr, occipital crest;
olf n f, olfactory nerve foramen;
olf, olfactory organ fossa;
op, opercle;
op f, optic nerve foramen;
op p, opercular panel;
ors, orbitosphenoid;
ors  w, orbitosphenoid;
otl, ossified transcapular ligament
pal, autopalatine;
pal-let j, autopalatine-lateral ethmoid joint;
pap, posterior articular process;
pas, parasphenoid;
pas s, parasphenoid stem;
pas w, parasphenoid wing;
pb3-pb4, pharyngobranchials 3, 4;
pcf a, posterior cranial fontanel, anterior subdivision;
pcf p, posterior cranial fontanel, posterior subdivision;
pd, posterior dentations;
pf, pectoral fin
pfr, pectoral-fin radials
pfry1, pelvic-fin ray 1
pfry9, pelvic-fin ray 9
ph, parhypural;
plvf, pelvic fin
plvg, pelvic girdle (basipterygium);
pm f, preopercular-mandibular sensory canal foramina;
pmx, premaxilla; 
pmx s, premaxillary symphysis;
pnp, posterior nuchal plate;
po f, post-otic sensory canal foramina;
po f1, pterotic foramen for passage of preopercular-

mandibular sensory canal;
po f2, posterior foramen in pterotic for postotic canal;
pop, preopercle;
pro, prootic;
ps cr, parasagittal crest;
psc, posterior semicircular canal;
psp, pectoral-fin spine;
psp lj, pectoral spine locking joint;
ptg, pectoral girdle;
pto, pterotic;
pto w, pterotic wing;
pto-hyo soc, pterotic sulcus at hyomandibula joint;
pts, pterosphenoid;

ptt, posttemporo-supracleithrum;
ptt clp, posttemporo-supracleithrum cleithral process;
ptt dp, posttemporo-supracleithrum dorsal (pterotic) limb;
ptt spt, posttemporo-supracleithrum subpterotic process;
ptt vp, posttemporo-supracleithrum vertebral process;
pu1 u1, preural centrum 1 + ural centrum 1;
pu2, preural centrum 2;
q c, quadrate articular condyle;
q, quadrate;
q-ar j, quadrate-articular jaw joint;
r, rib;
rar p, retroarticular posterior process;
rop f, right optic nerve foramen;
rtf f, right trigemino-facial nerve foramen;
s oph f, superficial ophthalmic nerve foramen
sa, saccular chamber;
sa o, saccular otolith;
sb j, supraoccipital abutting joint;
sc, scaphium ossicle;
shyp, secondary hypurapophysis;
si, sinus impar;
sn3-sn4, supraneurals 3, 4;
so f par, parietal branch of supraorbital sensory canal;
so f, supraorbital sensory canal foramina;
soc, supraoccipital;
soc pp, supraoccipital posterior process;
spo, sphenotic;
spo p, sphenotic process;
spo-hyo soc, sphenotic sulcus at hyomandibula joint;
sym c, preopercle symplectic canal;
tf f, trigeminofacial foramen;
tl a, transcapular ligament attachment site;
tm f, temporal fossa;
tp4, Weberian apparatus transverse processes;
tp4a, Weberian apparatus anterior limb of fourth transverse 

processes,
tp4p, Weberian apparatus posterior limb of fourth 

transverse processes;
tp5-tp6, transverse processes of vertebrae 5, 6;
ufss, unfused spine segment;
uh ah, urohyal articular head;
uh h, urohyal horizontal lamina;
uh v, urohyal vertical lamina;
uh, urohyal;
un, uroneural;
up, uncinate process;
ut o, utricular otolith;
ut, utricular chamber;
utp, upper pharyngeal tooth plate;
v5-v6, vertebra 5, 6;
vl, vertical lamina;
vo, vomer;
Wa cc, Weberian compound centrum;
Wa, Weberian apparatus;
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