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The tooth microstructure of Metoposaurus krasiejowensis was stud ied to ob serve ex ter nal mor phol ogy, in ter nal micro -
structure (com pris ing dentine struc ture and di rec tional po ros ity as pos si ble pred a tory ad ap ta tions) and enamel/enameloid
min eral com po si tion. Scan ning elec tron mi cros copy (SEM) ob ser va tion and thin-sec tion in spec tion by light mi cro scope en -
abled us to rec og nize a di rec tional po ros ity in the tooth cross-sec tions, in ter preted here as a part of the labyrinthodont struc -
ture dis played by temnospondyls and re lated groups. This net work of ca nals is highly com pli cated and re veals a
three-di men sional struc ture. The teeth pres ent dif fer ent cross-sec tions based on the dis tance from the tip, with a wide, cir cu -
lar, re in forced base and lat eral com pressed, di rec tional cuspidal sec tion with cut ting edge. In ter est ingly, the in ter nal struc -
ture ob served in M. krasiejowensis teeth ex hibit a pe cu liar vari a tion of in ter nal struc ture of temnospondyl teeth, as the
con vo luted ca nal-like struc ture seems to be ir reg u lar and ap pears in the up per sec tion of teeth, while teeth bases show a reg -
u lar struc ture with a pulpal cav ity cir cled by pores. Fur ther more, bands of in cre men tal growth marks in ter preted as Andresen
lines, char ac ter ized by pro nounced col our vari a tion, were ob served with strong im pli ca tions for sea sonal growth pat terns in
dentine. Ad di tion ally, a sig nif i cant pro por tion (1.43–2.73%) of flu o ride was ob served as a com po nent of enamel by scan ning
elec tron mi cros copy–en ergy dispersive spec tros copy (SEM–EDS) point and map ping anal y ses, sug gest ing a fluorapatite
min er al ogy of enamel. 
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INTRODUCTION

Due to their pres er va tion po ten tial, teeth are among the
most fre quently found fos sils. They are of ten found loose in a
de posit, away from a skel e ton and some times com prise the
only ev i dence of an oc cur rence of a given ver te brate taxon in
the fos sil re cord. Thus, teeth them selves can serve as a use ful
tool for tax o nomic, strati graphic and palaeoenvironmental stud -
ies (e.g., Enault et al., 2015; Hättig et al., 2019; Wierzbowski et
al., 2019; Pawlak et al., 2022). Par tic u lar at ten tion in palaeonto -
logical stud ies is placed on teeth be long ing to taxa with un clear
af fin i ties, be cause care ful study of tooth microstructure may
pro vide valu able data con cern ing cladistic re la tion ships among
many ex tinct ver te brates (e.g., Carlson, 1990). This es pe cially
con cerns the clade of temnospondyls which is the most di verse
group of early tetra pods, still prob lem atic as re gards sys tem atic 
clas si fi ca tion (e.g., Laurin and Reisz, 1999; Ruta et al., 2007;
Schoch, 2013). 

In gen eral, stud ies of teeth can be di vided into those of tooth 
mor phol ogy, of their in ter nal (mi cro)struc ture and of bio minerali -
zation. Tooth biomineralization, in clud ing its struc ture and che -
m i cal enamel/enameloid com po si tion, is still re sear ched, es pe -
cially in fos sil taxa. This is sue is par tic u larly in ter est ing in early
tetra pods, which in clude the ex tinct temnospondyls. The type of 
bioapatite that makes up enamel in tetra pods al lows us to trace
the evo lu tion ary lin eages of ver te brates and their af fin i ties as
well as to track diagenetic changes (Keenan, 2016). So far,
stud ies on biomineralization of enamel/enameloid have re -
vealed that mod ern Lissamphibia ex hibit par tially fluoro apa tititic 
enameloid in life (Fincham et al., 1999). 

Temnospondyl re mains are one of the groups of fos sils
which are char ac ter ized by their in ter nal fold ing, com pris ing a
net work of ca nals in side the teeth, and termed labyrinthodont
struc ture or plicidentine (MacDougal et al., 2014). This trait is
sported by lobe-finned fish and temnospondyls, among other
groups, func tion ing as in ter nal sup port for the teeth (Romer and 
Par sons., 1986), by trans port ing ex te rior pres sures through the
whole vol ume of the teeth. Temnospondyl tooth struc ture has
been ex ten sively stud ied in the past (Owen, 1842; Pan der,
1860; Credner, 1893; Bystrow, 1938, 1939; Par sons and Wil -
liams, 1962; Chase, 1963; Peyer, 1968; Schultze, 1969; War -
ren and Davey, 1992; War ren and Turner, 2005; Rinehart and
Lucas, 2014). Since the times of  Owen (1842), who de scribed
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the folded struc ture of Mastodontosaurus (de scribed by him un -
der the name of Labyrinthodon jaegeri) the sub ject of labyrint -
ho dont struc ture has fas ci nated many palaentologists. It was
fur ther ex plored by Credner (1893), who de scribed the struc -
ture of prim i tive tetrapod teeth in de tail, ex plor ing the char ac ter -
is tics of dentine, enamel and den tal pulp. Bystrow (1938, 1939), 
stud ied the vari a tion of in ter nal den tal struc ture of labyrintho -
donts, dis cov er ing that the in ter nal po ros ity is cor re lated with
tooth age and ma tu rity. Chase (1963) de scribed the prim i tive
con di tion of labyrinthodont dentition as a rel a tively small num -
ber of teeth on the mar ginal tooth row of the premaxilla and
maxilla, with a stout tusk pair and num ber of denticles on the
pal ate. Schultze (1969) worked on the vari a tion within the main
groups of ver te brates with folded teeth, cre at ing a clas si fi ca tion
of folded teeth of labyrinthodonts with three types: dendrodont,
eusthenodont and polyplocodont. War ren and Davey (1992)
de scribed the in ter nal struc ture of Metoposaurus sp. teeth, dis -
cov er ing that small vomerine teeth are char ac ter ized by a
lesser num ber of infolds than mas sive pal a tal tusks. They also
noted that, gen er ally, infolding rate in creases with the size of
the teeth.

The ma te rial stud ied here are teeth de rived from one cra -
nium of Metoposaurus krasiejowensis Sulej, 2002, ob tained
for re search by cour tesy of Prof. Jagt-Yazykova (Opole Uni -
ver sity). The spe cies stud ied rep re sents the Late Tri as sic
meto posaurid temnospondyl, wide spread around the world
(Fraas, 1913; Chowdhury, 1965; Dutuit, 1976; Sengupta,
1992; Hunt, 1993; Jalil, 1996). While the gen eral mor phol ogy
of M. krasiejo wensis is well rec og nized (Sulej, 2007), cur rent
re search fo cuses on ex plor ing histological and biomechanical
as pects of the anat omy (Konietzko-Meier and Sander, 2013;
Gruntmejer et al., 2016; Teschner et al., 2018; Antczak and
Bodzioch, 2018; Gruntmejer et al., 2019). A dis tinc tive skull
with a com pressed an te rior seg ment and rich skin or na men ta -
tion, equip ped with an im pres sive set of teeth and mul ti ple
rows of pred a tory denticles (Konietzko-Meier and Wawro,
2007), makes this taxon a grace ful sub ject for biomechanical,
palaeo eco logi cal or histological stud ies, also in terms of tooth
struc ture stud ies. The ma te rial stud ied, yielded from an ex tinct 
spe cies, pro vides a unique op por tu nity, since in many mod ern

am phib ian taxa there has been a re duc tion in dentition (Paluh
et al., 2021), some times com plete, in adult forms. This con di -
tion arises be cause the teeth of mod ern am phib i ans are not
used for grind ing food, which is swal lowed whole with the help
of strong pal a tal mus cles, as in toads. In this re search, the
gen eral den tal micro structure and his tol ogy of M. krasiejo -
wensis are ex plored in an or der to in fer pos si ble me chan i cal
shape ad ap ta tions for pred a tory be hav iour, while the in cre -
men tal growth lines vis i ble in cross-sec tions are ex am ined as
a pos si ble in di ca tor of sea sonal in flu ence on this taxon’s bi ol -
ogy. Fur ther more, the anal y sis of enamel (sensu Rinehart and
Lucas, 2014) chem i cal com po si tion, was car ried out to as sess
whether the teeth stud ied show spe cific fea tures, such as pos -
si ble biofluo rapatite enamel.

GEOLOGICAL BACKGROUND

The fos sil ma te rial was orig i nally ac quired at the Krasiejów
palaeontological site (50°39’54” N, 18°16’33” E), a for mer open
clay pit lo cated in the vil lage of the same name (gmina Ozimek,
Opole county, Opolskie voidvoidship; Fig. 1) and then housed
at Opole Uni ver sity. The Krasiejów Lagerstätte is a well-known
site in south west ern Po land, re nowned for its var ied as sem -
blage of Up per Tri as sic ver te brate fos sils. The first litho strati -
graphic de scrip tion was by Bilan (1976), who named the Grabo -
wska For ma tion, of Rhaetian age, from the Olkusz- Chrzanów
re gion. The most re cent de scrip tion of the litho stratigraphy of
Krasiejów is by Szulc and Racki (2015) who as signed the
deposites ex posed in the quarry to the Patoka Mem ber of the
Grabowa For ma tion. This fos sil lagerstätte was de scribed as an 
ac cu mu la tion of ver te brate fos sils by Dzik et al. (2000). The
Krasiejów clay pit is char ac ter ized by de pos its of the Up per
Silesian Keuper in the form of var ie gated clays and mudstones,
of ten marly, with bod ies of sand stone and con glom er ate. Most
im por tantly, it rep re sents the only ex po sure of the Krasiejów
bone-bear ing ho ri zon (Szulc and Racki, 2015) with its unique
ver te brate as sem blage. 
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Fig. 1. Lo ca tion of Krasiejów and sim pli fied geo log i cal sketch of the area
 (af ter Dadlez et al., 2000 and Antczak and Bodzioch, 2018)



The Krasiejów as sem blage biota the Metoposauridae,
Captio sauria, Phytosauria, Lepidosauria and Aetosauridae fa -
m i lies, and Archosauromorpha and Dinosauromorpha groups
(Dzik, 2003; Sulej, 2005; Dzik and Sulej, 2007, 2016). Other re -
ported ver te brate taxa in clude ganoid fish (Kowalski et al.,
2019). 

There is a gen eral sci en tific con sen sus that the Krasiejów
de pos its rep re sent a hot sea sonal cli mate, with dry and wet
sea sons (Reinhardt and Ricken, 2000; Fija³kowska-Mader et
al., 2015). The first in ter pre ta tion of the sed i men tary set ting,
by Bilan (1976), pro posed a brack ish ba sin en vi ron ment. Dzik
et al. (2000) sug gested lac us trine de po si tion, with bone ac cu -
mu la tion in the river delta sys tem as a pos si ble sed i men tary
set ting. 

By con trast, Szulc (2005) pro posed dry or semi-dry con di -
tions with ep i sodic sur face run off as a sed i men tary en vi ron ment 
of the Patoka Mem ber with palaeosol de vel op ment at times of
lower flu vial ac tiv ity. Fur ther re search sug gested sed i men tary
con di tions as Szulc de scribed (Gruszka and Zieliñski, 2008;
Bodzioch and Kowal-Linka, 2012). The most re cent sed i men -
tary de scrip tion rec og nized three fa cies in the Carnian- Rhae -
tian in ter val: floodplain-gilgai, playa and flu vial de pos its, of
which Krasiejów was as signed to the first one (Jewu³a et al.,
2019). 

Based on the pres ence of palygorskite, it was in ferred that
the area in cluded small ephem eral ponds (Œrodoñ et al., 2014).
Lately, Jewu³a et al. (2019) dis tin guished three lithologies en -
com pass ing the Patoka Mem ber, as fol lows: mas sive con glom -
er ates dom i nated by pedogenic nod ules; mas sive mudstones
with mm-scale cal car e ous clasts/nod ules sup ported in a mud
ma trix; and mudstones with in ter nal con vo lu tions. 

MATERIAL AND METHODS

A skull of M. krasiejowensis was ob tained from the De part -
ment of Paleobiology, Opole Uni ver sity ar chi val col lec tion. The
skull con sisted of a sep a rated cra nium en cased in a block of
claystone. The mono lith that con tained the skull com prised
fine-grained clay and marly silty mudstone with a mi nor sand
ad mix ture. Based on the Patoka Mem ber li thol ogy char ac ter -
ized by Jewu³a et al. (2019), the mono lith ma trix can be de -
scribed as mas sive mudstone with mi nor cal car e ous nod ules.
Fol low ing prep a ra tion, the skull sam ple was found to be
strongly frac tured and de formed, with an asym met ri cal cen tral
axis (Fig. 2). The pos te rior ven tral bones of the skull are much
better pre served than the an te rior ones, es pe cially of the dor sal
part. The poor pres er va tion can be at trib uted to the en clos ing li -
thol ogy, as ac cord ing to Sulej (2007) the best spec i mens can
be found in cal car e ous con cre tions.

The tooth sam ples were ac quired by dis in te gra tion of the
ma trix around the pal a tal tooth row (Fig. 2), and by wa ter-wash -
ing ma te rial through a sieve. The mar ginal den tal row was very
poorly pre served, which pro hib ited sam pling of the teeth for
study. Ten teeth were sam pled for this study, six for thin-sec tion 
and four for SEM ob ser va tions. The den tal ma te rial was cut in
the trans verse plane and cleaned to get sam ples for ex am i na -
tion, at the In sti tute of Geo log i cal Sci ences of the Jagiellonian
Uni ver sity in Kraków. Six tooth were cut into 30 mm sec tions
and im preg nated with resin in thin-sec tions. The sam ples were
ex am ined un der a trans mit ted light mi cro scope fit ted with a
Nikon Eclipse E600-POL cam era, which en abled high-res o lu -
tion pho tos to be taken. Thin-sec tions were ex am ined at 25x
and 100x mag ni fi ca tion to ob serve the microstructure. 

The other tooth ma te rial, for elec tron mi cros copy, was ex -
am ined us ing a HITACHI S-4700 scan ning elec tron mi cro scope 
with NORAN Van tage microanalysis sys tem, which pro vided
high-res o lu tion ob ser va tions, mainly of tooth to pog ra phy and
gen eral mor phol ogy, along with EDS anal y sis in or der to as sess 
the chem i cal com po si tion of the enamel. Well-pre served
enamel was iden ti fied in sam ples T1 and T2. Point el e ment
point anal y sis was run on sam ple T1, char ac ter ized by enamel
pre served in the hor i zon tal plane, along with map ping of the
dentine layer. Sam ple T2 was mapped to as sess the ex tent of
lat eral tooth sur face with pre served enamel.

RESULTS

THIN-SECTIONS

The light mi cro scope thin-sec tion ob ser va tions en com -
passed the up per sec tions of the teeth stud ied. In gen eral, they
are oval in cross-sec tion with slight lat eral com pres sion, and
taper to wards a de fined an te rior cut ting edge. These ob ser va -
tions show a clear dis tinc tion be tween an outer lam i nated
dentine layer, and mas sive, non-lam i nated in ter nal dentine in -
ter twin ing with a pulp cav ity, which is very spa cious and shows
signs of remineralization in all sam ples. The in ter nal po ros ity of
the teeth ap pears to be di rec tional, with pores oc cu py ing more
area away from the cut ting edge. The sam ples fea ture a prom i -
nent net work of wind ing in ter nal ca nals, par tially recrystallized
(Fig. 3). The enamel layer is very thin. The in ter nal struc ture
shows signs of vascularization, pre served as small fil a ments of
dif fer ent col or ation, which cor re spond to mi nor cap il lar ies,
meet ing in larger pores that cor re spond to larger blood ves sels
(Fig. 4). An other char ac ter is tic fea ture is black-dot ted struc -
tures in ter preted here as pre served odon to blasts. The most
prom i nent fea tures are bands of dif fer ing colours pres ent in the
dentine layer, iden ti fied here as in cre men tal growth lines (see
Erickson, 1996; Dean, 2000; Fig. 5A, B). The teeth show an av -
er age of 7 or 8 dif fer ent col our bands (Fig. 5C, D) in the outer
dentine layer. Each gen er a tion of growth is char ac ter ized by de -
po si tion of a thin ner dentine layer. In di vid ual col our bands mea -
sure 20 to 100 mm and are of ir reg u lar shape, pos si bly as a re -
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Fig. 2. Ven tral view of the M. krasiejowensis cra nium which
pro vided the sam ple teeth, with lo ca tions 

of sam pled teeth high lighted

https://gq.pgi.gov.pl/article/view/7489/6139


sult of in ter nal dentine fold ing or diagenetic in flu ence. The
dentine col our var ies in de pend ently of the layer colours, as
dentine ap pears in lighter and darker vari a tions in spe cific ar -
eas of cross-sec tions (com pare Figs. 3A and 4).

SCANNING ELECTRON MICROSCOPY

Elec tron mi cros copy was ap plied to as sess the over all sur -
face microtopography of the teeth to iden tify spe cific char ac ter -
is tics con nected with the tooth mor phol ogy. The tooth bases
are dis tinctly dif fer ent in cross-sec tion than the cuspidal sec -
tion, with an oval shape and strong lat eral groov ing (Fig. 6). In
gen eral, the shape changes from a ta pered, slightly lat er ally
com pressed tip with cut ting edge to a cir cu lar base with prom i -
nent groov ing (Fig. 7). The cav ity ob served in the den tal pulp is
nar row, oval and sur rounded ra di ally by ca nals. The enamel ob -
served in tranverse sec tion (Fig. 8A) is very thin, mea sur ing
~5 mm, and while the crys tal lites are strongly in te grated into the
blocky struc ture, the in di vid ual fi brous struc ture is still vis i ble. In
tranverse sec tion (Fig. 8B), the slightly ir reg u lar fi brous char ac -
ter of the crys tal lites is clearly vis i ble. In gen eral, the dis tinc tion
be tween the com pact outer dentine layer and the in ner layer
with cav i ties is clear. The struc ture of the ca nals ob served (Fig.
9) is clearly three-di men sional, cre at ing a com plex in ner lab y -
rinth. The ob serv able ca nals vary in di men sions and di rec tions,
with larger ca nals char ac ter ized by an in ter nal opaque struc ture 
of dentine, while smaller ca nals are of ten su per fi cial.

SCANNING ELECTRON MICROSCOPY–ENERGY 
DISPERSIVE SPECTROSCOPY

In the sam ples ana lysed (Fig. 10) P, Ca, and O (Ta ble 1) are 
de cid edly dom i nant com po nents, com pris ing >90% of the mo -
lec u lar mass. In the sam ples stud ied, flu o ride is pres ent in
enamel (T1_pt1–T1pt5 and T2_pt1) but not in dentine (T1_pt6), 
rang ing from 1.43 to 2.73 in wt.%. CaO and P2O5 fall into sim i lar
ranges (47.6–57.67% for CaO and 35.24–40.46% for P2O5) in
both dentine and enamel. Sim i lar ob ser va tions can be made
when com par ing the con tent of SO3, which are also com pa ra ble
in both lay ers. Mag ne sium and so dium, other com po nents of
biomineralized tis sue, are pres ent in five sam ples for so dium
(T1_pt1, T1_pt2, T1_pt3, T1_pt 5, T1_pt6, and T2_1) and five
(T1_pt1, T1_pt3, T1_pt4, T1_pt6, T2_pt1) for mag ne sium.
Other sig nif i cant com po nents in clude Fe2O3 (0.44–1.76%),

Al2O3 (0.19–2.99%) and SiO2 (0.98–7.17%). 

DISCUSSION

MORPHOLOGICAL CHARACTERISTICS

The pe cu liar shape of the teeth is char ac ter ized by lon gi tu -
di nal changes in cross-sec tion, which means that the tooth
bases are strongly re in forced against me chan i cal stress
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Fig. 3. Pre served labyrinthodont struc ture, vis i ble as wind ing
ca nals in the dentine layer

A – vis i ble at macroscale, also with high lighted ar eas 
of dark dentine; B – vis i ble at microscale
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Fig. 4A – pre served cap il lary ca nals in dentine (brown or dark, 
hair-like short fil a men tary marks); B – marked miniscule

dark-dot ted struc tures in ter preted as re mains of odon to blasts



caused by strug gling prey, while the up per por tion still re tains
an oval, slightly com pressed shape with an an te rior cut ting
edge which can be in ter preted as an ad ap ta tion to in crease
shear ing strength (Whitenack et al., 2011), pro vid ing a com pro -
mise be tween cut ting abil ity and den tal re sis tance. This char ac -
ter is tic is fur ther high lighted by the lesser po ros ity near the an -
te rior cut ting edge. 

M. krasiejowensis ex hib its a labyrinthodont struc ture, which
is typ i cal fea ture for the mem bers of the Temnospondyli, char -
ac ter ized in this case by the ir reg u lar net work of ca nals, with a

clear pat tern of in creas ing po ros ity to wards the pos te rior teeth.
Apart from in tense diagenetic changes to the struc ture, the
teeth in life were char ac ter ized by ex ten sive in ter nal cav i ties as
re sult of infolding. The labyrinthodont-like struc ture ob served in
sam ples – a char ac ter is tic of basal tetra pods – in this case is in -
ter preted as a re in forc ing struc ture, which re lieves ex ter nal
pres sures caused by the act of pre da tion and trauma in duced
by strug gling prey, as a re sult strength en ing the me chan i cal re -
sis tance of the teeth. Plicidentine is also pres ent in non-temno -
spondyl pred a tory groups, such as varanids and ich thyo saurs
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Fig. 5A, B – cross-sec tion of a teeth of M. krasiejowensis with sea sonal growth lines,
A also with vis i ble an te rior cut ting edge; C, D – growth lines high lighted, 

D also with thin layer of enamel on the tooth edges

increasing

 porosity

growth lines visible
in cross-section
topography

BA

Fig. 6. High-res o lu tion SEM im age of cross-sec tion of M. krasiejowensis tooth

A – basal frag ment, with outer grooves and in ter nal ca nals filled with sed i ment; B – up per seg ment, with dif fer en ti ated non-lay ered
dentine with di rec tional po ros ity and outer dentine layer, with von Ebner lines vis i ble in the tooth to pog ra phy



(Schultze, 1969), pro vid ing ev i dence that this fea ture can be in -
deed in ter preted as a pred a tory ad ap ta tion.

This com plex net work of ca nals was prob a bly highly
vascula rized dur ing the an i mal’s life, as shown by prom i nent
cap il lary sys tems, es pe cially vis i ble in the dentine layer. The
struc ture ob served in M. krasiejowensis is sim i lar to the struc -
ture ob served in Metoposaurus sp. by War ren and Davey
(1992), and struc tures ob served in dif fer ent temnospondyl taxa
(e.g., Owen, 1842; Schultze, 1969; War ren and Turner, 2005);
how ever, it is char ac ter ized by a pe cu liar longitudal vari a tion, as 
the con vo luted ca nal-like struc ture is rather ir reg u lar in the up -
per sec tions of the teeth, while tooth base sec tions fea ture reg -
u lar struc ture with a pulpal cav ity sur rounded by a ra di ally
spaced sys tem of pores. This petaloid, lobe-like struc ture, pres -
ent at the bases of the teeth, can be as cribed to a dif fer ent rate
of pack ing of dentine tu bules (War ren and Turner, 2005), caus -
ing the de for ma tion in tooth struc ture. Fur ther more, prom i nent
groov ing at the base of the teeth along with the curved out line
be tween in di vid ual grooves can be in ter preted as a strength en -
ing struc ture, the pres ence of which re lates to the in ter nal de -
vel op ment of the labyrinthodont struc ture. The in ter nal po ros ity
of the teeth in temospondyls is an in di ca tor of tooth age, as they
grad u ally be come hollower as they ma ture (see Bystrow,
1938). This can in di cate that the teeth sam pled are mostly quite 

young, as their in ter nal po ros ity is still not quite as de vel oped as
in truly ma ture teeth. This is es pe cially vis i ble in elec tron mi cro -
scope sam ples of the tooth bases, as the in ter nal space of the
teeth is mostly solid, with small cav i ties filled with diagenetic
min er al iza tion. Over all, the ob served struc ture of the tooth
bases is very sim i lar to the cross-sec tion de scribed by War ren
and Davey (1992), but infolds are much less vis i ble, which can
be as cribed a) to pres er va tion state, or b) age of the teeth,
which in flu ences in ter nal fold ing de vel op ment and/or c) tooth
type, as it was noted by War ren and Davey (1992) that infolds
are much more vis i ble in pal a tal tusks than in smaller mar ginal
and pal a tal teeth, which were sam pled in this case.

HISTOLOGY AND SEASONAL GROWTH PATTERNS

The in cre men tal growth lines, which rep re sent the cy clic ac -
tiv ity of odon to blasts dur ing the for ma tion of dentine, are an in -
di ca tor of the life cy cle of an in di vid ual (Erikson, 1996; Hacken -
berg and Rauhut, 2020), in which the rate of dentine de po si tion
can sig nify the growth rate and/or nu tri ent avail abil ity. The M.
krasiejowensis teeth ex hibit a typ i cal growth pat tern, with wider
in ner rings when the den tal growth rate was high, and the cor re -
spond ing growth rings grad u ally be come thin ner as the growth
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 Fig. 7. Il lus tra tion of chang ing tooth mor phol ogy and cross-sec tion along the ver ti cal axis, 
with ob served cut ting edge and lon gi tu di nal groov ing at base; 

cross-sec tions rep re sent sec tion ing plane

A – cuspidal cross-sec tion, with di rec tional po ros ity; B – tooth base cross-sec tion with ro sette of in ter nal pores; 
pc – pulp cav ity, md – mas sive (non-lay ered) dentine, ld – lay ered dentine



rate slowed.  Com pared to other pred a tory ver te brates, such as 
Spinosaurus aegyptiacus growth pat terns (Hackenberg and
Rauhut, 2020), the M. krasiejowensis sam ples ex am ined show
pro por tion ally wide ar eas of growth, but fewer in num ber, which
could mean that: a) ei ther the growth lines were blurred by
diagenetic pro cesses,  b) the growth rate was less reg u lar, with
more in ten sive spurts in ter rupted by stages of ar rested growth,
c) phylogenetical ef fects, as M. krasiejowensis is a mem ber of
the Temnospondyli, which are anamniotes (Konietzko-Meier et
al., 2016), and cur rent microstructure stud ies mostly fo cus on
amniotes (e.g., Hackenberg and Rauhut, 2020; Owocki and
Madzia, 2020), thus temnospondyl growth cy cles in teeth have
yet to be stud ied ex ten sively. 

There ap pears to be a dif fer en ti a tion in col our not ex plained
by growth pat terns. This vari a tion can be as cribed to tight pack -
ing of dentine tu bules in spe cific ar eas (Fig. 3A) as de scribed by 
War ren and Turner (2005) and named by early tetrapod stud ies 
as “dark dentine”. This find ing is sup ported by the fact that
darker dentine spots ap pear closely ad ja cent to vis i ble folds of
the labyrinthodont struc ture (Fig. 3A). Dark, dot ted struc tures
ap pear ing through out the dentine layer are in ter preted here as
re mains of odon to blasts, de pos ited af ter the cy clic dentine -
-form ing ac tiv ity, which ex plains their pres ence through the

whole dentine. This struc ture is pres ent in teeth in vivo as a
small dots and ir reg u lar spots when the teeth are form ing (see
Osborn, 1981). The pres ence of growth brands of very dif fer ent
colours can be an in di ca tor of a ma jor change in the life con di -
tions of an in di vid ual. Based on the de vel op ment pat tern pres -
ent in growth lines in the sam ples, it can be in ter preted as the in -
flu ence of dry and wet sea sons, the pres ence of which was in -
ferred in the study area from sedimentological stud ies (Szulc,
2005; Jewu³a et al., 2019). Lon ger cy clic ac tiv ity in dentine for -
ma tion, as de scribed by Dean (2000), is in ter preted here as
Andresen growth lines, com pris ing long-term ac tiv ity in odon to -
blasts, caused by en dog e nous bio rhythms. In con trast to con -
stant, cir ca dian growth of von Ebner lines de pos ited as small
scale bands (Erikson, 1996;  Nanci, 2008), Andresen lines are
much thicker, en com pass ing larger-scale trends in tooth bio -
mineralization mode. In this case, this pat tern is most prob a bly
in flu enced by sea sonal changes, which in flu ence tooth min eral
de po si tion and cause strongly pro nounced changes in min eral
con tent ex hib ited as col our bands. As sum ing that each sea son
is rep re sented as a col our band in the dentine layer, with an av -
er age of 7–8 bands in the teeth sam pled, it can be cal cu lated
that the life span of the teeth sam pled lasted four cy cles of
dry/wet sea sons on av er age. Darker bands are in ter preted here 
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Fig. 8. Close-up view of tooth sur face 
with vis i ble enamel layer

A – in cross-sec tion, with vis i ble crys tal lites; B – slightly ir reg u lar,
fi brous crys tal lites in lon gi tu di nal view

Fig. 9. Three-di men sional struc ture 
of den ta ry ca nals

A – su per fi cial cap il lary ca nals; B – with oblique dentine struc ture 



as in di ca tors of dry sea sons, as al though the in cre men tal
growth lines are ir reg u lar in form, they are mostly char ac ter ized
by lesser thick ness than light bands, and it is ex pected that dur -
ing a wet sea son, min eral ac cu mu la tion will be height ened due
to in creased nu tri ent sup ply, thus re sult ing in thicker lines dur -
ing wet sea sons, vis i ble in this case as lighter bands. The dis -
cov ery of a sea sonal growth pat tern in the teeth fur ther es tab -
lishes the in flu ence of sea sonal cli mate on the his tol ogy and
bone on tog eny of the an i mal. Konietzko-Meier and Sander
(2013) first de scribed the in flu ence of sea sonal cli mate on bone 
his tol ogy, based on long-bone stud ies of humeral and fem o ral

bones; the long bones ex am ined in cross-sec tion showed a
sea sonal growth pat tern based on in cre men tal growth rings.
The au thors spec u lated that very sig nif i cant changes in bone
ma te rial ac cu mu la tion may be as so ci ated with changes in me -
tab o lism rate, prob a bly af fected by dry/wet sea sonal cy cles.
Those find ings dem on strate the pres sures of the chang ing
palaeoenvironment at Krasiejów on an i mal bi ol ogy, and those
con di tions re sulted in vari a tion in de vel op men tal pro cesses in
this taxon. In con trast to the re search of Konietzko-Meier and
Sander (2013), the teeth were re placed dur ing the life time of the 
or gan ism, so they can not be used as an in di ca tor of the en tire
life time of the an i mal, but they can vi su al ize how a cer tain part
of life was in flu enced by chang ing en vi ron men tal con di tions.
Fur ther more, the find ing of a sea sonal growth pat tern in the
teeth adds to knowl edge of the Krasiejów palaeo enviro nment,
pro vid ing fur ther palaeo bio logi cal ev i dence of the sea sonal cli -
mate as re corded by ver te brate his tol ogy. 

CHEMICAL COMPOSITION OF THE TEETH

The most strik ing chem i cal fea ture of the teeth stud ied is the 
pres ence of a sig nif i cant per cent age of flu o ride (1.43–2.73%) in 
enamel. Only enamel shows the pres ence of this com po nent,
since the dentine map ping in T1 did not de tect a sig nif i cant
pres ence of flu o ride. The sam ples showed sim i lar pro por tions
of F (1.11–3.48%) as in Luebke et al. (2015). Na and Mg can be
in cor po rated into the bi o log i cal struc ture of ap a tite (LeGeros,
1980), hence, their pres ence is ex pected. The small per cent -
age of S pres ent in the sam ples is a typ i cal el e ment in ver te -
brate bones. How ever, the pres ence of Na and Mg can also be
as cribed to the pres ence of clay min er als. Fur ther more, the
pres ence of com po nents such as Al and Fe is strongly linked to
clay min er als com monly oc cur ring in the sam ples. Wide ranges
of weight per cent ages, ob served at dif fer ent sam pling points,
can be as cribed to a dif fer ent min er al iza tion rate of these min er -
als, a diagenetic ef fect.

Based on the close tax o nomic af fil i a tion of temnospondyls
with mod ern am phib i ans (Vitt et al., 2013; Benton, 2015;
Schoch, 2019) it may be as sumed that M. krasiejowensis may
have had a sim i lar com po si tion of enamel (dis played by temno -
spondyls, in con trast to enameloid oc cur ring in other taxa (e.g.,
Fincham et al., 1999; see Rinehart and Lucas, 2014). In gen -
eral, in mod ern tetra pods, hydroxyapatite with car bon ate sub sti -
tu tions at some po si tions, known as dahllite, is the dom i nant
com po nent of ver te brate enamel (LeGeros, 1981). By con trast,
Chondrichthyes (Daculsi and Kerebel, 1980; LeGeros and Su -
ga, 1980; Whitenack et al., 2011) and some Osteichthyes as
well as Amphibia (Fincham et al., 1999) pos sess fluorapatite
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T a  b l e  1

Com pound per cent ages [in wt.%] in sam ples T1 and T2

Sam ples F 
[%]

Na2O
[%]

MgO
[%]

Al2O3

[%]
SiO2

[%]
P2O5

[%]
SO3 

[%]
CaO
[%]

Fe2O3

[%]

T1_pt1 2.21 1.31 0.40 0.34 1.49 40.46 1.25 52.11 0.44

T1 _pt2 2.74 1.32 – 0.58 2.07 38.77 1.30 52.11 1.10

T1_pt3 2.71 1.80 0.31 0.46 1.74 40.09 1.35 50.58 0.96

T1_pt4 1.75 – 0.22 0.51 0.98 37.39 1.51 57.63 –

T1_pt5 1.43 0.56 – 0.19 – 38.46 1.69 57.67 –

T1_pt6 – 0.61 0.31 0.55 1.70 38.05 1.50 56.68 0.61

T2_pt1 1.54 0.94 0.97 2.99 7.17 35.24 1.23 47.6  1.76

A

A

B

Fig. 10A – el e ment point anal y sis (1–5) and map ping (6) 
of cross-sec tion; B – (1) lat eral sur face map ping



enameloid. Luebke et al. (2015) pro posed that the high per -
cent age of flu o ride seen in dif fer ent fos sil groups of Sauro -
pterygii, Lepidosauria and Archosauria, shared also with mod -
ern and fos sil shark groups, is ev i dence of a dif fer ent chem is try
of the en vi ron ment in the past. This claim was later de bunked
by de Renzi et al. (2016), who con cluded that the pres ence of
fluo rapatite in the enamel of fos sil tetra pods can be ex plained
by the diagenetic re place ment of the hydroxyl group by flu o ride, 
which is also known as a well-es tab lished dat ing method, ap -
plied since the 19th cen tury (Car not, 1893). The im pli ca tion is
that the fluorapatite in these sam ples is pos si bly of diagenetic
or i gin, al though through a close re la tion ship with basal tetra -
pods and mod ern Lissamphibia it is still pos si ble for M.
krasiejowensis teeth to ex hibit fluorapatite min er al ogy as an in -
her ent trait, and this as pect re quires fur ther study.

CONCLUSIONS

Microstructural stud ies of teeth within palaeo eco logi cal
stud ies can pro vide sig nif i cant in for ma tion about the bi ol ogy
and life style of an an i mal. This is es pe cially use ful in spe cies
such as M. krasiejowensis, which are well de scribed at the
gross scale and are in ferred to have in hab ited tur bu lent en vi -
ron ments, such as were pres ent in the Late Tri as sic of the
Krasiejów vi cin ity. Stud ies of his tol ogy and microstructure of
ver te brate bones can be an ad di tional proxy, pro vid ing fur ther
in for ma tion as a sup ple ment to sed i men tary stud ies. Fur ther -
more, ex plor ing the palaeo bi ol ogy of char is matic an i mals such
as temnospondyls is by its na ture a fas ci nat ing sub ject, cap tur -
ing the imag i na tion of gen er a tions of re search ers since times of 
Sir Rich ard Owen.

1. The teeth of M. krasiejowensis ex am ined show a mor -
phol ogy which can be as cribed to a pred a tory life style, with the
cut ting an te rior edge of the cuspidal sec tion of the teeth and a
wide basal sec tion with re in force ment grooves. An ad di tional
as pect that pro tected the teeth against me chan i cal fail ure is the

in ter nal labyrinthodont struc ture, which oc curs in the sam ples in 
the form of a di rec tional po ros ity, func tion ing as a stress-dis -
pers ing de sign; 

2. M. krasiejowensis teeth dis play a char ac ter is tic
labyrintho dont-like struc ture, with ir reg u lar, in ter nal ca nals with
di rec tional po ros ity ob served in the up per sec tions of teeth. The 
basal sec tion is cir cu lar in shape with reg u lar in ter nal struc ture,
char ac ter ised by a pulp cav ity sur rounded ra di ally by prom i nent
ca nals and petal-like lobes pres ent on the sur face; 

3. The in cre men tal growth lines ob served in the teeth sam -
pled re veal a clearly vis i ble in ter chang ing col our pat tern, sug -
gest ing sig nif i cant dif fer ences in dentine growth mode dur ing
tooth life span, in ter preted as re sult of sea sonal in flu ence on
den tal his tol ogy. Based on the num ber of in cre men tal growth
lines, it is in ferred that these teeth ex pe ri enced four dry/wet sea -
sons on av er age, pro vid ing fur ther ev i dence that the sea sonal
en vi ron ment of Late Tri as sic Krasiejów had an in flu ence on M.
krasiejowensis bi ol ogy;

4. The enamel layer is char ac ter ized by the pres ence of flu -
o ride, a sign of fluoroapatite min er al ogy, which is an as pect re -
quir ing fur ther stud ies be cause while mod ern Lissamphibia,
which are re lated to temnospondyls, pos sess at least some
fluoroapatite within enameloid, the pres ence of flu o ride may be
a diagenetic ef fect. This raises a ques tion whether this chem i cal 
fea ture was an in her ent char ac ter is tic of the liv ing an i mal. 

Ac knowl edge ments. We would like to thank E. Jagt-
 Yazykova (Opole Uni ver sity) for kindly pro vid ing the spec i men
for study, E. Teschner (Opole Uni ver sity) for skull prep a ra tion
con sul ta tions and B. B³a¿ejowski of the Pol ish Acad emy of Sci -
ences, In sti tute of Paleobiology, for con sul ta tions re gard ing
tooth prep a ra tion and struc tural anal y sis. D. Konietzko-Meier
and L. Rekovets, the jour nal re view ers, are thanked for con -
struc tive com ments im prov ing the qual ity of the fi nal ver sion of
the manu script. This re search fund ing has been cov ered by the
In sti tute of Geo log i cal Sci ences of the Jagiellonian Uni ver sity in
Kraków. 

REFERENCES

Antczak, M., Bodzioch, A., 2018. Or na men ta tion of the der mal
bones of Metoposaurus krasiejowensis and its eco log i cal im pli -
ca tions. PeerJ, 6: e5267.

Benton, M.J., 2015. Ver te brate Palae on tol ogy. John Wiley and
Sons, Bris tol.

Bilan, W., 1976. The stra tig ra phy of the Up per Tri as sic de pos its of
the east ern mar gin of the Up per Silesian Coal Ba sin (in Pol ish
with Eng lish sum mary). Zeszyty Naukowe AGH, Geologia, 2:
4–73.

Bodzioch, A., Kowal-Linka, M., 2012. Un rav el ing the or i gin of the
Late Tri as sic multitaxic bone ac cu mu la tion at Krasiejów (S Po -
land) by diagenetic anal y sis. Palaeo ge ogra phy, Palaeo climato -
logy, Palaeo ec ol ogy, 346: 25–36.

Bystrow, A.P., 1938. Zahnstruktur der Labyrinthodonten. Acta
Zoolo gica, 19: 387–425. 

Bystrow, A.P., 1939. Zahnstruktur der Crossopterygier. Acta
Zoologica, 20: 286–338.

Carlson, S.J., 1990. Ver te brate den tal struc tures. In: Skel e tal Bio -
mineralization: Pat terns, Pro cesses and Evo lu tion ary Trends
(ed. J.G. Carter), 5: 235–260. Wiley.

Car not, M.A., 1893. Recherches sur la com po si tion générale et la
teneur en fluor des os modernes et des os fossiles des différents 
âges. Ch. Dunod.

Chase, J.N., 1963. The labyrinthodont dentition. Breviora, 187:
1–13.

Chowdhury, T.R., 1965. A new metoposauroid am phib ian from the
Up per Tri as sic Maleri For ma tion of Cen tral In dia. Philo soph i cal
Trans ac tions of the Royal So ci ety Lon don, B, 250: 1–52.

Credner, H., 1893. Zur Histologie der Faltenzähne paläozoischer
Stegocephalen. Abhandlungen der Königlich-Sächsischen
Gesells chaft der Wissenschaften, 33: 475–555.

Daculsi, G., Kerebel, L.M., 1980. Ultrastructural study and com par -
a tive anal y sis of flu o ride con tent of enameloid in sea-wa ter and
fresh-wa ter sharks. Ar chives of Oral Bi ol ogy, 25: 145–151.

Dadlez, R., Marek, S., Pokorski, J., 2000. Geo log i cal map of Po -
land with out Ce no zoic sed i ments in scale 1:1000 000. Pol ish
Geo log i cal In sti tute, Warszawa.

De Renzi, M., Manzanares, E., Marin-Monfort, M.D., Botella, H.,
2016. Com ments on “Den tal les sons from past to pres ent:
ultrastructure and com po si tion of teeth from plesiosaurs, di no -
saurs, ex tinct and re cent sharks” by A. Lübke, J. Enax, K. Loza,
O. Prymak, P. Gaengler, H.-O. Fabritius, D. Raabe and M.

£ukasz Weryñski and Mariusz Kêdzierski / Geological Quarterly, 2022, 66: 26 9



Epple, RSC Ad vances, 2015, 5: 61612. RSC Ad vances, 6:
74384–74388.

Dean, M.C., 2000. In cre men tal mark ings in enamel and dentine:
what they can tell us about the way teeth grow. In: De vel op ment, 
Func tion and Evo lu tion of Teeth (eds. M.F. Teaford, M.M. Smith
and M.W.J. Fer gu son). Cam bridge Uni ver sity Press, Cam -
bridge.

Dutuit, J.M., 1976. In tro duc tion á l’étude paléontologique du Trias
con ti nen tal marocain. De scrip tion des pre miers Stegocephales
recueillis dans le couloir d’Argana (At las oc ci den tal). Memoires
du Mu seum Na tional d’Histoire Naturelle, Paris, Se ries C, 36:
1–253.

Dzik, J., 2003. A beaked her biv o rous archosaur with di no saur af fin i -
ties from the early Late Tri as sic of Po land. Jour nal of Ver te brate
Pa le on tol ogy, 23: 556–574.

Dzik, J., Sulej, T., 2007. A re view of the early Late Tri as sic
Krasiejów biota from Silesia, Po land. Palaeontologia Polonica,
64: 1–27.

Dzik, J., Sulej, T., 2016. An early Late Tri as sic long-necked rep tile
with a bony pec to ral shield and gracile ap pend ages. Acta
Palaeontologica Polonica, 61: 805–823.

Dzik, J., Sulej, T., Kaim, A., NiedŸwiedzki, R., 2000. Late Tri as sic
grave yard of large Tri as sic tetra pods in the Opole Silesia (in Pol -
ish with Eng lish sum mary). Przegl¹d Geologiczny, 48: 226–235.

Enault, S., Guinot, G., Koot, M.B., Cuny, G., 2015. Chondri -
chthyan tooth enameloid: past, pres ent, and fu ture. Zoo log i cal
Jour nal of the Lin nean So ci ety, 174: 549–570.

Erickson, G.M., 1996. In cre men tal lines of von Ebner in di no saurs
and the as sess ment of tooth re place ment rates us ing growth
line? Pro ceed ings of the Na tional Acad emy of Sci ences, 93:
14623–14627.

Fija³kowska-Mader, A., Heunisch, C., Szulc, J., 2015. Palyno -
stratigraphy and palynofacies of the Up per Silesian Keuper.
Annales Societatis Geologorum Poloniae, 85: 637–661.

Fincham, A., Moradian-Oldak, J., Sim mer, J.P., 1999. The struc -
tural bi ol ogy of the de vel op ing den tal enamel ma trix. Jour nal of
Struc tural Bi ol ogy, 126: 270–299.

Fraas, E., 1913. Neue Labyrinthodonten aus der schwäbischen
Trias. Palaeontographica (1846–1933): 275–294.

Gruntmejer, K., Konietzko-Meier, D., Bodzioch, A., 2016. Cra nial
bone his tol ogy of Metoposaurus krasiejowensis (Amphibia,
Temnospondyli) from the Late Tri as sic of Po land. PeerJ, 4:
e2685.

Gruntmejer, K., Konietzko-Meier, D., Bodzioch, A., 2019. Mor -
phol ogy and pre lim i nary biomechanical in ter pre ta tion of man -
dib u lar su tures in Metoposaurus krasiejowensis (Temnospon -
dyli, Stereospondyli) from the Up per Tri as sic of Po land. Jour nal
of Ibe rian Ge ol ogy, 45: 301–316. 

Gruszka, B., Zieliñski, T., 2008. Ev i dence for a very low-en ergy flu -
vial sys tem: a case study from the di no saur-bear ing Up per Tri -
as sic rocks of South ern Po land. Geo log i cal Quar terly, 52 (3):
239–252.

Hättig, K., Stevens, K., Thies, D., Schweigert, G., Mutterlose, J.,
2019. Eval u a tion of shark tooth diagenesis-screen ing meth ods
and the ap pli ca tion of their sta ble ox y gen iso tope data for
palaeoenvironmental re con struc tions. Jour nal of the Geo log i cal 
So ci ety, 176: 482–491.

Heckeberg, N.S., Rauhut, O.W., 2020. His tol ogy of spinosaurid di -
no saur teeth from the Albian-Cenomanian of Mo rocco: im pli ca -
tions for tooth re place ment and ecol ogy. Palaeontologia
Electronica, 23: a48.

Hunt, A.P., 1993. Re vi sion of the Metoposauridae (Amphibia: Temno -
spondyli) and de scrip tion of a new ge nus from West ern North
Amer ica. Mu seum of North ern Ar i zona Bul le tin, 59: 67–97.

Jalil, N.E., 1996. Les Vertébrés permiens et triassiques de la For -
ma tion d’Argana (Haut At las oc ci den tal): liste faunistique
préliminaire et im pli ca tions stratigraphiques. In: Le Permien et
le Trias du Maroc: état des connaissance (ed. F. Me dina):
227–250. Edi tions Pumag, Marrakesh, Mo rocco.

Jewu³a, K., Matysik, M., Paszkowski, M., Szulc, J., 2019. The late 
Tri as sic de vel op ment of playa, gilgai floodplain, and flu vial en vi -

ron ments from Up per Silesia, south ern Po land. Sed i men tary
Ge ol ogy, 379: 25–45.

Keenan, S.W., 2016. From bone to fos sil: a re view of the diagenesis
of bioapatite. Amer i can Min er al o gist, 101: 1943–1951.

Konietzko-Meier, D., Wawro, K., 2007. Man dib u lar dentition in the
Late Tri as sic temnospondyl am phib ian Metoposaurus. Acta
Palaeontologica Polonica, 52: 213–215.

Konietzko-Meier, D., Sander, M., 2013. Long bone his tory of
Metoposaurs diagnosticus (Temnospondyli) from the late Tri as -
sic of Krasiejów (Po land) and its paleobiological im pli ca tions.
Jour nal of Ver te brate Pa le on tol ogy, 33: 1003–1018.

Konietzko-Meier, D., Shelton, C.D., Sander, P.M., 2016. The dis -
crep ancy be tween mor pho log i cal and microanatomical pat terns
of anamniotic stegocephalian postcrania from the Early Perm ian 
Briar Creek Bonebed (Texas). Comptes Rendus Palevol, 15:
103–114.

Kowalski, J., Bodzioch, A., Janecki, P., Ruciñski, M., Antczak,
M., 2019. Pre lim i nary re port on the microvertebrate fau nal re -
mains from the Late Tri as sic lo cal ity at Krasiejów, SW Po land.
Annales Societatis Geologorum Poloniae, 89: 291–305.

Laurin, M., Reisz, R.R., 1999. A new study of Solenodonsaurus
janenschi, and a re con sid er a tion of amniote or i gins and stego -
cephalian evo lu tion. Ca na dian Jour nal of Earth Sci ences, 36:
1239–1255.

LeGeros, R.Z., Suga, S., 1980. Crys tal lo graphic na ture of flu o ride
in enameloids of fish. Cal ci fied Tis sue In ter na tional, 32:
169–174.

Luebke, A., Enax, J., Loza, K., Prymak, O., Gaengler, P.,
Fabritius, H.O., Raabe, D., Epple, M., 2015. Den tal les sons
from past to pres ent: ultrastructure and com po si tion of teeth
from plesiosaurs, di no saurs, ex tinct and re cent sharks. RSC Ad -
vances, 5: 61612–61622.

MacDougall, M.J., LeBlanc, A.R.H., Reisz, R.R., 2014. Plicidentin
in the Early Perm ian Parareptile Colobomycter pholeter, and its
phylo gen etic and func tional sig nif i cance among co eval mem -
bers of the clade. PLOS One, 9: e96559. 

Nanci, A., 2008. Ten Cate’s oral his tol ogy: de vel op ment, struc ture
and func tion. Sev enth Edi tion. Elsevier Health Sci ences, St
Louis.

Osborn, J.W., 1981. Den tal Anat omy and Em bry ol ogy, 1. Blackwell
Sci en tific Pub li ca tions, Ox ford, Boston. 

Owen, R., 1841. On the teeth of spe cies of the ge nus Labyrinthodon 
(Mastodonsaurus salamandroides, and Phytosaurus (?) of
Jäger) from the Ger man Keuper and the sand stone of Warwick
and Leamington. Pro ceed ings of the Geo log i cal So ci ety of Lon -
don, Vol ume 3. Lon don.

Owocki, K., Madzia, D., 2020. Pred a tory be hav iour in mosasaurid
squamates in ferred from tooth microstructure and min er al ogy.
Cre ta ceous Re search, 111: 104430.

Paluh, D.J., Rid dell, K., Early, C.M., Hantak, M.M., Jongsma,
G.F., Keeffe, R.M., Silva, F.M., Niel sen, S.V., Vallejo-Pareja,
M.C., Stan ley, E.L., Blackburn, D.C., 2021. Ram pant tooth loss 
across 200 mil lion years of frog evo lu tion. eLife, 10: e66926.

Pan der, Ch.H., 1860. Über die Saurodipterinen, Dendrodonten,
Glyptolepiden und Cheirolepiden des Devonischen Sys tem.
Buchdrückerei der kaiserlichen Akademie der Wissenschaften,
St. Pe ters burg.

Par sons, T.S., Wil liams, E.E., 1962. The teeth of amphibia and
their re la tion to am phib ian phy log eny. Jour nal of Mor phol ogy,
110: 375–389.

Pawlak, W., Rozwalak, P., Sulej, T., 2022. Tri as sic fish fau nas from
Miedary (Up per Silesia, Po land) and their im pli ca tions for un der -
stand ing paleosalinity. Palaeo ge ogra phy, Palaeoclimatology,
Palaeo ec ol ogy, 590: 110860.

Peyer, B., 1968. Com par a tive Odontology. The Uni ver sity of Chi -
cago Press.

Reinhardt, L., Ricken, W., 2000. The strati graphic and geo chem i -
cal re cord of Playa Cy cles: mon i tor ing a Pangaean mon soon-
 like sys tem (Tri as sic, Mid dle Keuper, S. Ger many). Palaeo ge -
ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 161: 205–227.

Rinehart, L., Lucas, S., 2014. Tooth form and func tion in temno -
spondyl am phib i ans: re la tion ship of shape to ap plied stress.

10 £ukasz Weryñski and Mariusz Kêdzierski / Geological Quarterly, 2022, 66: 26



New Mex ico Mu seum of Nat u ral His tory and Sci ence Bul le tin,
61: 533–542.

Ruta, M., Pisani, D., Lloyd, G.T., Benton, M.J., 2007. A supertree
of Temnospondyli: cladogenetic pat terns in the most spe cies-
 rich group of early tetra pods. Pro ceed ings. Bi o log i cal Sci ences,
274: 3087–3095. 

Romer, A.S., Par sons, S.T., 1986. The Ver te brate Body. Saunders
Col lege Pub lish ing, Phil a del phia.

Sengupta, D.P., 1992. Metoposaurus maleriensis Roy Chowdhury
from the Tiki For ma tion of Son-Mahanadi Val ley of Cen tral In dia. 
In dian Jour nal of Ge ol ogy, 64: 300–305.

Schoch, R.R., 2013. The evo lu tion of ma jor temnospondyl clades:
an in clu sive phylo gen etic anal y sis. Jour nal of Sys tem atic
Palae on to l ogy, 11: 673–705.

Schoch, R.R., 2019. The pu ta tive lissamphibian stem-group: phy -
log eny and evo lu tion of the dissorophoid temnospondyls. Jour -
nal of Pa le on tol ogy, 93: 137–156.

Schultze, H.P., 1969. Die Faltenzähne der rhipidistiiden Crosso -
pterygier der  Tetrapoden und die Actinopterygier Gattung
Lepiso steus. Palaeontographica Italica, 65: 63–137.

Sulej, T., 2002. Spe cies dis crim i na tion of the Late Tri as sic temno -
spondyl am phib ian Metoposaurus diagnosticus. Acta Palaeonto -
lo gica Polonica, 47: 535–546.

Sulej, T., 2005. A new rauisuchian rep tile (Diapsida: Archosauria)
from the Late Tri as sic of Po land. Jour nal of Ver te brate Pa le on -
tol ogy, 25: 78–86.

Sulej, T., 2007. Osteology, vari abil ity, and evo lu tion of Meto -
posaurus, a temnospondyl from the Late Tri as sic of Po land.
Palaeontologia Polonica, 64: 29–139.

Sulej, T., Majer, F., 2005. The temnospondyl am phib ian Cycloto -
saurus from the Up per Tri as sic of Po land. Palae on tol ogy, 48:
157–170.

Szulc, J., 2005. Sed i men tary en vi ron ments of the ver te brate-bear ing
Norian de pos its from Krasiejów, Up per Silesia (Po land). Halles -
ches Jahrbuch für Geowissenschaften, R. B, 19: 161–170. 

Szulc, J., Racki, G., 2015. Grabowa For ma tion – the ba sic litho -
stratigraphic unit of the Up per Silesian Keuper (in Pol ish with
Eng lish sum mary). Przegl¹d Geologiczny, 63: 103–113. 

Œrodoñ, J., Szulc, J., Anczkiewicz, A., Jewu³a, K., Banoe, M.,
Marynowski, L., 2014. Weath er ing, sed i men tary, and diagene tic
con trols of min eral and geo chem i cal char ac ter is tics of the ver te -
brate-bear ing Silesian Keuper. Clay Min er als, 49: 569–594. 

Teschner, E., Konietzko-Meier, D., Sander, P., 2018. Vari abil ity of
growth pat tern ob served in Metoposaurus krasiejowensis hu -
meri and its bi o log i cal mean ing. Jour nal of Ibe rian Ge ol ogy, 44:
99–111.

Vitt, L.J., Caldwell, J.P., 2013. Her pe tol ogy: an In tro duc tory Bi ol -
ogy of Am phib i ans and Rep tiles. Ac a demic Press, Cam bridge,
Mas sa chu setts.

War ren, A.A., Davey, L., 1992. Folded teeth in temnospondyls – a
pre lim i nary study. Al che rin ga, 16: 107–132.

War ren, A., Turner, S., 2005. Tooth his tol ogy pat terns in early tetra -
pods and the pres ence of “dark dentine”. Earth and En vi ron men -
tal Sci ence Trans ac tions of the Royal So ci ety of Ed in burgh, 96:
113–130.

Whitenack, L., Simkins, D., Motta, P., 2011. Bi ol ogy meets en gi -
neer ing: the struc tural me chan ics of fos sil and ex tant shark
teeth. Jour nal of Mor phol ogy, 272: 169–179. 

Wierzbowski, H., B³a¿ejowski, B., Tyborowski, D., 2019. Ox y gen
iso tope pro files of up per most Ju ras sic ver te brate teeth and oys -
ter shells: a re cord of paleoenvironmental changes and an i mal
hab i tats. Palaios, 34: 585–599.

£ukasz Weryñski and Mariusz Kêdzierski / Geological Quarterly, 2022, 66: 26 11


