Senckenbergiana maritima 35 [ A 203-220 Frankfurt am Main 13.10.2005

Actuopalacontological trackway experiments with
Iguana on intertidal flat carbonates of the Arabian
Gulf — a comparison to fossil Rhynchosauroides tracks
of Triassic carbonate tidal flat megatracksites in the
European Germanic Basin

Cajus DiEDRrRICH

With 14 Figures

Keywords: Trackway experiments, Iguana, Arabian Golf, carbonate tidal flat, fossil
Rbynchosauroides trackways, megatracksites, Middle Triassic, Europe

Abstrace

[DiebricH, C. (2005): Actuopalaeontological trackway experiments with Jguana on intertidal flat carbon-
ates of the Arabian Gulf ~ a comparison rto fossil Rhynchosauroides tracks of Triassic carbonate tidal flat
Megatracksites in the European Germanic Basin. — Senckenbergiana maritima, 35 (2): 203-220, 14 Figs.;
Frankfurta. M.]

In the recent carbonate tidal flats of the lower to upper intertidal zone of the Khor Al Qirqishan Bay
western of Abu Dhabi at the southern Arabian Gulf actuopaleontological trackway experiments with the
lizard Jguana were made. The different moving activities such as basking, slow walk or running over dry to
wet biolaminate surfaces and swimming or walking activities through ponds and tide channels have left a
variety of quadruped track preservacions. [guana has produced trackways on nearly dry microbial mats of
the upper intertidal only with claw marks. On slightly wet substrates detailed imprints of the subdigital
lamellae were produced, while in wet mud a medium impressed imprint type without subdigital struc-
tures was typical. On very wet mud scratch marks were left by the long claws combined with medium
impressed imprints. In about 25 cm deep intertidal channels or ponds [guana began to swim and touched
the ground. In less deep water the lacertid left swimming and subaquatic walk scratch marks. In slow move
the tail produced a more or less stzaight deep impression and the pes was printed behind the manus. By
running activities the pelvic girdle was uplifted, the il did not touch the ground and the pes was printed
besides the manus. Astonishing is the identical track preservation of the fossil European Triassic trackways
on biolaminates. The experiment results are very similar to the fossil record with the very abundant Lower
to Middle Triassic track genus Rbynchosauroides in the southern margin of the Germanic Basin with its
ancient carbonate tidal flat megatracksites. With the study of the recent lower or upper intertidal environ-
ments in the Arabian Gulf fossil footprints can be positioned in the palacoenvironments of the old tidal
flacs, tidal ponds or channels. Also the biclaminate consistence of the fossil Middle Triassic carbonate tidal
flats and moving activity zones of the most possible trackmaker Macrocnemus, a fossil Middle Triassic
prolacertilian of Europe, can be reconstructed. These old reptiles must have lived primary in the carbonate
tidal flats, especially searching for food in the lower intertidal, where they left the highest density of their
trackways in the entire surrounding Germanic Basin coastline about 240 Mio. years ago under the same
subtropical arid conditions as in the recent Ana logon, the southern Arabian Gulf.

Author’s address: Cajus DiEpRICH, Nationalmuseum Prague, Department of Palacontology, Viclavské namésti, 68 CZ-11579 Prague
<cdiedri@gmx.net>; www.paleologic.de



204

Introduction

Numerous fossil vertebrate track sites have been discovered
recently in the upper Lower to Middle Triassic marine carbon-
ate tidal flat deposits of Europe (DiepricH 1997, 1998a-d,
2000, 2001a—c, 2002a—d, 2003, DiepricH & OOSTERINK
2000, DiepricH & FicHTER 2003, DiepbricH & ScHurz
2003). These include over 35 localities in Germany, discovered
by the MTMP (Middle Triassic Megatracksite Project, Diep-
ricH 2002c). This project aims to elucidate the fossil carbonate
tidal flat ecosystem, its palacogeography and movement during
time and space and the reptiles that lived in this environment
permanently or only periodically. The situation in Europe ap-
pears to be unique, with the discovery of partial skeletons of
the putative track makers in the Netherlands, associated with
the track beds (DieDrICH 2002¢, QOSTERINK et al. 2003).

Comparisons between fossil and recent marine biolami-
nates and their trackways are important for the understand-
ing of the facies, the palacogeography and the track makers.
Sedimentological comparisons between the Germanic Basin
(Middle Triassic, 240 MBP) and the recent Arabian Gulf were
studied by Knaust (1998). Both basins were/are flat marginal
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basins with high salinity in dry subtropical latitudes. In both
basins, biolaminates were/are present on the flat southern car-
bonate ramp coastlines. The recent carbonate tidal flats at the
southern Arabian Gulf coast of the Abu Dhabi region (Evans
& KirkHAM 2001) are an ideal comparative locality and were
used in this study for the experiments.

Firstly biolaminates were studied sedimentological in Khor
Qirgishan (Fig. 1). Then, a large individual of the iguanid liz-
ard [guana iguana was used for a series of trackway experiments
in the carbonate tidal flats of Al Dabb’iya Peninsula (Fig. 1),
west of Abu Dhabi. This animal has a similar footprint size,
as well as the overprinting of the forelimb, that has been ob-
served in the fossil record of the most common Middle Triassic
trackways of the Ichnogenus Rhynchosauroides. In the experi-
ments (see also DieDRICH & GARDNER 2004, DiepricH 2005
a), tracks on microbial mats of varying texture and wetness
were prepared to compare track imprinting and preservation.
Tracks produced by slow walking to fast running, and also
swimming activities were documented and compared with the

fossil material.

Fig. 1: Studied carbonate tidal flat regions in the Khor Al Qirqishan bay and carbonate tidal flat zones along the coast western of Abu Dhabi, and

experiment area in the West of Al Dabb’iya, U.A.E (Graphics: PaleoLogic).

The fossil track record

Fossil Rhynchosauroides trackways were found with thou-
sands of imprints at the margins of the Rhenish and the Vin-
delizic Massif at many sites that were discovered mainly in the
last six years of field work (Fig. 2). In The Netherlands a single
track site was discovered in 1958 by Faber near Winterswijk
(DemartaiEu & Oo0STERINK 1983, O0STERINK 1986, DEMA-
THIEU 1988) in the first quarry of the Steen-en Kalkgroeve at
Ratum. Nearby, the track site Haarmiihle was the first known
place with vertebrate tracks of the Middle Triassic in Germany
(Houst et al. 1970). More than 35 new vertebrate track locali-
ties were discovered in Germany between 1996 and 2001 by
the use of a successful prospecting scheme (DiepricH 1997,
1998a—d, 2001, Fig. 2). In the Osnabriicker Bergland tracks
of Rhynchosauroides were found at Halen, Hagen, Hellern,
Handarpe, Rulle, Osnabriick, Grambergen, Holte, Eistrup

and Bissendotf. In the Teutoburger Wald the localities Dis-
sen, Borgholzhausen, Wichlinghausen, Halle/Westphalia,
Bielefeld, Oerlinghausen and Detmold have delivered mate-
rial. In the Eggegebirge and Nordhessische Bergland tracks of
Rhynchosauroides were collected stratigraphically from Herste,
Boneburg, Eberschiicz, Lamerden (cf. also Ficurer 1997),
Ostheim, Liebenau, Warburg, Nothfelden and Volkmarsen
and on a systematic excavation in Groflenliider (Di1eprICH &
FicuTER 2003). In south-western Germany the most recently
discovered track sites are Tremersdorf, Geilsdorf, Grockstid,
Reinsdorf, Karsdorf and Dorndorf (Figs. 2-3).

The tracks of Rhynchosauroides (Fig. 4) and other track Ich-
nospecies such as Procolophonichnium, Coelurosaurichnus, and
Brachychirotherium were always found in biolaminates. There
are differences in track beds and track horizons after the defi-



Fig. 2: Studied fossil track bearing carbonate tidal flat regions of the Lower/Middle Triassic in the Germanic Basin. — About
35 carbonate tidal flat track sites from the Upper Bunter, Lower and Middle to basal Upper Muschelkalk are known. Some of
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them built isochronous megatracksites (see Fig. 3), that span over 100 km (Graphics: PaleoLogic).

205



206

Netherlands Westphalia/Lower Saxony Hess Bavaria/Thuringia Saxony-Anhalt
=
g =
[ . West 8 3 S East f—
& g - E’ . rod marls
- an - o gypsum, halite, marl
- biolaminates
E - o - i yellow dolomite
shell beds,
cristaline limestona
g w 2:: mg
] B E mud cracks
3 = e W tracks
Dolomitic
Facies
- n
= #w Tidal Flat Facies %
- 4
= 5 8
o i §
z3
] - s -
88—
& g - s

LOWER
mANT
t
*
4 WINTERSWIK

=3 4 HAARMUHLE
t

EISTRUP
BISSENDORF

{E=

- - - -

L oot b

- 9 - -
-—

BITHYNIAN

BUNTER

DIEDRICH 2004

Fig. 3: Generalized section of 25 stratigraphically derailed studied Lower to Middle Triassic biolaminate track site beds in the northern
Germanic Basin building in some levels wide spanning Megatracksites in carbonate ridal Hat environments surrounding the old
Rhenish and Vindelizic Massifs (Graphics: Paleologic).

Fig. 4: Sediments of the Middle Triassic track sites of the Germanic Basin. —~

A: Track slab with hundreds of Rbyncbosauroides track imprints (positive, coll. ErdZeitMuseum Borgholzhausen) on polygonal cracked
biolaminates from the Lower Muschelkatk (Oolith Member) of the track site Borgholzhausen, NW Germany (cf. Diepricu 2002b).
B: Track slab with hundreds of Rbynchosauroides track imprints (negative, coll. Naruckundemuscum Bielefeld) on polygonal cracked
biolaminates from the Upper Bunter/Lower Muschelkalk boundary (Basiskonglomerat Member) of the track site Winterswijk, W
Netherlands (cf. Diepricn 2001a). ~ Track sizes of the pes imprints about 10 cm.
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Fig. 5: A-B: Holocene microbial mats in the Khor Al Qirqgishan bay, Abu Dhabi, U.A.E. —

A: Recent mud cracked non-active microbial mats (algae, cyanobacteria) at the beach, B: section of these microbial mats with millimetre thinly
lamination. —

C-F: The active carbonate ridal flats of Al Dabb’iya. —

C: Overview of the carbonate tidal flat, proximal are light carbonate muds partially mud cracked in which channels and ponds were left at the
low tide; brownish are the dried microbial mats in the distal upper tide zone. This parr is flooded only during spring or storm tides, D: tidal
channels and mud cracks in the lower intertidal, E: tidal pond, F: in small polygons cracked microbial mats of the upper intertidal (Photos:
PaleoLogic).
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Fig. 6: The North and South American lacertilian Jguana iguana LiNNaeus 1758 used for the experiments. —

A: Mrs. McQuarry and her Californian Iguana pet, B: A. GARDNER the and the author left deep mammal trackways in the mud of the lower intertidal,
C: left lateral side of Jguana touching the ground with its tail, D: ventral side with sharp scutes, E: right pes with long and spiky claws, F: right manus
with long and spiky claws (Photos: PaleoLogic).
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Fig. 7: Iguana iguana LiNNaEUS 1758 — moving story 1 in the upper to lower intertidal flat. —

A: Sitting for warming up in the lower intertidal flat, B: fast move with uplifted hind limbs in the upper intertidal flat, C: slow move with non-
uplifted hind limbs through a pond in the upper intertidal flat, D: sitting in 20 cm deep water in a pond of the lower intertidal flat, E: start of
swimming in a 25 cm deep water of a lower intertidal flat channel, F: paraxial swimming in 2 30 cm deep intertidal flat channel — the animal
does not try to touch the ground with its extremities (Photos: PaleoLogic).
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Fig. 8: [guana iguana LINNAEUS 1758 — moving story 2 in the lower intertidal flat. —

A: Swimming through 2 30 cm deep channel, B: walking scratcch mars left in 10 cm deep water, C: change of the trackway preservation from
unshaped underwater to clear visible track and tail marks by slow moving onto the intertidal flat mud, D: differences in the footprint and tail
mark impressions on a very short distance of 60 cm, depending on the sediment moisture and relief. Remember: on the left side combined
normal imprints with partially scratches and scratch marks on the right side as a result of diagonally moving on a very low relief dipping surface
(Photos: PaleoLogic).
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Fig. 9: Imprint preservation of the recent Iguana tracks and the fossil
Rhynchosauroides track type. —

A: Scutes scratch marks of the tail left on recent drying biolaminates
surface (Abu Dhabi), B: fossil Middle Triassic (Terebratula Member)
scutes scratch marks (negarive, coll. Naturkundemuseum Kassel) in slight
wet biolaminates from the track site Eberschiitz (Germany), C: detailed
dermal scutes imprint preservation on slightly wet microbial mart covered
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mud (Abu Dhabi), D: fossil Middle Triassic (Terebratula Member) dermal
scutes imprint (negative, coll. Naturkundemuseum Kassel) preservation
on slightly wet biolaminates from the track site Eberschiitz (Germany),
E: normal deep impressed print preservation on very wet microbial mat
covered mud (Abu Dhabi), F: fossil Middle Triassic (Basiskonglomerat
Member) manus imprint of Rhynchosauroides tirolicus (coll. GPI Museum
University Miinster) in very wet biolaminates from the track site
Winterswijk (The Netherlands), G: under water scratch mark track in a
recent 25 cm deep channel (Abu Dhabi), H: fossil Middle Triassic (Oolith
Member) subaquatic scratch marks (negative, coll. ErdZeitMuseum
Borgholzhausen) from the track site Borgholzhausen (Germany) (Photos:
PaleoLogic). — Scale bar: 1cm.
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Fig. 10: Comparison of the track preservation of recent [guana-tracks after the experiments in the carbonate tidal flats in
the Arabian Gulf western Abu Dhabi, U.A.E. and the Middle Triassic Fossil tracks of the Ichnogenus Rhynchosauroides from
carbonate tidal flats of the Germanic Basin in Europe (Graphics PaleoLogic).

Fig. 11: Preservation of /guana iguana LINNAEUS 1758 crackways depending on different moving styles and substrate

moistures. —

A: Fast move with overprinting of the pes on slightly wer surfaces, with lacking of the rail mark impression as a result
of uplifting of the pelvis and tail, B: slow move with non-overprinting on wet surfaces with the presence of a tail mark,
C: underwater walking trackway with half scratch mark and half deeply normal preservation with lacking tail mark

(Photos: PaleoLogic).



nition (cf. DiEDRICH 2002b). One “track bed” is situated at
the top of a sedimentary shallowing upward sequence and is
built of 10 to 250 ¢cm massive biolaminates containing itself
many “track horizons”. It is nearly impossible to find all track
horizons in the millimetre thinly bedded biolaminates at one
locality, but in the most studied sections one to ten track hori-
zons are present per 10 cm sedimentation. A detailed studied
section is described from the site Borgholzhausen, in which 36
track horizons were mapped in 250 cm biolaminates as a result
of special excavation technique (DIEDRICH 19984, b, 2002b).
These mud cracked carbonates are products of cyanobacterial
and microbial mats (DiepricH 2000b) of the lower to upper
intertidal zone. Such carbonates are typical in the recent tidal
flats of the Arabian Gulf. Some yellow dolomite beds (= “Gelb-
kalke”) with tepee structures and sometimes bird eye structures
were found sometimes above the more planar biolaminates in
the Germanic Lower to Upper Muschelkalk indicate suprati-
dal sabkha environments (cf. modern sabkha environments
in: GarvisH et al. 1985, GERDEs et al. 1985, WaARrReN 1989).
Oscillation ripples, mud cracks and granular surface marks are
present in the track bearing beds typical of carbonate tidal flac
environments. The track bed sediments of the Germanic Trias-
sic are planar laminated petee, mud cracked, grey mudstones
of the lower intertidal flat to laminated, yellow coloured do-
lomites to the upper intertidal to supratidal sabkha zone and
can be compared to the recent Arabian Gulf intertidal to sab-
kha zone (cf. modern sabkha in: Kirknam 1997, 1998) or to
Cenomanian/Turonian intertidal to sabkha carbonates of the
Adriatic Carbonate Platform (cf. Dieprica 2005b). Only at
the track site Wichlinghausen tracks were discovered in hema-
tite rich and red coloured, laminated and mud cracked carbon-
ate deposits that were influenced by an outer fan of an ancient
river floating from the Rhenish Massif into the Germanic Ba-
sin (DiepricH 1998). The tidal flat bele must have spanned
many km in width surrounding the old massif coastal zones in
the entire southern Germanic Basin (cf. Fig. 2).
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During the Muschelkalk Formation this intertidal carbon-
ate flat belt must have changed its position many times during
low stand systems tracts basin wards or during transgressive
system tracts landwards indicated by the enormous amounts
of track bed levels (Fig. 3).The result are more than 21 track
beds (Fig. 3) in 250 m thick carbonates of the marginal coastal
zones of the Germanic Basin during the Upper Rét (Bunter) to
the Gelbe Basisschichten Member (basal Upper Muschelkalk)
of the Lower to Middle Triassic (Fig. 3). The palaecogeography
and density of track beds to the west (Fig. 3) indicates a more
flat ramp position of the western part of the Germanic Basin
and fit o the basin model presented by Knaust (1998).

The first track beds were found in the biolaminates of
the Upper Bunter (upper Lower Triassic). These tracks were
dug from the Grenzdolomit in the Upper Rt Pelit Member
in Winterswijk or East-Germany at Dorndorf (DiepricH
2001c). In the Middle Triassic they are abundant in many
track beds. The first track beds in tidal flat carbonates occur
with the increase of the marine Tethyan influence over the Up-
per Silesian and Carpathian seaway of the eastern Germanic
Basin during the Upper Rét Pelit Member. Here the first track
beds 1-3 are located at the margin of the Vindelizic Massif
(Fig. 3). Track bed 4 occur in the Grenzdolomit Member of
the uppermost Upper Bunter followed by two track beds in the
Basiskonglomerat Member (track bed 5—6, muK), track bed
7 (muW1B), and track bed 8 in the Lower Wellenkalk Mem-
ber (muW1C, Lower Muschelkalk), track bed 9 in the Oo-
lich Member (muQOo, Lower Muschelkalk), track bed 10-13
(muW2A-E), in the Middle Wellenkalk Member (Lower Mus-
chelkalk), track beds 15 and 16 in the Schaumkalk Member
(muS, Lower Muschelkalk), track beds 17 and 18 in the orbi-
cularis Member (mm1, Middle Muschelkalk), track beds 19
and 20 in the Upper Marl/Dolomite Member (mm 4, Middle
Muschelkalk) and finally track bed 21 in the Gelbe Basiss-
chichten (moGB) of the basal Upper Muschelkalk.

Actuoenvironmental observations in the Arabian Gulf

The track sites of the Middle Triassic period in Europe
represent fossil carbonate tidal flac regions consisting of
mud-cracked microbial biolaminates. These mats were stud-
ied western of Abu Dhabi, to compare this type of sediments
to the ones of the European upper Lower to Middle Triassic
(241-238 MBP) track sites (Figs. 1-2).

The Holocene non-active microbial mats at the Western
Abu Dhabi coast in the Khor Al Qirqishan bay (Figs. 5A~B)
are built up to 60 cm laminated and mud-cracked fine to me-
dium-grained carbonate sands/silts. The consistency of these
biolaminates is still soft, but when the cementation is com-

pleted, they form hard beach rocks (cf. Evans et al. 2002) chat
also can be found along the recent coastline of the Khor Al
Qirqgishan bay. In the daily inundated carbonate tidal flats of
the Al Dabb’iya experiment site (Figs. 5 C—F), the living mi-
crobial mats have not yet accumulated many centimetres of
laminated beds. Here the process of biolaminate accretion is
still in progress. The fossil Middle Triassic biolaminates only
differ macroscopically from the recent ones of the Abu Dhabi
region in their grain size, being built in most cases of silty and
finer carbonate particles and not of carbonate sand.

Track experiments

The experiments at Al Dabb’iya were conducted at low tide
from 9 a.m. undil the tide turned at noon, rapidly flooding
over the channels onto the low-relief flats (Figs. 5C, 6B). The
lizard used in the trackway experiments was a large, male green
iguana ([guana ignana LINNaEUS 1758) a Central and South
American species. The green iguana is primarily an arboreal

herbivore, but known to be an accomplished swimmer (M{L-
LER 1972). This individual was approximately 80 cm in snout
to vent length and 4 kg in weight. Although more than one
third of the distal tail had previously been lost, but this was
not considered of importance for the track experiments (Fig,
6C). The body is completely covered by small, spiny-tipped



214

scutes (Fig. 6D). The sharp and well developed claws of the
manus and pes (Fig. 6A, E—F) did cut deeply into the mud
(Fig. 10).

Track imprinting of Iguana on different biolaminate
surface consistencies

An accempt was made to duplicare the different track im-
print types found in the fossil record by utilising a range of
different surfaces of the lower and upper intertidal. Nearly dry
and slightly mud-cracked surfaces, soft carbonate mud, very
soft channel mud, and under water surfaces in channels and
ponds were used for the experiments.

Mud-cracked surfaces of dry microbial mats: (Fig. 5F).
The microbial mats towards the landward edge of the upper
intertidal flats are only pericdically flooded and built 2—3 mm
thick, in very small irregular, 5—10 ¢m in diameter cracked
polygon surfaces with a dry, leather-like consistency. In this
environment no footprints or even claw marks could be im-
printed by the lizard.

Mud-cracked surfaces of slightly wet microbial mats: Here
in the upper intertidal flat zone the microbial mats built 2-3
mm thick, soft, leathery cracked dry planar surfaces (Fig, 5D).
On these biclaminates only boomerang shaped claw marks of
the footprints were left, also fine parallel scratch marks of the
ventral body scales (Figs. 9A, 10).

Soft carbonate mud of wet microbial mats: Under these
condirions in the lower intertidal zone the best and most de-
tailed preservation of the tracks was produced. Here the fine
parallel scratches of the ventral scutes of the tail (Figs. 6D, 9C,
10), ventral body scales (Fig. 6D), the digital pads and the
scales of the feet pads (Figs. 10, 11C) were left as shallowly
impressed tracks and traces.

Very soft subaeric channel and pond mud: These soft sub-
strates of the lower intertidal allow an imprint, usually without
scale or digital pad structures (Figs. 9E, 10, 11B). Often not
all digits are impressed well (digits 1 and 5 imprints usually are
not preserved and give a “three toed” form). On the channel
margins scracch marks and deep tail marks of Jguana were left
after swimming through a tidal channel. The most impressive
track is illustrated in Fig. 8. Over a shore discance of six metres
the animal used several types of locomotion and crossed varied

surfaces of carbonate mud, leaving a range of track impressions
on subaquatic to slightly dry microbial mat surfaces.
Extremely soft subaquatic channel and pond mud: These
wet mud conditions in the lower intertidal do not preserve
detailed track impressions. In many cases only scratch marks
were left on the channel or pond bottom (Figs. 8B, 9G).

Track forms of Iguana depending on the different
locomotion types

Different movement speeds and swimming activities have
a strong effect on the tracks produced, leaving impressions that
differ enormously. This is especially important 1o document
as such differences have been used in track ichnotaxonomy to
create erroneous fossil track Ichnospecies.

Basking: The iguana basked to raise its body temperature,
with its pelvis on the mud substrate and the forelimbs uplifted
(Figs.6C,7A, D). While the animal was sitting for warming up
on dry biolaminates of the upper intertidal (Fig. 7A), or in the
tide channels (Fig. 7D) not well imprinted tracks were left.

Slow movement: While walking slowly the pes reached the
side of the manus print but did not overstepped it. The hind
limbs were not strongly raised off the substrate and the tail
touched the ground (Figs. 7C, 8C). The slow moving [guana
produced a trackway with non-overprinting of the hind limb
and a sinous tail mark in the middle of the trackway (Figs. 7C,
11B). The trackway width is in this case broad and the pace
angulation is low.

Fast movement: During running, the pes overprinted the
manus. The hind limbs were well raised from the substrate
(Fig. 7B). The tail generally did not touch the ground. Dur-
ing fast movement the hind limbs were raised and overstepped
therefore the forelimbs, but no tail marks were left in the track-
ways {Figs. 7B, 11A). The pace angulaiion of the trackway is
very high.

Swimming: The lacertilian swimmed paraxially {Figs. 7F
8A) in warter deeper than 30 cm. In shallower water (<20 cm}
the manus and especially the pes were sometimes used for lo-
cating and ouching the bottom (Fig. 7E). Paraxial swimming
did not generally left any tracks. When the animal touched the
ground with its extremities it usually produced scratches in the

soft mud (Figs. 7E, 9G).

Comparison of the Jguana to the fossil tracks of the Triassic Germanic Basin

Experiments on intertidal carbonate tidal flat zones were
made for the first time, whereas trackway experiments with
lizards and amphibians were studied not in the origin environ-
ment or mostly in siliciclastic environments by e.g. FICHTER
(1982) or BranD (1996) for the comparison of fossil Permian
tracks.

The experiments in a recent carbonate tidal flat environ-
ment with [guana successfully illustrated a range of track im-
pressions under different substrate moisture and bacterial mac
conditions in the lower to upper intertidal zone. Different loco-
motory activities in an original habitat allowed a detailed com-
parison with the fossil record of Triassic tracks (Figs. 9, 10).

Fossil fine parallel scratches found ar many rrack sites

in the Germanic Basin, such e.g. of the track site Eberschiitz
(Province Hess, Germany, Fig. 9B), are the result of the ventral
body and cail scutes scratching on smooth slightly dried bio-
mats in the upper intertidal zone (Fig. 9A).

From the fossil Rhynchosauroides commonly claw mark
impressions are known and were produced by Jguana on the
drying biomats of the upper intertidal zone. The claws mostly
did not ger strongly into the mud and therefore left combined
claw and very short scracch marks. At most of the studied track
sites oval shaped scratches left by the claws are very common.
Even in the other track preservation types the claws can be seen
on the tip of the toes by pointing (Figs. 9D—F).

On the slightly wet biomats of the upper intertidal the best



and most detailed skin prints were left by [grana (Fig. 9C).
The same preservation with digital pads and detailed scutes
impressions are found not very often in the fossil record for
Rhynchosauroides, here demonstrated by a track from the track
site Eberschiitz (Province Hess, Germany, Fig. 9D).

Normal imprints relatively deeply imprinted into medium
soft wet biolaminates were produced by /guana in the lower in-
tertidal or at the margins of tide ponds and channels (Fig. 9E).
Such preservations are the most common types in the fossil re-
cord for Rhynchosauroides (Winterswijk, Netherlands, Fig. 9F).
At most fossil track sites this preservation type is found on
smooth biolaminate surfaces that are cracked in up to 60 cm
large petee polygons (Fig. 4).

At least scratch marks are produced by [guana in the ride
channels or ponds by swimming or subaquatic walking activi-
ties (Figs. 9H, 11C) or in the channel margin when Jguana
walked out of the water diagonally (Fig. 8D). Such scratch
marks, sometimes found on ripple marked surfaces, are very
common in the Triassic track sites (Fig. 9H). There is also only
one documented fossil trackway from the track site Borghol-
zhausen (Fig. 12A), that proves the theory of a reptile scratch-
ing the subaquaric mud by swimming or walking through a
channel or tide pond.

Iguana and Rhynchosauroides trackway similarities

There are three main different trackway types left by Igua-
na on the biolaminates.

1. A fast move trackway with overprinting of the pes was left
by Iguana on slightly wet surfaces. Here the tail mark im-
pression lacks as a result of the uplifting of the pelvis and
tail (Fig. 11A).

2. A slow move trackway with non-overprinting of the pes
that was produced on wet surfaces. Important is the pres-
ence of a sinous and interrupted tail mark (Fig, 11B).

3. A walking trackway under subaquatic surface conditions
produced in a flat tide channel. Here only scratches were

left (Fig. 11C).

Hundreds of track imprints (single imprints and manus/
pes sets) of Rhynchosauroides were collected in last six years
by high resolution track bed and track horizon stratigraphy
in Germany and the Netherlands (Diepricu 1997-2003,
DiepricH & OosteriNk 2000, DiepricH 2002a—d, Diep-
rICH & FicHTER 2003). In most cases only samples of the sec-
tions were taken and short trackways were mapped. Therefore
mostly single manus or pes imprints in different preservations
were found and deposited in several museums (see DiEDRICH
1997 —2005a). There are some partly new trackways of Rhyn-
chosanroides found at different track sites which were mapped
for the trackway comparisons. The longest trackways were ex-
cavated and mapped in Winterswijk. They are about 8 m in
length (= R. peabodyi (FaBER) after DiEDRICH & OOSTERINK
2000). All other trackways are shorter (3—4 m). This is mostly
the result of the outcrop situations and resulting of the impos-
sibility to map long trackways. For an impressive comparison
between trackway types a set of six manus-pes impressions is
enough to present the main differences to understand the loco-
motion and speed of the track makers (see Fig. 12).
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The figured R. tirolicus trackways (Fig, 12C, E) were docu-
mented in the quarry Steen-en Kalkgroeve near Winterswijk
(Netherlands, Diepricu & OosTeriNk 2000), the old quarry
Silbersee near Hagen (Figs. 12D, F; Diepricu 2001b) and the
sports field Borgholzhausen (Figs. 12 A, B; Dienbricu 2002b),
all sicuated in north-western Germany in the Teutoburger
Wald. Some of them are published here for the first time in
detail (Hagen Silbersee, Germany, Figs. 12D, F).

As shown by the experiments the trackway Fig. 12A was
left by an animal that walked slowly through a tide pond or a
channel, chat was not deeper that about 25 cm. Typical are the
scratches in the sinous grooves, and also the slow pace angula-
tion as a result of slow movement through the water. Animals
in normal medium speed (Figs. 12B, C) can be observed at
many localities. The reptiles left the low pace angulated track-
ways with a manus-pes set in nearly the same high as a result
of non-overprinting. Trackways of animals that walked in very
soft (Fig. 12B), and soft biolaminates (Fig. 12C) of the lower
intertidal environment are very common at all track sites in che
Germanic Basin. Also trackways of running prolacertilians are
typical at many sites and were mapped mostly from the upper
intertidal zones (Figs. 12D, E).

That the Middle Triassic carbonate interridal flars were
inhabited by large populations of the Rhynchosauroides track
makers is not only documented by the “Rhynchosauroides ich-
nofacies” (DiepricH 1998d) and many trackways of large
“adult” prolacertilians. Every size from very small to large im-
prints of the type Rhynchosauroides can be found at any site
sometimes in high tracking densities (100 imprints per square
meter, DIEDRICH 2002b). Here only one trackway is shown as
a first example for a juvenile trackmaker (Fig. 12F). Its track-
way would fit into the trackways of the running large animals,
but the discussion of the possible trackmaker, the prolacertil-
ian Macrocnemus, show the different body proportions of ju-
venile and old animals that resulted different pace angularions
and strides in trackways of young and adolescent track makers.
Especially the very long legs in comparison to the body length
of Macrocnemus juveniles seem to be the result of the strong
stride and pace, and not the speed. Therefore it seemed that the
figured rrackway (Fig. 12F) was left by a slow moving young
trackmaker.

The prolacertilian Macrocnemus — trackmaker of
Rhynchosauroides tracks in Europe

The recent tracks of Iguana are so close in morphology to
the ones preserved in the fossil record of the European Middle
Triassic, that the observed fossil tracks of the name Rhyncho-
sauroides seemed to be produced by the prolacertilian Macroc-
nemus (cf. PEver 1931, 1937, Rieppel 1989), as previously
suggested (DiepricH 1998-2002, Avanzini & Renesto
2002).

Fortuitously, the proportions of [guana are very close to
those ones of the Rhynchosauroides track maker, but both show
some differences (Fig. 10). Other similarities include the over-
printing and the parially lacking tail mark during fast move-
ment. One argument for Macrocnemus as the trackmaker of
the Rhynchosauroides tracks to walk more uplifted with longer
extremities, could have resulted the common lack of tail marks
in the fossil trackways.
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Fig. 12: Variability of tracks outlines, manus/pes distances and pace angulations of Rbynchosauroides tirolicus
AgeL in dependence on life activity and substrate moisture. Only six manus/pes sets are figured per trackway. —
A: trackway of an subaquatic walking adult individual, track bed 9 (Oolithic member, Lower Muschelkalk
Formation) from Borgholzhausen, B: trackway of an adult individual moving slow on very wet mud, track
bed 9 (Oolithic member, Lower Muschelkalk Formation) from Borgholzhausen, C: trackway of an adult
individual moving slow on wet mud, track bed III (Grenzgelbkalk member, Upper Bunter Formation) from
Winterswijk, D: trackway of an adult individual moving fast on slightly wet mud, track bed IV (Grenzgelbkalk
member, Upper Bunter Formation) from Hagen, E: trackway of an adult individual moving fast on slightly wet
mud, track bed IIT (Upper Rét Pelit member, Upper Bunter Formation) from Winterswijk, F: trackway of an

adolescent individual moving fast on slightly wet mud,

Formation) from Hagen (Graphics: PaleoLogic).

Undoubtedly the Middle Triassic trackmaker was not a
modern lacertilian, but it had very close proportions with a
few longer extremities or shorter body length and walked in
the same modus. Therefore only Macrocnemus (Fig. 13) can
be suggested as the only possible trackmaker, although there
are reptiles in the track beds of the track site Winterswijk all
representing sauropterygians (OOSTERINK et al. 2003), except
Sphenosphargus (described in OosTerINK et al. 2003 as Dacty-
losaurus sp., in DiepricH 2002e as Cymarosaurus). This prola-

track bed IV (Grenzgelbkalk member, Upper Bunter

certilian has a pedal anatomy that fits more to the tracks of Pro-
colophonichnium and is recently under study to focus on this
trackmaker. The described reptiles from the Upper Bunter/
Lower Muschelkalk boundary of Winterswijk (cf. DiEpricH
2001a) such as Nothosaurus, Neusticosaurus, Anarosaurus, Tan-
ystropheus or Placodus (OosTERINK et al. 2003) do not fit into
the pedal anatomy of the Rhynchosauroides tracks. The Macroc-
nemus manus and pes anatomy (Fig. 13B) in contrast fits very
well into those tracks (Figs. 13C, D).
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Fig. 13: The possible producer of Rhynchosauroides tirolicus ABgL trackways in the Lower to Middle Triassic: the prolacertilian Macrocnemus

bassani (Nopcsa 1930). —

A: Skeleton of a juvenile individual from the Genzbitumen Zone of the Middle Triassic of Switzerland (redrawn from BRINKMANN 1994),
B: reconstruction of the manus and pes anatomy, C: Reconstruction of the Rhynchosauroides tirolicus ABEL manus/pes imprint set with digital
pads and dermal scutes structure, D: projection of the pedal skeleton of M. bassani onto the R. sirolicus track (Graphics: PaleoLogic).

The habitat “Middle Triassic carbonate intertidal flat”

Thinking about Macrocnemus as the trackmaker of Rhyn-
chosauroides trackways in carbonate intertidal flat environments
of the Germanic Basin, bur maybe also sandy coastal zones in
the European Alps (cf. Avanzint & ReNgsTo 2002) and east-
ern border of the Massif Central (cf. DEmaTHIEU 1985), the
following palaeoecological model can be presented.

The intertidal carbonate flats of the entire southern Middle
Triassic Germanic Basin surrounded the old massifs such as
the Rhenish and the Vindelizic Massif. These tidal flat regions
were more wide spanned about decakilometers in the west-
ern {The Netherlands, Northwest Germany) and less in width
hundreds of meters to about thousand meters in the eastern
Basin as a result of the basin morphology with its western ori-
ented carbonate ramp (subridal basin reconstruction see also
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Knaust 1998). Sequencially these intertidal biolaminate flats
moved basin- or landwards depending on regressions or trans-
gressions more than 20 times during the upper Lower to up-
per Middle Triassic. The mostly shallowing upward sequences
of the Muschelkalk Formation were caused mostly by basin
tectonics, proved by submarine slumps in the basin centre (cf.
Knaust 1998).

In the lower and upper intertidal flats two reptile species
must have used this special carbonate tidal flat environment
as their primary permanent habitat. Unfortunately there are
recently no lizards living in the carbonate tidal flats to compare
their ecology. The one small non-identified trackmaker left
fossil tracks of Procolgphonichnium, which were found more
commonly in the biolaminates of the upper intertidal zones
(= Procolophonichnium ichnofacies, cf. DiepricH 1998a). In
the lower intertidal mostly the second ichnofacies of Rhyncho-
sauroides is abundant, but the Ichnogenus also known from the
upper intertidal. The possible trackmaker Macrocnemus must

have foraged daily in these carbonate tidal flats. A non-diverse
invertebrate fauna is known from this hypersaline intertidal
environment and figured especially from the track site Win-
terswijk (cf. OoSTERINK 1986), but here from levels above the
track beds, which represent a different facies. One of the inver-
tebrates the Rhynchosauroides track makers could have preyed
upon, suggested in Diepric & Scuurz (2003), might have
been crustaceans such as Clyziopsis. This medium sized shrimp
has lived in the upper intertidal zones, and environments that
were influenced periodically by fresh water. Therefore a scenar-
io of a Macrocnemus population feeding in the lower incertidal
on crustaceans in the tide ponds and channels is presented
here. By feeding and hunting they left thousands of tracks by
basking, running, slow moving and by walking and swimming
paraxially through the channels and ponds. The thoughts of
RieppeL (1989), that Macrocnemus could run bipedal on its
hind limbs over short distances can not be proved yer at the
Middle Triassic trackways.

x @

Fig. 14: Macrocnemus in a mud cracked carbonate tidal flat covered by bio films and cur by tide channels
and ponds in which marine invertebrates (here the crustacean Clytiopsis) and vertebrates like fishes were
caught in theses traps being the food for prolacertilians. Daily tide change and activities of many animals
of different age and varying moving to swimming activities lefc thousands of tracks around the entire
Germanic Basin during the Middle Triassic (Muschelkalk) (Illustration: B. PrerFroTH).
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