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Abstract

The growth pattern of the Polish phytosaur Parasuchus cf. arenaceus and the aetosaur Stagonolepis
olenkae (both Krasiejow; Norian) was studied. Results were compared to published data of other members
of these two groups and to a new sample of the German (Heslach; Norian) phytosaur Nicrosaurus sp.
All three herein studied taxa display lamellar-zonal bone consisting predominately of parallel-fibred
tissue and on average a low to moderate vascular density. Towards the outer cortex the thickness of
annuli increases in most samples and becomes distinctly wider than the zones. Therefore, most of the
appositional growth in adults was achieved during phases of prolonged slow growth. All bones show
a diffuse growth pattern, without well demarcated zones and annuli. Distinct lines of arrested growth
(LAG) are not identified in the Krasiejow sample, only the Nicrosaurus femur shows one distinct LAG as
do other taxa outside Krasiejéw. Instead, the Krasiejow taxa display multiple rest lines and sub-cycles.
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Thus, identification and count of annual growth cycles remains difficult, the finally counted annual

growth cycles range (two to six) is quite large despite the low size range of the samples. A correlation

between age and bone length is not identified, indicating developmental plasticity. Although both are

archosaurs, Stagonolepis and Parasuchus are phylogenetically not closely related, however, they show a

very similar growth pattern, despite different life styles (terrestrial vs. semi-aquatic). Based on the new

data, and previously histological studies from Krasiejow, the local environmental conditions were special

and had a strong influence on the growth pattern.

Keywords

absence of lines of arrested growth (LAGs) — environmental influence — growth marks — growth record —

microanatomy — rest lines

Introduction

Palaeohistological analyses performed on
bones are a valuable source of biological infor-
mation e.g., growth rate and age of extinct ani-
mals, as well as indirectly local environmental
conditions (de Buffrénil et al., 2021). As an
answer to adaptation in various local life con-
ditions, vertebrates lay down cyclical (in most
cases annual) growth marks (Francillon-
Vieillot et al., 1990). They appear to reflect a
seasonal change of the conditions, depos-
ited as layers of fast-growing tissue (zones),
created most probably during a favourable
season, and slow-growing or even temporary
cessed growth (annuli and/or line of arrested
growth [LAG]), connected with an unfavour-
able phase during life (Francillon-Vieillot
et al., 1990). For endothermic vertebrates the
cyclicity seems to be determined genetically
as showed by e.g., Kohler et al. (2012) who
studied the growth pattern of wild ruminants
living across different climatic zones, from
polar to tropical environments, but deposit-
ing the same tissue and growth marks. This
demonstrates that the annual formation of
LAGS for homeothermic endotherm animals,
is controlled genetically (hormonally) rather

than resulting from environmental stresses
(Kohler et al., 2012). In poikilotherm animals
the influence of external conditions in the
growth record is due to physiological con-
strains better visible as in homeothermic ani-
mals (see de Buffrénil et al,, 2021). However,
how the growth pattern of the poikilothermic
animals is influenced by the environment, is
understudied. Analyses of different taxa origi-
nating from the same locality and time, might
shed new light on this question.

The perspective of multi-taxic histological
studies

The rarity of multi-taxic osteohistological
studies in palaeontology is related to the
lack of enough adequate material and/or the
destructive nature of histological analyses.
The Krasiejéw locality (southwestern Poland)
provides a unique window into the Late
Triassic ecosystem (Dzik & Sulej, 2007) due to
a remarkable quality and the quantity of the
excavated bones. Jewuta et al. (2019) studied
the genesis of various Late Triassic deposits in
the Upper Silesia region and proposed a gilgai
(i.e., ephemeral stream system) environment
for the Krasiejéow deposits attributed to sedi-
mentological evidence for semi-dry, seasonal
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climatic variation. The high number of skele-
tal elements preserved in Krasiejow presents
a good opportunity to study the histology of
taxa coexisting in one locality in the same
horizon. The preserved tetrapod taxa include
the remains of temnospondyl amphibians:
Metoposaurus krasiejowensis (Sulej, 2007) and
Cyclotosaurus intermedius Sulej & Majer, 2005,
but also archosaurs: the aetosaur Stagonolepis
olenkae Sulej, 2010, the phytosaur Parasuchus
cf. arenaceus (Dzik, 2001; Dzik & Sulej, 2007),
the ‘rauisuchid’ Polonosuchus silesiacus (Sulej,
2005), the dinosauriform Silesaurus opolensis
Dzik, 2003, and the protorosaur Ozimek vol-
ans Dzik & Sulej, 2016. So far, the histology of
the aquatic temnospondyl M. krasiejowensis
from Krasiejow was studied in detail, based
on almost all skeletal elements (Gadek, 2012;
Gruntmejer et al., 2016, 2019, 2021; Konietzko-
Meier et al., 2012, 2014, 2018; Konietzko-Meier
& Klein, 2013; Konietzko-Meier & Sander, 2013;
Teschner et al., 2018, 2020). The long bones of
M. krasiejowensis show an alternating pattern
of zones and annuli without LAGs, including
prolonged phases of slow growth, multiple
sub-cycles and rest lines. The documented
growth record of Metoposaurus indicates a
moderate, less seasonal climate at Krasiejow,
after the comparison with the growth record
to similarly aged (Norian) and phylogenet-
ically related taxa from India and Morocco
(Konietzko-Meier & Klein, 2013; Teschner et
al.,, 2018). Femora, tibiae, a metatarsal, and
ribs of the terrestrial dinosauriform Silesaurus
opolensis studied  histologically
(Fostowicz-Frelik & Sulej, 2010). They display
a nearly uninterrupted fibro-lamellar bone
(FLB) with only the outermost cortex becom-
ing higher organized and less dense vascular,

were

absence of LAGs, except for one tibia possess-
ing one LAG. Fostowicz-Frelik & Sulej (2010)
suggested that the lack of clear growth marks
could be related with the hypothetical endo-
thermy of that taxon, however, the sectioned

material was insufficient to prove this due to a
limited material sectioned.

The analysis of the two most common
archosaurs in Krasiejow, an aetosaur and a
phytosaur, originating from the same hori-
zon, might contribute to answer the ques-
tion, how distantly related, poikilotherm
amniotes reacted to the same environmental
conditions.

Taxonomy and depositional environment
Two major archosaur groups, Aetosauria
(Marsh, 1884) and Phytosauria (Jédger, 1828),
are a constant component of Late Triassic
(Carnian to Rhaetian) faunal assemblage
found on almost all continents (Buffetaut,
1993; Lucas, 1998; Desojo et al., 2013; Stocker
& Butler, 2013; Barrett et al., 2020). The only
exception is Diandogosuchus from the Middle
Triassic of China (Li et al., 2012; Stocker et al.,
2017), representing so far, the oldest and phy-
logenetically most basal phytosaur (Butler et
al., 2019). Aetosauria are interpreted as being
herbivorous to omnivorous in diet and occu-
pying terrestrial habitats (Carroll, 1988; Small,
2002; Desojo & Vizcaino, 2009; Desojo et al.,
2013). Phytosaurs are mostly found in lacus-
trine and fluviatile environments worldwide
(Hungerbiihler, 2000; Stocker & Butler, 2013)
and their mode of life was reconstructed as
semi-aquatic to aquatic (Hunt, 1989). There
are also marine phytosaur representatives
from Europe e.g., Austria and Italy (Buffetaut,
1993; Renesto & Paganoni, 1998; Gozzi &
Renesto, 2003; Renesto, 2008; Butler et al,,
2019) and China (Li et al., 2012).

The aetosaur material from Krasiejow is
represented by multiple disarticulated skel-
etal elements for which a new species was
erected within the genus Stagonolepis: S.
olenkae Sulej, 2010. The validity of the dis-
crimination of S. olenkae from the Scottish S.
robertsoni was questioned by Antczak (2016),
who suggested, based on the examination of
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new material that both belong to the same
species and differences are related to individ-
ual variation and possible sexual dimorphism.
Recently, an aetosaurian pes from Krasiejow
was described morphologically, without a
definitive assignment to S. olenkae, moreo-
ver, the authors could not exclude a possi-
ble co-occurrence of two aetosaur species in
Krasiejow (Gornicki et al., 2021). However, the
exact taxonomical assignment of our sample
is not within the scope of this study and likely
irrelevant as both species seem to have similar
niches.

The morphology and phylogenetic rela-
tionship of the phytosaurs from Krasiejow is
understudied (Butler et al., 2014) when com-
pared to other phytosaur specimens from
Europe (Hungerbiihler, 2000, 2002; Brusatte et
al., 2013; Mateus et al., 2014, Butler et al., 2019).
Dzik (2001) first proposed affinity of the Polish
material to ‘Paleorhinus’ sp. and later Dzik &
Sulej (2007) proposed the affinity of the mate-
rial to ‘Paleorhinus’ cf. arenaceus. However, the
taxon from Krasiejow was so far not included
in any phylogenetic analysis. The species from
Krasiejow is considered as a basal represent-
ative within Phytosauria due to the anterior
position of the nares (Dzik, 2001; Dzik & Sulej,
2007). Other Paleorhinus’ specimens have
been reported from Germany and USA (Lees,
1907; Hunt & Lucas, 1991; Butler et al., 2014)
whereas Parasuchus was described from India
(Chatterjee, 1978). However, according to Case
3165 of the International Code of Zoological
Nomenclature, the genus Parasuchus took
priority over Paleorhinus’ (Chatterjee, 2001;
Kammerer et al., 2016; Jones & Butler, 2018)
and both taxa now represent a single taxon.
Again, the exact taxonomic affiliation of the
phytosaur from Krasiejéw is not relevant and
beyond the scope of the current study.

The age of the Krasiejow deposits is still
debated due to the lack of index fossils or
palynological data (Szulc, 2005). Dzik et al.

(2000) favours a Carnian age based on biostra-
tigraphy and the correlation with dated beds
known from southern Germany (Lehrberg
Beds; Dzik et al., 2000) and a lacustrine ori-
gin of the deposits (Dzik et al.,, 2000; Dzik
& Sulej, 2007, 2016). However, subsequent
extensive sedimentological, lithostratigraphic
and taphonomic studies supported a Norian
age for the deposits (Szulc, 2005; Bodzioch &
Kowal-Linka, 2012; Szulc & Racki, 2015; Szulc et
al,, 2015, 2017) and a fluviatile origin caused by
an ephemeral stream system under semi-dry
climatic conditions (Szulc, 2005). Bodzioch &
Kowal-Linka (2012) reconstructed a more cat-
astrophic origin of the bone bed caused by a
short-lived but high-energy flood event result-
ing in hydraulically segregated bone breccia,
accumulating the disarticulated skeletons in
the vicinity of what is today the clay pit.

Heslach, is a Late Triassic (Norian) local-
ity in southern Germany near Stuttgart. The
phytosaur Nicrosaurus kapffi (von Meyer,
1861), was found in fluviatile deposits of the
Stubensandstein Formation (Nitsch, 2006),
and is phylogenetically considered to rep-
resent a more derived specimen when com-
pared to the Polish taxon (Hungerbiihler,
2002; Kimmig, 2013). Based on the femoral
morphology of Nicrosaurus, a semi-aquatic
or even a secondarily terrestrial mode of
life has been proposed (Kimmig, 2013). No
sedimentological studies are known for this
locality, thus no inference about the climatic
conditions during the Norian in Heslach can
be made.

Histology research on aetosaurs and
phytosaurs to date

Histologically, the best studied elements of
aetosaurs and phytosaurs are their osteo-
derms (Parker et al., 2008; Cerda & Desojo,
2011; Scheyer et al., 2014; Cerda et al., 2018).
Both, aetosaurs and phytosaurs, preserve a
diploe structure in their osteoderms (Scheyer
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et al., 2014). The main difference between the
two clades is visible in the construction of the
cortices: in phytosaurs (except for Phytosauria
indet. from Germany and the Pseudopalatus
sp. from the USA; Scheyer et al, 2014) the
internal and external cortex is built from par-
allel-fibred bone and is highly vascularized
with clearly visible and countable growth
marks (LAGs, zones and annuli); whereas in
aetosaurs the internal (basal) cortex consists
also of parallel-fibred bone, but the external
cortex is made of lamellar bone. Depending
on the aetosaurian taxon sampled, the osteo-
derms contain also woven-fibred bone (Cerda
& Desojo, 2011; Cerda et al., 2018). Moreover,
vascular density is considerably lower in aeto-
saur osteoderms when compared to phytosaur
osteoderms (Cerda & Desojo, 2011; Scheyer et
al,, 2014).

Seitz (1907) was the first who studied
and figured femoral histology of the phyto-
saur Belodon (= Nicrosaurus) kapffi from the
Stubensandstein Formation from Stuttgart. De
Ricqles et al. (2003) examined a total of seven
long bones (femora, humeri and radii) of five
taxa: two phytosaurs Phytosauria indet. and
Rutiodon sp., and three aetosaurs Stagonolepis
(= Calyptosuchus) sp., Desmatosuchus sp., and
Typothorax sp., all originating most prob-
ably from the Placerias Quarry in Arizona,
USA. Hoffman et al. (2019) sampled a partial
radius and a fragmentary fibula of the aeto-
saur Coahomasuchus chathamensis originat-
ing from a locality in North Carolina, USA.
Butler et al. (2019) studied a single femur of
the phytosaur Mystriosuchus steinbergeri from
the marine deposits from Austria. Recently,
Heckert et al. (2021) studied a pathological
femur of Smilosuchus gregorii from the USA,
Arizona. Most recently, Ponce et al. (2022)
studied a total of five long bones (femora,
humeri, tibia) belonging to two individuals
of Aetosauroides scagliai from Argentina.
The main results of the available histological

studies performed on aetosaurs and phyto-
saurs long bones are listed in table 1. In sum-
mary, all these samples show the deposition of
fibro-lamellar bone (FLB) in the inner cortex
with a switch to lamellar-zonal bone (LzB) in
the outer cortex, the presence of an external
fundamental system (EFs), and alternating
distinct growth marks in form of zones, annuli
and lines of arrested growth (LAGs; table 1) of
both phytosaurs and aetosaurs. Due to a dif-
ferent origin of limb bones and osteoderms
(periosteal bones vs. dermal bones), a direct
comparison of the growth record of those
elements is not advisable (Klein et al., 20009;
Hayashi et al., 2012).

Aim of study

Microanatomy, long bone histology and
growth pattern of the semi-aquatic phyto-
saur Parasuchus cf. arenaceus and the terres-
trial aetosaur Stagonolepis olenkae from the
Krasiejow locality are studied for the first
time. Further on, femoral histology of the
similarly aged (Norian) but geographically
distinct phytosaur Nicrosaurus sp. from the
German Heslach locality is studied as well.
Results (i.e., growth pattern) are compared
to published growth record data of aetosaurs
and phytosaurs from various global localities.
Moreover, the growth pattern of a temno-
spondyl amphibian and a dinosauromorph
from Krasiejow are also compared, to test if
the environmental factors had an influence
on the growth pattern of those vertebrates.

Material and methods

Material

One humerus and three femora of Parasuchus
cf. arenaceus from the Late Triassic (Norian)
of Krasiejow are studied (table 2, figs 1-2).
Humerus UOPB 00145 measures 19.4 cm (fig.
2A-D), which is 89% of the largest known
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FIGURE 1

10.1163/18759866-B]A10031 | TESCHNER, KONIETZKO-MEIER AND KLEIN

Morphology of the studied femora of

the phytosaurs Parasuchus cf. arenaceus
UOPB 00143 (A-D), and Nicrosaurus sp.
SMNS 4381/2 (E-G), and the aetosaur
Stagonolepis olenkae UOPB 00122 (H-K).
A, E and H in lateral view; B, F and I in
medial view; C, G and | in proximal view;
D and K in distal view. The arrows point to
the histological plane of sectioning. Scale
bars represent 5 cm for each specimen.

humerus from Krasiejow (zZPAL 111 1516,
20.7 cm; Kimmig, 2013). As the material from
Krasiejow is disarticulated and no proxy for
the humerus to femur ratio is known, we used
the known ratio of a closely related species
and articulated specimen, Parasuchus hislopi
from India (1S1 R 42; femur length = 24 cm;
humerus length = 18.2 cm; Chatterjee, 1978).
This ratio reveals that humerus UOPB 00145
(19.4 cm) would correspond to a femur with
a length of around 25.6 cm. Following that
assumption, the sampled humerus vors
00145 and the femur UOPB 00143 would cor-
respond to a similar size class (table 2). The
sampled femora of P. cf. arenaceus represent
a growth series ranging from 25 cm to 39 cm.
This translates to 64% to 100% when consid-
ering the length of the largest known femur
from Krasiejow (UOBS 03370, 39 cm; EMT,
2021, pers. obs.). The here studied femoral sec-
tion of the phytosaur Nicrosaurus sp. originat-
ing from the German Late Triassic (Norian)
locality (SMNS 4381/2; approx. length 29.5 cm;
fig. 1E-G) is 89% size of the largest known
femur of this taxon (SMNS 4381/1, 33 cm; EMT,
2021, pers. obs.; table 2).

From the aetosaur Stagonolepis olenkae
from the Late Triassic (Norian) of Krasiejow,
ten humeri (21.6 cm to 24 cm) and two fem-
ora (33cm and 37cm) were sampled (fig.
1H-K). The size of the humeri corresponds to
90% to 100% of the largest known humerus
length from Krasiejow (UOPB 00137, 24 cm;
EMT, 2021, pers. obs,; table 2), while the femur
length corresponds to 89% to 100% of the
largest known femur from Krasiejow (UoPB
00123, 37 cm; EMT, 2021, pers. obs.; table 2).
Thus, all sampled bones of aetosaurs rep-
resent the upper size range. Since the aeto-
saur material from Krasiejow preserves only
disarticulated specimens, no ratios for e.g,
humerus vs. femur can be given, too. Based on
the closely related S. robertsoni from Scotland,
the humerus vs. femur ratio is 0.63 (Walker,

1961). Using this ratio, the largest preserved
Downloaded from

ill.com05/11/2022 08:51:59AM
via free access



HISTOLOGY OF AETOSAURS AND PHYTOSAURS 10.1163/18759866-BJA10031 13

E

F

FIGURE2  Morphology of the studied humeri of the phytosaurs Parasuchus cf. arenaceus UoPB 00145 (A-D),
and the aetosaur Stagonolepis olenkae UoBs 01906 (E-H). A and E in ventral view; B and F in dorsal
view; C and G in proximal view; D and H in distal view. The arrows point to the histological plane of
sectioning. Scale bars represent 5 cm for each specimen.

FIGURE3  Mid-diaphyseal cross-sections of all sectioned specimens showing the bone microanatomy of the
phytosaurs Parasuchus cf. arenaceus femora (A: UOPB 00143, B: UOPB 01026, C: UOBS 03370 and
humerus (D: UoPB 00145), and Nicrosaurus sp. femur (E: SMNSs 4381/2), the aetosaur Stagonolepis
olenkae femora (F: UOPB 00122, G: UOPB 00123) and humeri (H: UOPB 00135, I: UOPB 00120, J: UOBS
02496, K: UOBS 02363, L: UOBS 01906, M: UOPB 00136, N: UOPB 00142, O: UOPB 00121, P: UOBS 02828,
and Q: UOPB 00137). Taxa are arranged accordingly to their bone length. Scale bar represents 1 cm for
each specimen.
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femur (UOPB 00123, 37 cm) of S. olenkae sec-
tioned here would correspond to a humerus of
approx. 23 cm and the second femur sampled
(UoPB 00122, 33 cm) would correspond with a
humerus of approx. 21 cm. Thus, both femora
fit to the size class of the sampled humeri.

All histological samples were taken from
diagnostic humeri and femora (table 2, figs
1A-K, 2A-H). Before sampling, the taxonom-
ical affiliation of the sampled bone either
to aetosaur or to phytosaur, respectively
was assured. The humeri of aetosaurs and

phytosaurs can be easily distinguished: a phy-
tosaurian humerus has a very straight medial
edge of the shaft which forms almost a straight
line with the proximal and distal head (fig.
2A-B, E-F; Kimmig, 2013). On the contrary,
aetosaurian humeri possess a transversely
wider expanded proximal head and show a
more pronounced deltopectoral crest that
expands laterally (Walker, 1961; Nesbitt, 2011;
Roberto-Da-Silva et al., 2014; Dr6zdz, 2018; fig.
2E-F). The femora of aetosaurs can be well
differentiated from phytosaurs because they

TABLE 3 Thickness of zones and annuli in the phytosaurs Parasuchus cf. arenaceus and Nicrosaurus sp. (cycle
number vs. cycle thickness)
Total 25 37 39 29.5 19.4
length (cm)
Element femur femur femur femur humerus

UOPB 00143 UOPB 01026 UOBS 03370 SMNS UOPB

4831/2 00145
st Z0
an
2nd Zo
an
3rd Z0
an
4th Z0
an
sth Z0
an
6th z0
an

Colours: green = zone thicker than the annulus, yellow = almost no variation in the thickness of the zones or annuli; red = annulus thicker than the

zone. Abbreviations: zo = zone, an = annulus. The cycle count starts with the 1st cycle being in the innermost cortex (towards the medullary cavity)
with the subsequently numbered cycles continuing towards the outer cortex (towards the bone surface)
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are robustly built, elongated and show almost
no torsion between the proximal and the dis-
tal head (fig. 1H-K). In contrast, the femora
of phytosaurs are more slender and show a
prominent sigmoidal curvature between the
proximal and distal heads (fig. 1A-B), which
is often visible in aquatic animals (Kimmig,
2013; EMT, 2021, pers. obs.).

Methods

All bone samples were processed into stand-
ard petrographic thin-sections in the labo-
ratory of the Institute of Geosciences (IGPB)
at the University of Bonn, Germany. All limb
bones were sectioned transversely at the
midshaft plane according to the technique
described in Klein & Sander (2007). For grind-
ing and polishing of the thin-sections wet sili-
con carbide (SiC) grinding powders with grit
sizes of 600 and 800 were used. The osteohis-
tological analysis was performed with a Leica
DM LP polarizing light microscope (with
objectives of 1.25x, 4x, 10x and 20x magni-
fication) and the photographs were taken
with a Leica DFC 420 camera attached to the
microscope. The overview pictures in polar-
ized light were stitched with the AutoStitch
(http://www.autostitch.net). The
cross-sections for microanatomical analyses

software

were scanned with an Epson Perfection 750V
PRO scanner.

Pictures of cross sections were transformed
to black (compact bone) and white (cavities)
pictures to measure bone compactness. The
pixel counting software then was measuring
white and black pixels (©Peter Goddertz,
IGPB), resulting in a ratio of compact bone
to cavities (table 2, fig. 3A—Q). The compact-
ness was measured for the complete section,
including the medullary cavity and/or region
and also by excluding the latter and measur-
ing only the cortex (table 2). The histological
nomenclature follows Francillon-Vieillot et al.

(1990).

Growth mark count was performed under
polarized light in which the differences in tis-
sues organization of the alternating growth
marks, i.e., zones and annuli, were best visi-
ble. A growth mark was identified as belong-
ing to an annual cycle when it was followed
nearly continuous over the entire cross sec-
tion. Contrary, sub-cycles are defined as thin
layers of high organized tissue, resembling
the characteristics of annuli, that are locally
restricted. The relative thickness of the zones
and annuli (tables 3—4) was measured, if pos-
sible due to preservation, at the same bone
area: on the posteromedial side for the fem-
ora (table 3) and on the dorsal side in the
humeri (table 4).

Results

Microanatomy and histology

Parasuchus cf. arenaceus. All studied cross
sections of femora are elliptical (fig. 3A-B),
except for the large femur (UOBS 03370; fig.
3C), which was dorsoventrally compacted.
The humerus section is more rounded in cross
section (fig. 3D). All sections share a central,
free medullary cavity, which is largest in the
smallest femur (UOPB 0143, 25 cm) and small-
est in the largest femur (UOPB 03370, 39 cm)
(fig. 3C). The values of the bone compactness
measured for the entire cross section range
from 66 to 90% for the femora and it is 79%
for the humerus (table 2). Based on the micro-
anatomical analysis performed, those speci-
mens show a tendential bone mass increase
with increasing size. The cortex compactness
(excluding the medullary cavity) is very high
in all four specimens ranging between 96%
to 99% (table 2), indicating a low vascular
density. The medullary cavity is lined by a
thin layer of endosteal bone in all four sam-
ples (fig. 4A—C). The primary periosteal cortex
is built by parallel-fibred bone with varying
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degrees of collagen fibres organization in all
three femora and the humerus (fig. 4D). In the
femora, the vascular density is low to moder-
ate (table 2, see bone compactness) and only
the humerus is somewhat higher vascular-
ized. Femora and humerus, show small sim-
ple vascular canals and primary osteons, the
latter are more numerous but small, too. They
are mostly longitudinal to reticular in shape
and sometimes arranged in a plexiform sys-
tem. Simple vascular canals are most numer-
ous in the outermost cortex, whereas primary
osteons are preserved throughout the entire
cortex. In the humerus, the simple vascular
canals are smaller and more abundant than in
the femora. In the outer cortex of every spec-
imen, the simple vascular canals are arranged
in rows. Radial primary osteons occur on the
medial and lateral side in the femoral sec-
tions. Vascular canals are largely restricted to
the zones whereas annuli are usually avascu-
lar. Osteocyte lacunae are equally numerous
throughout the cortex of all sections. They are
irregular in size and shape and lack canaliculi.
Sharpey’s fibres are visible only in the outer-
most cortex of femur UOPB 01026.

The degree of remodelling in form of ero-
sion cavities in the inner cortex and second-
ary osteons scattered into the primary cortex
varies in the samples with no order along size.
All phytosaur femora samples display small,
nearly closed secondary osteons which are
restricted to the inner cortex (UOPB 00143 and
UOBS 03370; fig. 3A, C), except for the mid-
dle-sized femur (UOPB 01026) where they are
numerous and reach far into the outer cortex
(fig. 3B). The humerus UOPB 00145 shows only
few, small, scattered erosion cavities restricted
to the innermost cortex and no secondary
osteons are observed in this specimen (fig.
4A-C). This fits with the low degree of remod-
elling observed in the smallest sampled femur
(uoPB 00143) where only the lateral bone
side shows few, scattered, small erosion cav-
ities. In femur UOPB 01026 numerous, large

erosion cavities and secondary osteons occur
in the innermost cortex close to the boundary
with the medullary cavity. In the middle and
outer cortex, only secondary osteons occur
and they are smaller and scattered. This spec-
imen contains a well demarked and distinct
concentric layer of densely packed erosion
cavities and endosteal bone, resembling the
content of a medullary region. However, this
layer is above the thin layer of endosteal bone
lining the medullary cavity i.e., outside the
endosteal domain. In the largest specimen
(uoBS 03370), small erosion cavities are scat-
tered throughout the inner cortex but are less
abundant, when compared to UOPB 01026.

Nicrosaurus sp. The sampled femur of
Nicrosaurus sp. (SMNS 4381/2; table 2, fig. 4E—
H) has an elliptical cross section (figs 3E, 4E).
The central medullary cavity is in comparison
to that of the above-described specimens
relatively small (table 2, fig. 4E). It is lined by
a thin layer of endosteal bone (fig. 4F). Bone
compactness for the entire femur cross section
is 74% and the cortex compactness (excluding
the medullary cavity) is 84 % (table 2). The
primary cortex consists of parallel-fibred
bone with varying degree of collagen fibres
organization (fig. 4G). The vascular density is
moderate and is represented by longitudinal
to reticular simple vascular canals and
primary osteons. In the outermost cortex,
simple canals are arranged in rows (fig. 4G—
H). On the medial and lateral side, the simple
vascular canals become radial. Numerous
primary osteons occur throughout the cortex
and they are mostly longitudinally oriented.
Osteocyte lacunae are very numerous and are
represented equally throughout the cortex.
They are irregular in size and shape and show
well developed canaliculi. Sharpey’s fibres are
not visible in this section.

The central medullary cavity is surrounded
by a broad medullary region, both making
66% of the entire section. Their boundary
is clear at the dorsal side where a thin la

er
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of endosteal bone separates them, but both also not well delineated, forming around

merge into each other at the sides. Towards its outer periphery a perimedullary region

the primary cortex the medullary region is where erosion cavities and endosteal bone

FIGURE 4

Histological growth of the phytosaurs Parasuchus cf. arenaceus on the example of the humerus
UOPB 00145 (A-D) and the Nicrosaurus sp. femur SMNS 4381/2. Pictures A, C, E-F and H were taken
under normal transmitted light and pictures B, D and G were taken under polarized light. Scale bars
represent 1 cm for specimens A and E, 500 micrometres for specimens B-C, F-H and 100 micrometres
for specimen D. Abbreviations: eb = endosteal bone, ec = erosion cavity, hpfb = higher organized
parallel-fibered bone, LAG = Line of Arrested Growth, Ipfb = lower organized parallel-fibered bone,
mc = medullary cavity, mrl = multiple resting lines, pos = primary osteon, sos = secondary osteon,
svc = simple vascular canal, tr = trabecular region.
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FIGURE5  Histological growth of the aetosaur Stagonolepis olenkae on the example of the humerus UOPB 00120
(A-H). Pictures A, C, E and H were taken under normal transmitted light and pictures B, D, and F-G
were taken under polarized light. Scale bars represent 1 cm for specimen A, 100 micrometres for
specimens B-C, and 500 micrometres for specimens D-H. Abbreviations: eb = endosteal bone,
ec = erosion cavity, hpfb = higher organized parallel-fibered bone, Ipfb = lower organized parallel-
fibered bone, mc = medullary cavity, mr = medullary region, pos = primary osteon, sos = secondary
osteon, subc = sub cycles, svc = simple vascular canal.

are intermixed with scattered secondary oste-  consists of large rectangular shaped (dors-
ons and primary cortex. Along the boundary  oventrally aligned) erosion cavities, form-
to the medullary cavity, the medullary region ing a trabecular structure (fig. 4F). Towards
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Growth pattern of the sectioned
phytosaurs Parasuchus cf. arenaceus
femora (A: UOPB 00143, B: UOPB 01026, C:
UOBS 03370) and humerus (D: UOPB 00145)
and Nicrosaurus sp. (E: SMNS 4381/2).

Half of the picture is taken under normal
transmitted light and the other picture
half is taken under polarized light. Please
note, that the normally transmitted picture
does not show informative histological
features. The coloured bars show preserved
and counted cycles (zone and annulus).
Specimen A preserves five growth

cycles, specimen B, C and D preserve six
growth cycles, and specimen E preserves
four growth cycles. Taxa are arranged
accordingly to their bone length. Scale bar
represents 1 cm for each specimen.

the outer cortex the erosion cavities become
round and are getting continuously smaller.

Stagonolepis olenkae. The aetosaur femora
have an irregular but elongated cross-
sectional shape (figs 3F-G, 5A). The humeri
are roundish to oval (fig. 3H-K, N-Q), except
for the dorsoventrally compacted specimens
UOBS 02828 and UOPB oo142 (fig. 3L-M).
When not compacted due to preservation,
the centrally positioned medullary cavity is
in all specimens surrounded by a thin layer of
endosteal bone (fig. 5A-E). Bone compactness
for the entire cross section ranges from 93%
to 95% for the femora and between 76%
to 95% for the humeri (table 2). The cortex
compactness (excluding the medullary
cavity) ranges between 95% to 97% for the
femora, and it is between 92% to 98% for the
humeri (table 2). The primary cortex is made
of parallel-fibred bone tissue deposited in
different degree of collagen fibres organization
(fig. 5F-G). All sections show a moderate
vascular density (table 2). The simple vascular
canals and primary osteons are mostly
longitudinal to reticular in shape. Primary
osteons occur mostly in the outer cortex (fig.
5B—H). Although all humeri are of a similar
size range (table 2), the number of vascular
canals in the humeri is the lowest in the upper
bone size range. Osteocyte lacunae are very
prominent in all studied specimens. They are
irregular in shape, small but numerous and are
distributed throughout the entire cortex. Very
short fibres are documented in the humeri
UOBS 01906 and UOBS 02363, in which they
are occurring sporadically in the outer cortical
surface.

The broadness of the medullary region that
surrounds the medullary cavity varies from
narrow (e.g., UOPB 00120, UOPB 00121 and
UOPB 00136) to very thick (e.g.,, UOBS 02363).
A correlation between size of the medullary
region and bone length is not identified. The
erosion cavities are irregularly shaped in the
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FIGURE 7

A

F

Growth pattern of the sectioned aetosaur Stagonolepis olenkae humeri (A: UOPB 00135, B: UOPB 00120,
C: UOBS 02496, D: UOBS 02363, E: UOBS 01906, F: UOPB 00136, G: UOPB 00142, H: UOPB 00121, [: UOBS
02828, and J: UOPB 00137). Half of the picture is taken under normal transmitted light and the other
picture half is taken under polarized light. Please note, that the normally transmitted picture does not
show informative histological features. The coloured bars show preserved and counted cycles (zone
and annulus). Specimen A-B and H preserve four growth cycles, specimen C, E, G, and I preserve three
growth cycles, specimen D and ] preserve two growth cycles and specimen F preserved six growth
cycles. The arrows in specimens A-C, E, and H-J indicate sub-cycles. Humeri are arranged accordingly
to their bone length. Scale bar represents 1 cm for each specimen.
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inner medullary region and become smaller
and round towards the outer cortex. The two
femora (UOPB 00122 and 00123) are almost
completely remodelled by secondary osteons,
leaving only a small portion of primary bone
visible i.e., parallel-fibred bone, in the outer-
most cortex.

Growth mark count and growth pattern.
The entire primary cortex of Parasuchus,
Stagonolepis and Nicrosaurus is stratified by
alternating growth marks in form of zones,
annuli and sometimes rest lines (tables 3—3).
Zonesand annuli are distinguished by a change
intissue and vascular density. Layers consisting
of mostly avascular to low vascularized and
high organized parallel-fibred bone partially
grading into lamellar bone are interpreted
as annuli. Low to moderate (in Parasuchus)
and moderate to high (in Nicrosaurus and
Stagonolepis) vascularized layers of less
organized parallel-fibred bone are interpreted
as zones. Under normal light growth marks
are not identifiable (figs 4A, E, 5A, 6A-E, 7A-
])- The distinction between zones and annuli
is only possible under polarized light. Often
the boundary between zones and annuli is
not well delineated because they tend to
merge into each other. In the aetosaurian
humeri, sub-cycles are formed locally by thin
layers of high organized avascular tissue (e.g.,
UOPB 00120, 00121, 00135, UOBS 02469, 01906;
figs 5G, 6A—-C, E, H-I). Multiple rest lines are
documented within the annuli in all studied
elements (fig. 4H). This all hampers the count
of annual growth cycles. An unambiguous LAG
was only identified in the outermost cortex of
the Nicrosaurus femur (SMNs 4381/2) (fig. 4G).

In our interpretation for the current sam-
ple, an annual growth cycle consists of a zone
and an annulus, which can both be followed
almost all around the cross section. According
to this definition, the smallest Parasuchus
femur (UOPB 00143) shows five visible growth
cycles, the middle-sized (UOPB 01026) and the

largest (UOBS 03370) Parasuchus femur show
six visible growth cycles (fig. 6A-C, table 3).
The Parasuchus humerus shows six visible
cycles (fig. 6D, table 3). Generally, the distinc-
tion of the growth cycles in the phytosaur
humerus (UOPB o0145) was clearer than in
the sectioned femora. The Nicrosaurus femur
(SMNS 4381/2) shows four visible growth
cycles (fig. 6E, table 3). The sampled aetosaur
humeri show a slightly variable growth mark
count between two and six annual growth
cycles inside a small size range of 21.6 cm to
24 cm. However, bone length and number of
counted cycles does not correlate (fig. 7A—
])- Both aetosaur femora (UOPB oo122 and
UOPB 00123) show a highly remodelled cor-
tex making a count of annual growth cycles
impossible. None of the samples document
a distinct change in tissue type i.e., growth
rate, for example representing the onset of
sexual maturity or indicate that growth finally
had ceased, as might be indicated by an EFs
(Cormark, 1987).

The sequence of an annual growth cycle
starts usually with a zone, except for the
Parasuchus femora (UOPB 00143, UOBS
03370), and two Stagonolepis humeri (UOPB
00121, UOBS 02363). In the latter, the sequence
starts with an annulus. This could either be
a true signal or might be connected to the
resorption of the inner growth marks. The
relative thickness of an annual growth cycle
is in general thicker in aetosaurs than in phy-
tosaurs (tables 3—4). The overall thickness of
growth cycles and the ratio of the thickness of
zones and annuli changes from the inner to
the outer cortex in both groups.

Usually, in the innermost cycles, the zone
is thicker than its corresponding annulus
(expect for Stagonolepis humerus UOBS
01906), whereas in the outermost cycles,
the thickness of the annulus exceeds the
thickness of the corresponding zone (tables
3—4, fig. 7E). The exception is Stagonolepis
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humerus UOPB 00136 where the annulus
and the zone are of an equal thickness in the
outer cortex and Stagonolepis humerus UOPB
00142 where the zone is still thicker than
the annulus. Thus, Stagonolepis humeri and
the Nicrosaurus femur show tendentially an
increasing annuli thickness towards the outer
cortex. The Parasuchus samples do not show
a trend of in- or decreasing thickness of the
annuli over the zones but a rather irregular
change of growth mark thickness. However,
around the 3rd visible cycle in the Parasuchus
femora the zones and annuli reach a similar
thickness (table 3) and, towards the outer cor-
tex, the zones are becoming distinctly thinner.
The only exception is specimen UOPB 01026
where the zones are still thicker up to the sth
cycle than the annuli. Only in the last, the 6th
cycle the annulus is becoming thicker but not
as significantly as in the sections UOPB 00143
and UOBS 03370 (table 3).

In spite of a low size range, the growth pat-
tern in the humeri of Stagonolepis is more
variable (table 4). Six out of ten specimens
start the cycle sequence with a prominently
thicker zone over the annulus (UOPB 00135,
00136, 00142, 00121, UOBS 02496 and 02828).
The other samples (UOBP 00120, 00142, UOBS
02496 and 01906; table 4) start with a zone
with an equal thickness as the annuli. As a
general trend, the annuli become thicker and
zones thinner towards the outermost cor-
tex, starting from the 3rd cycle in specimens
UOPB 00120, UOBS 02496, UOBS 01906, UOBS
02828, and in specimens UOBSs 02363 and
UOoPB 00137 already from the 2nd visible cycle
(table 4). Moreover, the annuli possess sub-cy-
cles also beginning from the 3rd cycle (UoPB
00120). Specimens UOPB 00135, UOPB 00142
and voPB oo121 died before showing a pro-
nounced zone thinning and annuli thickening
(table 4).

In addition to the growth mark count, five
stages of remodelling of the periosteal cortex

are identified in the aetosaur sample that
might indicate aging. However, they do not
correlate with bone size in the current sample.
They are: 1) the lowermost remodelling degree
(UOPB 00120, UOPB 00121 & UOPB 00136);
2) low remodelling degree (UOPB 00135); 3)
moderate remodelling degree (U0O142, UOPB
00137, UOBS 02828); 4) high remodelling
degree (UOBS 01906 and UOBS 02496); and
5) the highest remodelling degree, i.e., nearly
complete remodelling of the periosteal cortex
(uoBs 02363) (fig. 7D).

Discussion

Microanatomy

Bone compactness can provide information
about the mode of life of an animal (Germain
& Laurin, 2005; Cubo et al., 2008; Kriloff et al.,
2008; Canoville & Laurin, 2009, 2010; Hayashi
et al, 2012). The two major microanatomi-
cal specializations are either, a bone mass
increase, observed in poorly active swim-
mers living in shallow marine environments,
or a decrease in bone mass characterized by
a more spongious organization of the cortex,
observed in active swimmers usually inhab-
iting pelagic environments (Houssaye, 2009;
Houssaye et al., 2016).

The Parasuchus samples from Krasiejow
indicate a slight bone mass increase with
increasing bone size, by reducing the size of
the medullary cavity (fig. 3A—C, table 2), when
compared to the microanatomy of the aeto-
saur sample. Nicrosaurus also shows a bone
mass increase but differs from Parasuchus
on the basis of the presence of a broad spon-
gious, nearly trabecular medullary region
that surrounds the medullary cavity in the
latter. The last character indicates a higher
degree of adaptation to an aquatic lifestyle for
Nicrosaurus. This is, however, in contradiction
with the morphological reconstruction, where
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that taxon was proposed to be semi-aquatic or
even secondarily terrestrial (Kimmig, 2013).
The differences in femoral microanatomy
between Nicrosaurus and Parasuchus can be
related to phylogeny, intraspecific variability
or might represent a true difference in life-
style. However, due to a limited Nicrosaurus
sample size, this remains highly speculative.

Stagonolepis humeri show some variation
in overall bone compactness, which is mostly
expressed by the varying size of their medul-
lary cavities (fig. 3H-Q, table 2). Based on the
humerus to femur proportions, known from
S. robertsoni (Walker, 1961), the two large fem-
ora studied herein, are more compact, when
compared to their corresponding humeri.
The higher compactness of femora might be
a result of different preservation or is related
to biomechanical constraints (Kawano et al.,
2016). The observed advanced remodelling
in the femora, when compared to the humeri
of aetosaurs, might also be related to biome-
chanics (Currey, 2002). Alternatively, a higher
degree of remodelling can also be related to
an older ontogenetic stage. The femora rep-
resent the maximal size for this group in this
locality and thereby likely belonged to ontoge-
netically older individuals as the in size cor-
responding humeri. Interestingly, Ponce et al.
(2022) studied two sets of corresponding
femora and humeri belonging to a smaller
A. scagliai individual (humerus: 11 cm, femur
17.6 cm), and a larger A. scagliai individual
(humerus: 18.9cm, femur: 27.5cm). Their
histology displayed a still preserved primary
bone, and a low degree of remodelling, which
is not preserved anymore in the aetosaur sam-
ple studied herein (S. olenkae femur: 33cm
and 37 cm; table 2).

Aetosaurs are thought to represent terres-
trial herbivores and phytosaurs are interpreted
as semi-aquatic to aquatic carnivores. If both
groups occupied different ecological niches,
this is not reflected in the microanatomy

of the Krasiejow taxa, as they cover a simi-
lar compactness spectrum. A contradiction
between bone compactness values and life-
style and/or environmental interpretations
was already demonstrated for other taxa, the
pseudosuchian Batrachotomus kupferzellen-
sis (Klein et al., 2017), but also in chelonians
(Laurin et al, 2011) and extant snakes (de
Buffrénil & Rage, 1993; Houssaye et al., 2010,
2013, 2014; Canoville et al., 2016). Thus, bone
compactness values alone are not always a
reliable source to infer the lifestyle. A com-
pactness study preformed on one femur of
the Argentinian aetosaur A. scagliai (74.9 %)
confirmed a terrestrial lifestyle (Ponce et al.,
2022). The compactness values for the
Stagonolepis femora (table 2) show an even
higher compactness, thus, can also be recon-
structed as terrestrial animals.

Growth pattern comparison between

the Krasiejow taxa with taxa from other
localities

All three sampled taxa, the phytosaur
Parasuchus, the aetosaur Stagonolepis from
Krasiejow, and the phytosaur Nicrosaurus
from Heslach, share a similar bone tissue
type throughout their entire cortex, that can
be summarized as LzB. For most other so far
studied aetosaurs and phytosaurs (table 1;
except for Mystriosuchus sp.), a clear change
in tissue type from FLB in the inner cortex to
LzB in the outer cortex was described (table
1). This change in tissue type is usually inter-
preted as ontogenetic change from fast growth
rates in early ontogenetic stages to slower
growth rates in adults and/or sexually mature
individuals (de Ricqleés et al., 2003; Hoffman
et al,, 2019; Heckert et al., 2021; Ponce et al,,
2022; table 1). Contrary, neither the taxa from
Krasiejow nor the phytosaur from Heslach
show woven bone in their cortex and their
vascular density is moderate to low. Thus, FLB
is not documented in any of our samples. A
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decrease in growth rate (from moderate to
low) is only observed by the increase in the
thickness of annuli (tables 3-4), indicating
prolonged phases of slow growth from the
preserved middle cortex onwards.

The absence of fast growing, highly vascu-
larized tissue can either be explained by the
fact that the herein studied bones represent
the upper size spectrum in both groups (table
2) and only late ontogenetic stages, i.e., adults
had been sampled in which the change from
FLB to LZB is not documented, and possibly
was already resorbed by the expansion of the
endosteal domain. It might also be the case,
that the taxa from Krasiejow and Heslach
grew in general at a lower rate, not depositing
fast growing tissue even in earlier ontogenetic
stages due to exogenous factors. It is possible,
that due to the ontogenetically late stages the
FLB was already resorbed. However, since in
Mystriosuchus sp. from Austria, FLB was also
not documented (Butler et al., 2019), it is pos-
sible, that FLB was not deposited in the stud-
ied samples, but rather became fully resorbed.
In any case, the here studied individuals all
represent late ontogenetic stages i.e. adult
individuals, which is documented by their
size range and the deposited tissue, including
a certain degree of endosteal and periosteal
remodelling (table 2).

The taxa from Krasiejéw do not show any
clear LAGs throughout their cortices nor an
EFS in their outermost cortices; the phytosaur
from Heslach has one LAG in its outer cortex
deposited (fig. 4G). This is also contrary to the
observations made in other phytosaur and
aetosaur taxa where LAG s are common and an
EFS is documented for several individuals (de
Ricqles et al., 2003; Hoffman et al., 2019; Butler
et al,, 2019; Heckert et al., 2021; Ponce et al.,
2022; table 1). The two sampled Stagonolepis
femora are nearly completely remodelled by
secondary osteons, which together with their
large size (table 2) indicate a late ontogenetic

stage for both. However, what remains from
the outermost primary cortex does not resem-
ble an EFs. Also, the other, less remodelled
samples lack an EFs or any other clear indi-
cation of a cessation in growth (i.e., avascular
lamellar bone in the outer cortex). The con-
clusion that none of the here studied sam-
ples had stopped appositional growth and
thus had not attained full size yet might be
reliable. However, Late Triassic archosaurs
and their kin show highly variable growth
patterns and a variety of tissue types. In addi-
tion, they seem to have been highly flexible in
their growth (i.e.,, developmental plasticity)
as is also obvious from the results of the cur-
rent study and seem often not to follow any
clear pattern (e.g,, de Ricqles et al., 2003, 2008;
Klein et al., 2017). Thus, maybe attainment of
maximal body size was not always indicated
by an EFs.

In former studies, growth rate was inter-
preted as being high in the inner cortex of
most phytosaurs and aetosaurs (except for
Mystriosuchus sp.: Butler et al., 2019), based on
the deposition of FLB (i.e., highly vascularized,
low organized tissue indicating fast deposi-
tion), and as low(er) in the outer cortex when
tissue type had switched to LzB (de Ricqles
et al., 2003; Hoffman et al., 2019; Ponce et al.,
2022; table 1). Considering the relatively high
organized tissue and the low to moderate vas-
cular density (longitudinal and reticular ori-
entation of vascular canals), the growth rate
was rather low, when compared to the growth
rate in above mentioned taxa (table 1). The
low growth rate applies to the samples from
Krasiejow and Heslach. This is also evident
from tables 3 and 4 which visualize that most
of appositional growth happened during pro-
longed phases of slow growth. Mystriosuchus
sp. shares with the taxa from Krasiejow and
Heslach the lack of FLB and woven bone as
well as the low growth rate but differs by the
presence of distinct LAG s (Butler et al., 2019).
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All archosaurs are likely capable of growing
with woven bone/FLB (phylogenetic trajec-
tory/precept; see Klein et al., 2017: Fig. 6) but
this is not always effectuated. This is docu-
mented in modern crocodiles (e.g., Woodward
et al., 2014) and possibly a similar phenome-
non occurs also in the taxa from Krasiejow
and Heslach as well as in Mystriosuchus sp.
(Butler et al., 2019). Our samples confirm that
the adaptational signal (i.e., exogenous fac-
tors) can be stronger than the phylogenetic
signal (presence of FLB in early ontogenetic
stages), as was discussed before by de Ricqlés
et al. (2003, 2008). This again proofs a high
developmental plasticity in early archosaurs/
pseudosuchians, which might have been the
key to their phylogenetic success.

Growth marks and environmental influence

The alternating growth marks in form of
zones and annuli usually correspond with
favourable (e.g.,, wet season) and unfavour-
able (e.g., semi-dry season) climatic condi-
tions (Francillon-Vieillot et al., 1990). The
growth record of Stagonolepis is more dif-
fuse and preserves several, locally restricted
sub-cycles in some humeri. The occurrence
of multiple rest lines is also more common
in the aetosaur than in the phytosaur sam-
ples. Fluctuating growth marks have been
interpreted as evidence for unstable environ-
mental parameters (Witzmann et al., 2012;
Klein et al.,, 2015), which might apply to the
environment in the Late Triassic of Krasiejow
as well. As stated above all samples likely
belong to late ontogenetic stages, i.e., adult
individuals, but for none an achievement of
maximal body size can be finalized. “Juvenile”
tissue (i.e., highly vascularized low organized
woven bone) is absent, but the onset of sexual
maturity can also not be identified. Growth
mark count (table 2) reveals no correlation
between number of annual growth cycles and
bone length (fig. 7A-]), indicating develop-
mental plasticity. The latter is most evident by

the humerus sample of Stagonolepis, which
are all of a similar size but show a growth
cycle count varying from two to six (table 4,
fig. 7A-]).

The tendency of a decrease in cycle thick-
ness from the inner to the outer cortex is how-
ever, more pronounced in Stagonolepis than
in Parasuchus and Nicrosaurus (tables 3—4).
The annuli in all three taxa increase tenden-
tially in thickness towards the middle and
outer cortex and become (partially) distinctly
larger when compared to the zones (tables 3—
4). Clear cessations of growth in form of LAGs
are absent throughout the cortex, resulting in
prolonged phases of slow growth in all indi-
viduals during which most of the recorded
appositional growth was achieved.

Prolonged slow growth might be related to
phylogeny (e.g., chelid turtles: Pereyra et al.,
2020), endogenous, or exogenous factors (e.g.,
mammals: Kéhler et al., 2012). If endogenous
factors (e.g., diseases) are the reason usually
only one individual is affected. Thus, for the
prolonged slow growth phases, observed in
numerous individuals of different taxa from
the same locality, is best explained by exoge-
nous factors such as climate and food availa-
bility. The pattern observed in the taxa from
Krasiejow suggest a moderate climate and
maybe a constant but low food availability
that does not necessitate complete growth
stops. A case study of wild ruminants living
across different climatic zones (from polar to
tropical) showed a cyclical growth (fast-grow-
ing, highly vascularized fibrolamellar bone tis-
sue) with the deposition of LAGs (Kohler et al.,
2012). This shows that the mammalian (endo-
thermic) histological growth is not dependent
on climatic conditions but rather by endog-
enous constraints. Hedrick et al. (2020) sug-
gested an initial climate-induced gradient in
growth patterns for ceratopsian dinosaurs,
but additional sampling of closely-related
taxa from geographically similar localities

showed marked differences in histolog%Ot2}215185,51_59AN|
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these patterns were most likely phylogeneti-
cally induced.

A previous approach was performed,
comparing temnospondyl amphibians of
the Metoposauridae family, with a similar
stratigraphic distribution (Norian/Carnian)
but from geographically different localities
(Europe, Asiaand Africa; Teschneretal., 2020).
Climate of the Maleri Formation, yielding the
Indian metoposaurids, was reconstructed
as warm climate with seasonal rainfalls and
the living niches as ephemeral and vegetated
swamps or ponds (Dasgupta et al, 2017),
similarly to the reconstruction of Polish
Krasiejow (Jewula et al., 2019), however, such
study is lacking for the Late Triassic lacus-
trine deposits of Morocco. The metoposau-
rids from Poland, India and Morocco showed
in general a comparable histology. However,
the taxon from Morocco (Dutuitosaurus
ouazzoui) displayed distinct LAGs that were
absent in the Polish Metoposaurus and Indian
Panthasaurus. This could suggest a rather
moderate climate, without extreme fluc-
tuations between wet/favourable and dry/
unfavourable seasons preserving seasonal
periods of wet but not extremely dry periods
in Poland (Krasiejow) and India, but a harsher
climate in Morocco (Steyer et al., 2004;
Konietzko-Meier & Klein, 2013; Teschner
et al., 2020), favouring here the deposition
of LAGs. It is similarly observed in the herein
studied sample. However, the occurrence of
sub-cycles and rest lines mainly in the aeto-
saur sample from Krasiejow, suggests that the
environmental influence mostly affected the
terrestrial taxon. This corresponds well with
the wet and semi-dry climatic conditions as
proposed in the climatic model by using ana-
lytical methods (Jewuta et al., 2019). Based on
our sample, it seemed as if the environmental
conditions have had more impact on the ter-
restrial aetosaur than on the aquatic phyto-
saur. Moreover, the comparative aetosaur and
phytosaur samples described from localities

outside Poland (USA, Argentina and Austria),
show the deposition of LAGs, absent in the
samples from Krasiejow, which indicates
an environmental/climatic influence rather
than a phylogenetic precursor.

The uninterrupted FLB  deposition
observed in the dinosauromorph Silesaurus
opolensis from Krasiejow (Fostowicz-Frelik &
Sulej, 2010) would either mean, that the sam-
pled bones represent a very young individual
or the silesaurid shows already a strong phy-
logenetic signal. All dinosaurs, even the basal
ones, grew throughout most of their life with
FLB (summarized in Chinsamy-Turan, 2005;
Erickson, 2014). The strong phylogenetic sig-
nal in the growth of Silesaurus is confirmed
by a similar fast uninterrupted growth in
other silesaurids (i.e., Asilisaurus kongwe
from the Middle Triassic of Tanzania, Griffin
& Nesbit, 2016; Lewisuchus admixus from the
Late Triassic of Argentina, Marsa et al., 2017;
Sacisaurus agudoensis from Late Triassic of
Brasil, Veiga et al., 2019).

Concluding, the preserved alternating pat-
tern of zones and annuli and the absence of
LAGS is observed in the poikilotherm temno-
spondyl amphibian (anamniote), the aeto-
saur and the phytosaur (amniotes) samples,
co-occurring in the Krasiejow locality. This
would indicate a stronger local factor influ-
encing the growth, rather than a biological
determination of growth. As this is the first
study comparing various animal groups
from the same locality, it can be proposed,
that the external (environmental/climatic)
influence was very high on the growth of
poikilotherm than on endotherm animals
(dinosauromorphs).

Conclusions

The growth pattern of phytosaur Parasuchus
cf. arenaceus and the aetosaur Stagonolepis

olenkae, both sampled from the locality of
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Krasiejow, is very similar and a relative dis-
tinction can be made only on the level of vas-
cularization degree (higher in aetosaurs, lower
in phytosaurs) and the growth mark expres-
sion. The German phytosaur Nicrosaurus sp.
grew in a similar pattern when compared to
the Polish phytosaur Parasuchus. However,
the Nicrosaurus femur shows one LAG in the
outer cortex, whereas LAGs are completely
absent in sectioned material from Krasiejow.
Interestingly, in spite of occupying different
ecological niches, bone tissue and growth
pattern as well as bone compactness is rather
similar in the phytosaur and aetosaur material
from Krasiejow. Bone compactness analyses
reveal a similar wide spectrum for the terres-
trial aetosaurs (76—97%) and the semi-aquatic
or aquatic phytosaurs (66—90%), questioning
the reliability of compactness data alone to
address the lifestyle of a taxon.

The phytosaurs as well as the aetosaur from
Krasiejow differ in growth when compared
to other phytosaurs (Rutiodon, Phytosauria
indet., and Mystriosuchus) and aetosaurs
(Typothorax, Calyptosuchus (= Stagonolepis),
Desmatosuchus, Coahomasuchus,  Aeto-
sauroides) described from various localities.
They differ by the absence of woven bone,
the absent change from FLB to LZB, due to the
absence of FLB deposition, the lack of LAGs,
and by prolonged phases of slow growth.
The latter two differences are likely related to
exogenous i.e., environmental factors. From
this we conclude that the climate in Krasiejow
was not very seasonal with the absence of
strong fluctuations but rather moderate. Our
study supports the observation made before
that the environmental (= adaptational) sig-
nal can override the phylogenetic signal and
that the climate/environmental conditions in
Krasiejow had influenced the growth pattern
of at least the temnospondyl amphibians and
basal archosaurs.
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