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A polar dinosaur-track assemblage from the Eumeralla

Formation (Albian), Victoria, Australia

ANTHONY J. MARTIN, THOMAS H. RICH, MICHAEL HALL, PATRICIA VICKERS-RICH AND
GONZALO VAZQUEZ-PROKOPEC

MARTIN, A.J., RICH, T.H., HALL, M., VICKERS-RICH, P. & VAZQUEZ-PROKOPEC, G., iFirst article. A polar dinosaur-track assemblage from the
Eumeralla Formation (Albian), Victoria, Australia. Alcheringa, 1–18. ISSN 0311-5518.

The Eumeralla Formation (Aptian–Albian) of the Otway Group in Victoria, Australia, has yielded a significant amount of dinosaur skeletal
material since the late 1970s, which, when combined with finds from the Wonthaggi Formation (Aptian) of the upper Strzelecki Group,
constitute the best-documented polar-dinosaur assemblage in the Southern Hemisphere. In contrast, dinosaur tracks have barely augmented
this body fossil record; up to now, only one ornithopod track had been documented in any detail from the Otway Group. In this study, we
report a new find of at least 24 dinosaur tracks preserved on two ripple-bedded sandstone blocks of the Eumeralla Formation, discovered at
Milanesia Beach, Victoria. This dinosaur-track assemblage is the best in terms of numbers and quality found thus far in formerly polar
environments of the Southern Hemisphere. One block includes the first known dinosaur trackway from the Cretaceous of Victoria, consisting
of three consecutive footprints made by a small theropod. The assemblage indicates three differently sized theropods, thus providing new
insights on dinosaur diversity and activity not indicated previously by body fossils in the Eumeralla Formation. Tracks are preserved in fluvial
floodplain deposits and were possibly imprinted on emergent floodplain surfaces following seasonal flooding during a polar summer. The
abundant tracks at this site suggest more such finds are likely in floodplain deposits of the Otway Group, although behavioural and
preservational conditions unique to polar environments may have limited their formation.
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Michael Hall, Patricia Vickers-Rich and secondary address of Anthony J. Martin [mike.hall@monash.edu, pat.rich@monash.edu] School of
Geosciences, Monash University, Clayton, Victoria 3800, Australia. Received 15.4.2011, revised 6.6.2011, accepted 14.6.2011.
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DINOSAUR body fossils in Early Cretaceous strata
of the Otway and Strzelecki groups (Aptian–Albian)
of Victoria, although consisting mainly of fragmented
and disarticulated specimens, nonetheless represent
the best-studied circumpolar dinosaur assemblage in
the Southern Hemisphere (Rich et al. 1988, 2002,
Rich & Rich 1989, Rich & Vickers-Rich 2000). In
contrast, after more than 100 years of palaeontolo-
gical studies in Victoria, only a few dinosaur tracks
have been reported from the Strzelecki Group, and
the Otway Group has yielded merely one documented
track (Rich et al. 1988, Rich & Vickers-Rich 2000,
2003, Martin et al. 2007). The single documented
track, attributed to a small ornithopod, was dis-
covered by two of us (Rich and Vickers-Rich) in 1980
at a difficult-to-reach locality, Knowledge Creek
(Rich & Vickers-Rich 2000). No other tracks have
been described from the Otway Group since, despite
extensive exposures of Cretaceous strata along more
than a hundred linear kilometres of the Victoria
coast.

In this report, we formally describe and interpret
a newly found dinosaur tracksite, Milanesia Beach,
from the Eumeralla Formation of the Otway Group
(Fig. 1). At least 24 tracks, most attributable to
theropods, are preserved on the surfaces of two
sandstone blocks at the site. The blocks can be
traced to a narrow stratigraphic interval in a nearby
outcrop of the Eumeralla Formation. These tracks
include the first known dinosaur trackway from
Victoria, consisting of three consecutive footprints
made by a small theropod. The tracks, formed in
former floodplain deposits, can be classified into
three distinctive forms and sizes, suggesting at least
three different theropod trackmakers. These foot-
prints provide in situ evidence of dinosaurs in this
formerly polar region during the Aptian–Albian,
thus supplementing dinosaur body-fossil evidence
(Rich & Vickers-Rich 2000, Rich et al. 2002).
Perhaps most importantly, this site represents the
best assemblage of polar dinosaur tracks in the
Southern Hemisphere found thus far, while also
adding to other significant Cretaceous dinosaur
tracksites in Australia, such as in Queensland and
Western Australia (Thulborn & Wade 1979, 1984,
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Thulborn et al. 1994, Thulborn 2002, Romilio &
Salisbury 2011).

We also briefly assess the unique palaeoenviron-
mental conditions that likely led to the preservation
of dinosaur tracks in circumpolar environments.
Insights provided by the neoichnology of fluvial
environments in modern polar latitudes (Martin
2009a) are thus applied to better appreciate the
probable influence of seasonality on dinosaur beha-
viour, and the formation and preservation of
dinosaur tracks in polar environments.

Study area and palaeoenvironmental
setting
Most Lower Cretaceous rocks of southern Victoria
crop out in widespread cliff-face and marine-platform
exposures west and southeast of Melbourne, with the
Otway Group to the west (Fig. 1A), and the
Strzelecki Group to the southeast. Coastal outcrops
of the westernmost Otway Group are Albian,
whereas those of the easternmost Otway Group and
Strzelecki Group are Aptian–Albian (Miller et al.
2002). Both rock sequences are well known for their
fossil vertebrates, e.g., temnospondyls, chelonians,
non-avian dinosaurs (ornithischian and saurischian),

birds and mammals (Molnar et al. 1981, 1985, Rich
et al. 1988, 1997, 2002, 2005, 2009, 2010, Warren
et al. 1991, 1997, Gaffney et al. 1998, Pridmore et al.
2005, Close et al. 2009, Benson et al. 2010).
Terrestrial plants, such as bryophytes, pteridophytes,
various seed ferns and conifers, are also common, but
angiosperms are rare (Douglas 1969, 1973, Drinnan
& Chambers 1986, Wagstaff & McEwen-Mason
1989, Dettmann et al. 1992). Most previously
reported invertebrate body fossils are of insects (Jell
& Duncan 1986), but sporadic freshwater bivalves
(McMichael 1956, McLoughlin et al. 2002, Thomp-
son & Stilwell 2010) and clitellate annelid egg cases
(Tosolini & Pole 2010) are present, together with
some freshwater crustaceans (Rich et al. 1988, 2002),
among them the oldest known Gondwanan crayfish
in the Otway Group, together with trace fossils
attributed to crayfish in the Otway and Strzelecki
groups (Martin et al. 2008, Martin & Kool 2009).
One of us (Martin) has also identified additional
invertebrate burrows at several localities in the Otway
Group. Martin (2009b) also reported possible dino-
saur burrows in Otway Group rocks of Knowledge
Creek, the only dinosaur trace fossil other than tracks
noted from the Early Cretaceous in this part of
Australia. The majority of dinosaur body fossils
recovered from the Otway Group were derived from

Fig. 1. Location and probable source of dinosaur tracks at Milanesia Beach, Victoria, Australia. A, Location of site relative to Melbourne and
showing areas of Otway Group outcrops. Latitude-longitude coordinates of discovery site: S 38845.30, E 143819.30. B, Outcrop view of source
for sandstone-siltstone blocks containing dinosaur tracks, Otway Group, Milanesia Beach, Victoria, with probable interval, interpreted as
floodplain facies between channel-fill facies, bounded by dashed lines.
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one locality, Dinosaur Cove (Rich & Vickers-Rich
2000).

Rock types of the Otway and Strzelecki groups
include mudstones, cross-bedded sandstones, clay-
intraclast conglomerates and thin coal beds, all with
considerable volcaniclastic content (Bryan et al. 1997,
Tosolini et al. 1999, Miller et al. 2002). Sediments of
the Otway and Strzelecki groups were deposited in
the Otway and Gippsland rift basins, respectively,
formed during the initial separation of Australia from
Antarctica in the Early Cretaceous (Veevers et al.
1991, Bryan et al. 1997, Tosolini et al. 1999, Miller
et al. 2002, Veevers 2006). Despite temporal differ-
ences between their exposed Cretaceous units, these
basins were connected to one another and in some
previous studies have been collectively named the
‘Otway/Gippsland Basin’ or the ‘Otway–Gippsland
Basin’ (Bryan et al. 1997, Veevers 2006). Depositional
environments in these basins included freshwater
lakes and braided streams. Fluvial facies are pre-
served as channel-fill and overbank deposits, com-
posed of mud, sand and gravel clasts derived from
nearby volcanic highlands and reworked intrabasin-
ally (Rich et al. 1988, Bryan et al. 1997, Tosolini et al.
1999). Depositional regimes were mostly high-energy
and episodic, caused by flooding associated with
seasonal thaws and the influx of volcaniclastic
sediments (Bryan et al. 1997, Tosolini et al. 1999,
Miller et al. 2002). Lower-energy floodplain facies,
composed of interbedded siltstones and fine-grained
sandstones, are relatively uncommon compared with
channel-fill deposits in both groups.

Periglacial conditions, with seasonal freezing and
formation of permafrosts, are inferred for the
Strzelecki Group, and palaeolatitudes for this part
of Australia are estimated to have been 78+58S
(Veevers et al. 1991, Veevers 2006). Mean annual air
temperatures (MAAT) were likely within the range of
–68 to þ88C, which is supported by palaeobotany,
oxygen isotopes and cryoturbation structures (Gre-
gory et al. 1989, Wagstaff & McEwen-Mason 1989,
Constantine et al. 1998, Vickers-Rich et al. 1999).
Upper Strzelecki Group (Aptian) cryoturbation
structures, which are unusual soft-sediment deforma-
tion features formed by the freezing and thawing of
sediments, provide evidence of former permafrosts.
These are apparently the only such structures
interpreted from any polar-dinosaur site in the world,
or in Mesozoic deposits worldwide, for that matter
(Constantine et al. 1998, Vickers-Rich et al. 1999,
Rich et al. 2002). However, no such structures have
been noted in the exposed Otway Group (Aptian–
Albian), which is consistent with other data sugges-
tive of slightly warmer conditions compared with

those affecting Strzelecki Group palaeoenvironments
(Gregory et al. 1989).

Body fossils of plants, invertebrates and verte-
brates of the Otway and Strzelecki groups indicate
moderate biodiversity in each group, which as a
circumpolar assemblage have no modern analogue
(Rich et al. 1988, 2002, Rich & Vickers-Rich 1999,
Martin et al. 2008). Vertebrates include large
temnospondyls in the Strzelecki Group (e.g., Koola-
suchus: Warren et al. 1991) and an unusually high
proportion of small ornithopod dinosaurs (Qantas-
saurus, Leaellynasaura, Atlascopcosaurus) compared
with a few theropods (Timimus, a neovenatorid and
an unnamed tyrannosauroid), a neoceratopsian
(Serendipaceratops) and ankylosaurs (Currie et al.
1996, Rich & Vickers-Rich, 1999, 2003, Rich et al.
2002, Smith et al. 2008, Benson et al. 2009, 2010,
Barrett et al. 2010). As mentioned previously, only a
few dinosaur tracks had been reported from the Early
Cretaceous of Victoria prior to this study (Rich &
Vickers-Rich 2000, Martin et al. 2007), despite their
abundance in Early Cretaceous strata of Queensland
and Western Australia (Thulborn & Wade 1979,
1984, Thulborn et al. 1994, Thulborn 2002, Romilio
& Salisbury 2011).

Dinosaur tracksite of the Otway
Group: Milanesia Beach

Discovery and description of lithology

The first sandstone block containing dinosaur tracks
was discovered by one of us (Martin) on June 14,
2010 on the Milanesia Beach shoreline and among a
large pile of talus. A local resident, Greg Denney,
found the second block later that same day while
working with two of us (Martin and Rich). This
second block was less than 2 m from the first. The
location of the blocks was recorded as GPS
coordinates (Fig. 1) and relocated in November
2010; both were recovered from the site and deposited
in Museum Victoria in June 2011. For the sake of
reference in descriptions, tracks from the sandstone
block discovered by Martin are referred to as Block
A, whereas the one discovered by Denney is Block B.

The blocks are interpreted to have come from the
same stratigraphic interval based on: (1) their similar
lithologies, including a distinctive thin (5–7 cm thick)
grey siltstone band about 30 cm below their top
surfaces and similar overall thicknesses (40–45 cm);
(2) identical biogenic sedimentary structures (bur-
rows) in the top few centimetres; (3) negative-relief
(concave) dinosaur tracks on their top surfaces; and
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(4) morphological similarity of the tracks. However,
we could not determine whether the two blocks were
originally connected to one another prior to falling
from the cliff and onto the shoreline. We also
investigated the potential source of the blocks by
carefully examining the stratigraphic sequence of a
120þ m tall coastal outcrop of the Eumeralla
Formation east of the blocks. Following this, we
narrowed their probable origin to a 20-m-thick,
heterolithic unit of interbedded fine-grained sand-
stone and siltstone, sandwiched between thick, cross-
bedded coarse-grained sandstones and conglomerates
(Fig. 1B).

Both blocks consist of a 40–45-cm-thick sequence
of very fine to medium-grained sandstone and sandy
siltstone. Sandstones and siltstones are thinly bedded
(0.5–7.0 cm) and ripple-laminated, with low-ampli-
tude ripples evident on the top surfaces of each block.
Vertical sections also indicate thin zones of soft-
sediment deformation. The latter can not be related
specifically to deformation caused by depositional
loading or vertebrate tracks and may be attributable
to other biogenic sedimentary structures, such as
overlapping burrows. Most burrows are evident in
cross-section as circular, 5–12 mm wide, horizontal
to obliquely oriented, tubular and sediment-filled
structures in the siltstones and sandstones. These
trace fossils are discernible through differences in
grain-size and colour from their surrounding host
lithology. Burrows are locally abundant and more
densely populated in the uppermost 15–20 cm of each
block. Cross-sectional views of a few burrows in the
top few centimetres of each block also reveal
meniscate fills, although these are not definable in
all burrows. Accompanying these trace fossils,
although more rare, are minute (1–2 mm wide, 2–
4 cm long), hematite-cemented vertical burrows that
are either singular (Skolithos isp.) or paired (Areni-
colites isp.). These burrows occur throughout each
block, but are noticeably less common in the upper-
most 20 cm.

Description of dinosaur tracks
The dinosaur tracks are preserved as negative-relief
epichnia, observable as concave features on the
uppermost bedding plane of each block. Maximum
depths of most tracks were less than 10 mm and a few
were only 2–4 mm deep, making for faint impres-
sions. Given this limitation, the tracks described in
this report are the most clearly defined in terms of
overall geometry. However, nearly all concave
features on the bedding plane were at first regarded
and investigated as possible tracks, rather than

treated as random non-biogenic depressions caused
by erosion or physical sedimentary structures (e.g.,
ripple troughs). Most tracks were identified through
connected, trifurcating and relatively thin depressions
corresponding to digits, although some are repre-
sented as partial prints, such as single-digit impres-
sions. In total, at least 24 tracks are definable on both
blocks, with 10 completely and six incompletely
outlined tracks on Block A (Fig. 2); seven complete
and one incomplete tracks occur on Block B (Fig. 3).
All tracks are regarded as pes imprints.

Tracks were measured using a minimum-outline
approach, where the lowermost concave interior
(‘floor’) of each track met the ascending surface
(‘wall’), as defined by Brown (1999) and Halfpenny &
Bruchac (2002). Tracks with entire to nearly entire
outlines ranged from 6.3–14.9 cm long (mean¼
10.3+2.8 cm) and 6.7–14.2 cm wide (mean¼
10.1+2.6 cm; n¼ 20: Table 1). Length:width ratios
varied from 0.86 to 1.23, with a mean ratio of
1.02+0.1. Digit impressions in all tracks are assumed
to represent digits II–IV; none demonstrated any
clear evidence of digits I or V. All tracks with three
digit impressions are considered mesaxonic, with a
plane of symmetry defined by digit III. Digital
divarications between digits II–III and III–IV ranged
from 318 to 548, with means of 458 (II–III) and 468
(III–IV). Combined II–IV angles produced a mean of
93.5+7.18 (n¼ 17). Digital divarications within
individual tracks showed relatively little variation,
lending to a bilateral symmetry in most specimens.
Because of their symmetry and relative faintness,
distinctions between right and left pes impressions
were problematic for most tracks, but could be
tentatively designated where impressions of digits II
and IV were recorded. In those instances, the longer
of the two digits was regarded as digit IV, although
differences between these seemed minimal. The most
reliable digital-width measurement that could be
recorded for specimens was in the middle of digit
III, which ranged from 0.5 to 1.5 cm, with a mean of
1.0+0.4 (n¼ 18). Digit III widths were only 5–16%
of track lengths, justifying a description of the tracks
as ‘thin-toed’ or ‘gracile’. Owing to the poor
definition of most tracks and their general lack of
anatomical details, ichnotaxonomic designations are
problematic, although some tracks resemble overall
outlines and sizes of Columbosauripus and Irenich-
nites, as figured by Lockley (2009). Furthermore, the
tracks could be categorized initially based on size and
qualitative features (Fig. 4).

Multivariate analyses based on different morpho-
logical dimensions of completely outlined tracks,
similar to those done by Moratalla et al. (1988) and
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Fig. 2. Dinosaur tracks of Milanesia Beach, Block A. A, Bedding-plane surface, image rotated and cropped; photo scale¼ 13 cm long. B,
Enhanced photo, with increased contrast and sharpened (using Adobe PhotoshopTM CS5) to better define tracks. C, Map of surface with
tracks designated as A1–14; paired digit impressions (DI) also indicated. Dark-grey areas around tracks indicate inferred boundaries of
incompletely expressed tracks, or bedding plane immediately underlying uppermost surface; black areas represent lower parts of block. See
Table 1 for measurements and qualitative traits corresponding to numbers on each map.
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Fig. 3. Dinosaur tracks of Milanesia Beach, Block B. A, Bedding-plane surface, image cropped; photo scale¼ 13 cm long. B, Enhanced photo,
with increased contrast and sharpened (using Adobe PhotoshopTM CS5) to better define tracks. C, Map of surface with tracks designated as
B1–7. Dark-grey areas around tracks indicate inferred boundaries of incompletely expressed tracks or bedding plane immediately underlying
uppermost surface; black areas represent lower parts of block. See Table 1 for measurements and qualitative traits corresponding to numbers
on each map.
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Romilio & Salisbury (2011), were performed to
discern whether tracks could be attributed to more
than one type of trackmaker. Morphological mea-
surements considered were: total width; total length;
length to width ratio; interdigital angle between digits
II and III; interdigital angle between digits III and IV;
average of the two interdigital angles; width of digit
III; length of digit II; and length of digit IV. A k-
means clustering algorithm (Timm 2002) was applied
to measurement data of 17 tracks to identify different

groups of tracks. This data-reduction algorithm
allows the classification of an array of observations
into a set of pre-defined groups (i.e., tracemakers).
We tested the data for the presence of one to four
categories, corresponding to different tracemakers. A
multivariate factor analysis (Timm 2002) was per-
formed on the same data to identify emerging
patterns in the relationships among the measured
variables. Briefly, a factor analysis is performed to
examine the pattern of correlations (or covariances)

Track C/I L W L:W II–III III–IV II–IV IIIW IIL IVL CM TM

A1 C 11.9 10.8 1.10 45 49 94 1.4 8.0 8.3 A T
A2 C 11.0 11.5 0.95 46 49 95 1.0 7.2 7.9 P T
A3 C 13.0 11.6 1.12 44 51 95 1.5 8.9 9.4 P T
A4 C 11.5 11.2 1.02 42 43 85 1.2 9.1 9.7 P T
A5 I 13.2 12.3 1.08 ND 45 – 1.5 ND 9.6 A U
A6 I 9.4 7.6 1.23 ND ND – ND ND ND A U
A7 I 9.8 10.9 0.90 43 ND – ND ND ND A U
A8 C 6.7 7.6 0.88 48 48 96 0.6 4.4 4.5 P T
A9 C 6.9 7.5 0.93 48 53 101 0.5 4.4 4.5 P T
A10 C 6.8 7.9 0.86 53 49 102 0.6 4.4 4.4 P T
A11 C 10.3 11.1 0.93 44 52 96 0.9 6.8 7.2 P T
A12 I 13.9 15.1 0.92 54 48 102 ND 10.4 10.8 P T
A13 C 12.3 11.2 1.10 41 31 72 1.4 9.6 9.8 P T
A14 I ND 9.5 ND ND ND – ND ND ND A U
B1 C 7.0 6.9 1.01 53 42 95 0.6 4.7 4.9 P T
B2 C 7.0 6.8 1.03 44 47 91 0.5 4.8 4.9 P T
B3 C 14.9 13.7 1.09 46 43 89 1.3 9.9 10.4 P T
B4 C 7.0 6.7 1.04 53 44 97 0.5 4.3 4.6 P T
B5 C 14.7 14.2 1.03 51 44 95 1.4 9.5 9.8 P T
B6 C 11.5 10.5 1.10 51 45 91 1.5 7.2 7.7 A T
B7 C 7.6 7.3 1.04 53 50 94 0.5 5.1 5.1 P T

Table 1. Track parameters from Blocks A and B, Otway Group, Milanesia Beach, where: C/I ¼ complete or incomplete;
L¼ length (cm); W¼width (cm); L:W¼ length:width ratio; II–III¼ interdigital angle of interpreted digits II and III; III–
IV¼ interdigital angle of interpreted digits III and IV; II–IV¼ interdigital angle of interpreted digits II and IV; IIIW¼middle
width of digit III (cm); IIL¼ length of digit II (cm); IVL¼ length of digit IV (cm); CM¼ clawmarks, presence (P) or absence
(A); and TM¼ identification of trackmaker as theropod (T) or uncertain affinity (U). ND¼ not determinable. Paired digit
impressions on Block A and Track B8 were not measured, owing to their incompleteness.

Fig. 4. Close-up photographs of selected individual theropod tracks, representing three main size groupings and digits marked as II, III and
IV. A, Small theropod track (B3), showing thin digit impressions and sharp clawmarks (arrows) accompanied by internal and external
deformational structures; interpreted as right pes. B, Medium theropod track (A2), with well-defined digit impressions and small, sharp
clawmark on digit III (arrow); interpreted as left pes. C, Large theropod track (B5), with sharp clawmark (arrow) and narrow impression of
digit III; interpreted as right pes. Scale¼ 5 cm in all photos.

ALCHERINGA POLAR DINOSAUR-TRACK ASSEMBLAGE FROM EUMERALLA FORMATION 7

D
ow

nl
oa

de
d 

by
 [

A
nt

ho
ny

 M
ar

tin
] 

at
 0

4:
06

 0
9 

A
ug

us
t 2

01
1 



between the observed measurements. Measurements
that are highly correlated (either positively or
negatively) are likely influenced by the same factors,
whereas those that are relatively uncorrelated are
likely influenced by different factors. By generating a
scatter plot of the scores of the two most important
factors, data observations were grouped in terms of
their similarity. Through combining the results of this
factor analysis plot with the k-means groupings, by
using these two independent methods, the potential
number of trackmakers can be estimated.

Multivariate analyses were performed on tracks
with full measurements (n¼ 16) and plotted (Fig.
5A). The scores of the first two factorials (factor
analysis results) determined the position of each point
on the plot, whereas the colours of each point were
determined by the k-means classification, which were
then applied as colour-coded track maps for Block A
and B (Fig. 5B, C). Our analysis clearly shows the
presence of three separate groups, also potentially
attributable to differently sized dinosaurs, as ex-
plained further later.

Although the dinosaur tracks are not in situ in an
outcrop with a continuous and exposed bedding
plane, track alignments are also noticeable and
definable on each block. For example, most tracks
on Block A initially seemed to fit a bi-directional
pattern. To identify whether tracks on each block
indicated a predominant cardinal direction or trend,
we estimated the directional mean of the linear
projection of digit III on each track using the
program ArcGISTM 9.3 (ESRI, Redlands, CA). Using
an arbitrary north on each slab (as depicted in Figs 2–
3, towards the page top) to define relative movement,
tracks in Block A are predominantly directed along a
NW–SE axis (Fig. 5B). On Block B, six of the eight
tracks are within a 208 arc of one another, following
along an E–W axis, whereas the remaining two tracks
are at nearly right angles to this trend (Fig. 5C).

Pressure-release structures, which are internal or
external deformational features caused by tracemaker
interaction with the sediment (Brown 1999, Martin
2009a), were evident in some tracks. These structures,
some of which are also referred to as ‘indirect
features’ by Gatesy (2003), occur as plates of
displaced sediment within the track, raised rims
around digit impressions, or plates of sediment
outside track outlines. Furthermore, dinosaur tracks
commonly have prominent structures outside areas
where feet interacted directly with the host sediment,
analogous to extensional faults and thrust ramps
caused by tectonics (Graversen et al. 2007). Such
structures were noticeable in tracks A9, A10, B4 and
B5, among others. Where present, these features

provided supplemental information related to sedi-
mentary conditions and tracemaker behaviour, ela-
borated later. Unfortunately, as pointed out by
Gatesy et al. (2005), such structures are often omitted
through the depiction of dinosaur tracks as mere
outlines or silhouettes, thus ignoring their potential
added information.

Three sequentially aligned, identically sized and
morphologically similar tracks on Block A (A8, A9,
A10) indicate a probable trackway (Fig. 6A). Mean
track width and length of these tracks are 7.7+0.2
and 6.8+0.1 cm, respectively, mean length:width
ratio is 0.89+0.04 and digit III widths are 0.53–
0.58 cm (n ¼ 3). Interdigital angles (II–III and III–
IV) are also quite similar, falling within a range of
48–538 and a mean of 498. Although track outlines
are incomplete in each specimen, a mapping of
pressure-release structures revealed their probable
relation to foot morphology (Fig. 6B–D). Distances
between consecutive tracks, assumed as pace lengths,
are likewise consistent, measuring 23.2 cm between
the A8 and A9, and 22.5 cm between A9 and A10.
Trackway width (straddle) is about 16 cm, or slightly
more than twice the width of the tracks. The
trackway turns slightly to the right from the first to
third track in the sequence, with a pace angulation of
about 1558. Stride distance from the first track to the
third (43.5 cm) is slightly less than the sum of the two
paces (45.7 cm), a difference we attribute to the
rightward turn of the trackway. This turn is also
denoted by a linear dragmark of digit III in A9 offset
to the right of the track midline. We could not
determine if this deviation represents a digital
deformity, a flexible bending of the digit, or is a
sedimentary artefact imparted by the tracemaker’s
change in direction as it turned. Based on track forms
in this sequence, where the longest lateral digit was
assumed to be digit IV, the first track is likely from a
right pes, the second left and the third right. This
interpretation is corroborated by tracks correspond-
ing to a right–left–right pattern outside the line of
travel, and pressure-release structures indicating
directions of movement in each step (Fig. 6B–D).
Interestingly, although all three tracks are nearly
identical in lengths and widths, they differ consider-
ably in their preservational quality, demonstrating
the morphological variability that can occur in a
single dinosaur trackway, and again discouraging the
application of ichnotaxonomy.

Another notable grouping of tracks is where one
trackmaker stepped onto another track, making a
compound trace fossil (tracks A11 and A12; Figs 2,
6). Although the anterior part of track A12 was
obscured by this interaction, its width was still
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Fig. 5. Multivariate analyses used to discriminate groupings of dinosaur tracks from Blocks A and B, and orientation analyses applied to
tracks on each block to detect preferred alignments. A, Plot of multivariate factor analysis, with the point positions determined by scores of
the first two factorials, and the colours of points by k-means classification. B, Colour-coding from plot in A applied to track map of Block A,
and orientation analysis, indicated by red lines placed on track midlines and red arrow. C, Colour-coding from plot in A applied to track map
of Block B, and orientation analysis, indicated by red lines placed on track midlines and red arrow. In both slabs and maps, arbitrary ‘‘north’’
is toward page top.
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observable and a minimum length was measureable,
as were total length and width for track A11. The two
tracks were morphologically similar in digital divar-
ications (968 for A11 and 1028 for A12 for digits II–
IV), but differed in widths (10.7 vs 13.6 cm for tracks
A11 and A12, respectively).

Other comparably sized and shaped tracks on
each block were examined for their possible linkage
to two or more consecutive tracks made by the same
tracemaker, but no other trackways could be defined
with certainty. Given the limited area presented by
the top surfaces of each block (A¼ 0.7 m2, B¼ 0.4
m2), this outcome is not surprising. Nonetheless,
minimum pace lengths could be calculated by track
absence for a given distance from a single track. For
example, track A3, preserved near the edge of Block
A, lacks a succeeding track over a 60 cm distance,
implying a minimum pace for that tracemaker of
greater than 60 cm. Such suppositions, however, are
tempered by an awareness of possible missing
information, such as tracks that were not preserved
on examined surfaces, whether through substrate
differences or other factors. Track preservation and
its limitations on interpretations of tracemakers and
behaviours are discussed further in this study.

Interpretation of sedimentary environment and track
preservation
The sedimentary environment for the dinosaur-track
bed is interpreted as a distal floodplain, with physical
and biogenic sedimentary structures indicating a

waning flow regime that changed from shallow-water
to emergent conditions. Sedimentological features in
both blocks that support this scenario include ripple-
laminated strata showing increased amounts of
bioturbation in the top 15–20 cm of the succession,
together with a transition from vertical to horizontal
burrows in the same sequence. This upward change in
bioturbation likely represents an infaunal response to
decreased sedimentation rates, reflected by a higher-
energy Skolithos ichnofacies succeeded by a lower-
energy Scoyenia ichnofacies, a transition that occurs
in fluvial systems (Buatois & Mángano 2007). Soft-
sediment deformation features and relatively indis-
tinct outlines of most invertebrate burrows in the few
centimetres below the top surface also point toward a
softground for the original substrate, not a firm-
ground (Bromley 1996). Similarly, no mudcracks or
other desiccation features are evident on the top
surface. Invertebrate burrows, however, are clearly
defined as circular cross-sections where these intersect
the track-bearing surface, suggesting a firmness of the
sediment there. Hence, the original track surface was
likely emergent but still moist. Tracks also show no
traits that suggest swimming or other unusual
modifications to their locomotion (e.g., Ezquerra
et al. 2007), further supporting that the surface was
emergent or underneath a thin film of water. Recent
experiments on dinosaur-track preservation also
aided in defining probable sediment-moisture content
based on preservational features associated with each
track (Jackson et al. 2010).

The dinosaur tracks are likely preserved as
undertracks, in which tracemakers walked across an
emergent surface just above the presently preserved
bed surfaces on each block. An interpretation of
undertrack preservation (sensu Milàn & Bromley
2006) is based on: (1) a lack of skin impressions or
other integumentary details; (2) poorly defined track
outlines; (3) vaguely defined deformational features
within and outside tracks, including only a partial
presence of ungual impressions in some tracks; and
(4) incomplete outlines of tracks that omit one or
more digits, with a few possible paired digit
impressions (Figs 2–5). Additionally, only one track-
way can be defined from the assemblage, consisting of
three consecutive tracks on Block A. However, the
present-day location of the sandstone blocks on an
active, wave-dominated rocky shoreline could have
significantly weathered the uppermost surface of the
bedding plane since their emplacement, thus erasing
details that may have been present previously.

The Milanesia Beach tracks were compared
visually to traits of artificially produced ‘dinosaur
tracks’ made in sand with differing moisture contents

Track no. Hip height (cm)

B1 25.1
B7 26.2
B2 26.6
A8–10 27.3
B4 28.1
B6 40.4
A11 41.1
A2 43.9
A4 45.8
A1 47.7
A13 49.2
A3 52.0
A12 55.4
B5 58.7
B3 59.5

Table 2. Calculations of dinosaur hip heights based on
track lengths multiplied by 4.0 (Henderson 2003), and
arranged in order from smallest to largest (n¼ 15). Note the
average length for tracks A8–10 was used, as these tracks
are interpreted to have come from the same tracemaker.
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(Jackson et al. 2010). With the application of visual
and descriptive characters from that study, most of
the Milanesia Beach tracks resemble those made in
saturated sand (about 30% moisture content), based
on their less definite forms, distorted exterior outlines
and external pressure-release structures well outside
track interiors. Saturated sediments tend to form
such tracks because track walls collapse within the
primary footprint and water fills the resulting
concavity (Jackson et al. 2010). A few tracks,
however, have sufficiently defined outlines and
pressure-release structures to suggest 10–20% moist-
ure contents. Still, morphological details of dinosaur
feet, such as phalangeal pads and skin impressions,
are lacking from these tracks, again suggesting that
these were preserved as undertracks. Localized
differences in sediment consistency are likewise
apparent in the small theropod trackway (tracks
A8 ! A10), in which each sequential track, made by
the same individual dinosaur, indicates qualitatively
distinctive track outlines (Fig. 6). Accordingly, when
considering sedimentological sources of variation in
the tracks, compounded by behavioural nuances of
the trackmakers (e.g., Gatesy et al. 1999, 2005,
Gatesy 2003, Milàn & Bromley 2006, Graversen
et al. 2007), the implication is that track measure-
ments and statistical analyses of those data, including
our own, should be viewed cautiously (sensu Thul-
born & Wade 1989, Jackson et al. 2010). Our results
also justify not applying ichnogenera names to the
track assemblage, although this aspect may be
attempted in a future study.

Interpretation of tracemakers
All tracks are diagnosed as tridactyl pes impressions,
hence tracemakers were initially interpreted as either
non-avian theropods or ornithopods (sensu Farlow &
Chapman, 1997, Lockley 2009). A key diagnostic
criterion for avian theropods—a retroflexed digit I
(hallux) on the pes (Falk et al. 2011)—was not clearly
evident on any of the tracks. Tracks A8, A9 and A10,
made in sequence by the same trackmaker, had
sedimentary disturbances posterior to the main
portions of tracks that could suggest a hallux as a
possible feature. Nonetheless, we could not resolve
these structures with any further confidence, and
instead consider these also may be vaguely defined
metatarsal impressions or pressure-release structures
that were subsequently eroded. Thus, we treated all
tracks as tridactyl, while also acknowledging that a
few may hold vague evidence of being tetradactyl.

We further currently reject avian tracemakers for
any of the Milanesia Beach tracks because their

combined interdigital angles (divarications) II–IV are
1028 or less, whereas avian tracks are normally 110–
1208 (Lockley et al. 1992). However, Falk et al. (2011)
pointed out that average divarications for digits II–
IV are 1068 in modern shorebirds and 948 in wading
birds. These averages overlap with values derived
from some of the smaller Milanesia Beach specimens,
particularly the trackmaker of A8–10 (Table 1).
Nonetheless, without further anatomical evidence,
we can not definitely state that these or other tracks
were made by avian theropods, and instead will defer
to the more conservative conclusion that they belong
to non-avian theropods. If identified, avian tracks in
the Otway or Strezelecki Groups would constitute the
oldest known from Australia, and the only known
Early Cretaceous tracks in the Southern Hemisphere
(Falk 2011).

Further discrimination of tracks, as well as size
distinctions, was discerned through a multivariate
analysis of various track parameters, explained ear-
lier. Owing to the incomplete preservation of most
tracks, we did not perform a thorough multivariate
analysis of track parameters, such as that recom-
mended by Moratalla et al. (1988) and recently
performed by Romilio & Salisbury (2011). Instead,
the most reliable quantitative data were integrated
with non-metric information to identify the potential
tracemakers: specifically, whether these were ornitho-
pods or theropods.

Theropod tracks are generally distinguished from
those of ornithopods by their greater length vs width,
relatively narrow digits, digits ending with sharp
clawmarks, and lower divarication angles between
digits II and IV (Moratalla et al. 1988, Thulborn
1990, Lockley et al. 1992, Lockley 2009, Mateus &
Milàn 2010). With regard to the latter, digit II–IV
divarication angles for theropods range from 35
to 758, but most commonly are 50–608, whereas
ornithopod tracks normally have angles closer to 908
(Thulborn 1990, Mateus & Milàn 2010). Divarication
angles of digits II–IV of the Milanesia Beach tracks
are just below or overlap with the typical ornithopod
range, with a low of 728, a high of 1028 and a mean of
93.58. However, inferred coelurosaur tracks have
higher angles than those of most theropods and are
more similar to those of ornithopods and shorebirds
(Lockley 2009). Furthermore, although preserva-
tional conditions prevented accurate calculations of
digital widths in some specimens, the tracks that
could be measured for those parameters had narrow
middle digits (digit III), ranging from only 5–16% of
total track lengths. For example, specimen A2 (Fig.
4B) had a digit III width of 0.5 cm and 11.0 cm track
length; hence digit width was only about 4.5% of the
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total track length. All tracks with measureable
lengths and digit III widths exceeded a threshold
ratio of 4.0 for theropod tracks (Moratalla et al.
1988). Lastly, about 75% of the tracks (15 of 20)
had sharply defined clawmarks on one or more
digits, a trait associated with theropod tracemakers

(Moratalla et al. 1988, Thulborn 1990, Mateus &
Milàn 2010); even the two pairs of single-digit
impressions on Block A bore narrow clawmarks.
The only characteristics arguing against a theropod
origin for most tracks were relatively low track
length:width ratios, all of which were below a
threshold of 1.25 for theropods (sensu Moratalla
et al. 1988, Mateus & Milàn 2008), and thus more
characteristic of ornithopod tracks. This circum-
stance, however, can be attributed to: undertrack
preservation; incomplete preservation in proximal
and distal portions along tracks lengths; spreading of
digits II and IV that may have been caused by moist
sediments underfoot; or other such variables.
Furthermore, length:width ratios are also higher in
theropod tracks attributed to coelurosaurs (Lockley
2009), thus providing an additional exception to this
theropod threshold, and one that is more anatomi-
cally based. Consequently, nearly all tracks are linked
with theropod tracemakers, and most likely are
associated with coelurosaurs; the few indeterminate
specimens can not be ruled out as theropod tracks,
either (Table 1). Interestingly, this theropod dom-
inance is counter to a perception derived from body
fossils that the Victorian Early Cretaceous was
dominated by small ornithopods (Rich & Vickers-
Rich 2000, 2004, Rich et al. 2002).

Once multivariate analyses were applied to the
Milanesia Beach track assemblage, three groupings
emerged (Figs 4, 5). The most clearly defined of these
was a category that could be termed ‘small-sized
theropod’ tracks, whereas the other two overlapped
in sizes and mainly differed on the basis of digital
divarications. Nonetheless, the three categories could
be best summarized as: (1) small-sized theropods; (2)
medium-sized theropods; and (3) large-sized thero-
pods. Other than differences in dimensions, clarified
by the multivariate analysis, we could not detect any
obvious morphological differences between these
three categories.

Dinosaur footprint length has been used as a
proxy for hip height on the basis of proportional
formulas (Henderson 2003), although this method

Fig. 6. Small theropod trackway from Block A and diagnosis of
track forms. A, Overall trackway (A8–A10, circled and labelled),
showing rightward turn around two overlapping tracks (A11 and
A12). B, Corresponding photograph (left) and drawing (right) of
track A8. C, Photograph (left) and drawing (right) of Track A9. D,
Photograph (left) and drawing (right) of track A10. Drawings in B

through D are of pressure-release structures and other extramor-
phological features associated with the tracks, with inferred foot
morphology overlain as a grey silhouette, and arrows showing
inferred direction of movement by the tracemaker. Scale bar in all
photos¼ 5 cm; note that track A10 (D) is depicted at a slightly
smaller scale than A8 (B) and A9 (C).

3
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was disputed recently on the basis of a single species,
Coelophysis bauri (Bobo & Rainforth 2010). Despite
this objection, we applied Henderson’s (2003) stan-
dard value of 4.0 multiplied by footprint length for
both theropods and ornithopods, to calculate ap-
proximate hip heights for the Otway Group track-
makers. The results indicate that trackmakers may
have varied in hip heights from 26 to 59 cm (n¼ 19),
which collectively reflect an assemblage of relatively
small dinosaurs (Table 2). Applying these metrics to
the interpreted groupings, the theropod tracks
correspond to animals with hip heights of: 27–
30 cm; 39–48 cm; and 53–59 cm.

We can not currently determine whether the
different sizes of tracks represent two or more species
of theropods or indicate intraspecific variations in a
single species of trackmakers, such as those asso-
ciated with relative age and gender. Regardless, the
smallest tracks very likely represent a closely related
group of theropods, whether as a single species or a
similarly aged group within a species. However, we
also considered that different species of theropods
might have made similarly proportioned tracks.
Thus, the possibility of convergence must be con-
sidered. With these caveats in mind, however, the
most parsimonious explanation for these morpholo-
gically similar tracks falling into three categories,
while all occurring in the same limited area, is that
these represent ontogenetic and/or gender variations
of a single species. In this scenario, which is
necessarily conjectural, the smallest tracks belong to
juveniles of the same age, and the larger tracks may
be divisible by gender, although we can not say which
are ‘male’ or ‘female’.

As mentioned previously, the Otway Group is well
known for its dinosaur assemblage consisting mostly
of small, ‘hypsilophodontid’ grade (basal) ornitho-
pod dinosaurs, but also including some evidence of
theropods (Rich et al. 1988, 2002, Currie et al. 1996,
Rich & Vickers-Rich 2000, Benson et al. 2010).
Although the exact stratigraphic position of the
Milanesia Beach section within the Eumeralla For-
mation relative to other dinosaur-bearing sites is not
clear, the geographic proximity of Dinosaur Cove
(9 km to the southeast) implies that its dinosaur
diversity can be used as a guide to consider possible
tracemakers for the track assemblage. For example,
small ornithopods at Dinosaur Cove include Leaelly-
nasaura amicagraphica, Atlascopcosaurus loadsi and
Fulgurotherium sp. (Rich et al. 1988, 2002, Rich &
Vickers-Rich 1999, 2000). Thus, if ornithopod tracks
were present in the Milanesia Beach assemblage,
these feasibly could have been linked with the
preceding taxa, and the single ornithopod track

known previously from Knowledge Creek, found
only 2 km to the east (Rich & Vickers-Rich 2000).

Unfortunately, few adequate theropod body
fossils from Dinosaur Cove or elsewhere in the
Eumeralla Formation can be used to identify possible
tracemakers of these theropod tracks. For instance,
limb bones of the medium-sized theropod Timimus
(Rich & Vickers-Rich 1994), a surangular and
vertebra from an unnamed oviraptorsaurid (Currie
et al. 1996), a tyrannosauroid pubis (Benson et al.
2010) and a few isolated teeth are the only theropod
body fossils known from the Eumeralla Formation.
An adult Timimus would have been too large as the
tracemaker for the theropod tracks, given that the
maximum calculated hip height of the Milanesia
Beach theropod trackmakers was only about 60 cm,
corresponding to smaller limb bones. An unnamed
tyrannosauroid species from Dinosaur Cove (Benson
et al. 2010) likewise would have been too large to
form any of the theropod tracks; thus, this also is
eliminated as a probable tracemaker. If present,
tyrannosauroid or other large theropod tracks would
be more akin to those described from the Strzelecki
Group, which were about 35 cm long (Martin et al.
2007), more than twice the size of the largest
theropod track recorded from the Milanesia Beach
assemblage. As a result, the most likely candidates for
theropod tracemakers of the right size, based on
presently known body fossils, are the unnamed
oviraptorsaurid(s) from Dinosaur Cove (Currie
et al. 1996) and the ‘owners’ of two small, isolated
theropod teeth from Dinosaur Cove. Nonetheless, we
also acknowledge that all of the Milanesia Beach
theropod tracks might have been from adults of
unknown ornithomimosaurs or juveniles of a larger
unknown coelurosaur species, although this hypoth-
esis can not be tested with current body-fossil and
trace-fossil data.

Interpretation of tracemaker behaviours
Individual dinosaur behaviours other than locomo-
tion are difficult to deduce from the tracks. Of course,
in this sample, the small theropod trackway on Block
A (tracks A8–10, Fig. 6) is the best record of
sequential movement by any of the dinosaur trace-
makers, also indicating a right turn was made as it
walked. Hence, we attempted to determine its
approximate speed while moving. To interpret
dinosaur speed in this trackway, we used a formula
devised by Alexander (1976): v¼ 0.25 � g0.5 � SL1.67 � h–

1.17, where v is velocity, g is the gravitational constant,
SL is stride length, and h is hip height. Given
footprint and stride lengths (6.8 cm and 43.5 cm,
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respectively) and a calculated hip height of 27 cm, we
estimate the tracemaker was walking at about 0.9 m/
s. Another method for calculating dinosaur speed
from trackways (v¼ [gh(SL/1.8h)2.56]0.5), developed by
Thulborn (1990), results in a higher speed estimate
for the Milanesia Beach trackmaker of 1.4 m/s; the
average of the two calculations provided by each
method is 1.2 m/s. A minimum speed can also be
calculated for those larger dinosaurs that did not
have a track succeeded by another over a minimum
distance, as done by Lockley & Hunt (1994) with an
individual dinosaur track, purported to have been
made by a tyrannosaur. For example, using track A3,
with a footprint length of 13.0 cm and stride of
60 cm, it would have had a minimum estimated speed
of about 0.7 m/s, only slightly slower than the small
theropod. This sort of extrapolation, however, relies
on the assumption that we did not miss any shallowly
impressed tracks within that theropod’s line of travel.
Nevertheless, the small areas offered by both blocks
(Block A¼ 0.7 m2, Block B¼ 0.4 m2) probably
decrease the likelihood of such errors.

Because all of the dinosaur footprints on both
blocks are regarded as undertracks, the relative
timing of track placement other than those of the
two overlapping theropod tracks is rather challenging
to unravel. However, one way of figuring out the
formation time for each track might come from
discerning the relative moisture content associated
with individual tracks (sensu Jackson et al. 2010) with
the assumption of dehydration of an exposed flood-
plain over time. Similar observations of vertebrate
tracks on a modern fluvial point bar in Alaska (USA)
illustrated that decreasing moisture over time pro-
duced distinctive differences in track preservation,
especially given a sufficient presence of clay-sized
sediments and subaerial exposure to produce mud-
cracks (Martin 2009a).

Although comprising a relatively small data set,
preferred directions of dinosaur movement are
indicated on both blocks, in that track distributions
were statistically non-random. Tracks on Block A are
bi-directional within a relatively narrow zone,
whereas tracks on Block B are mostly uni-directional,
with a few exceptions on each block. This circum-
stance either suggests group behaviour, such as
multiple members of a single species moving together,
or indicates an outside influence on dinosaur
behaviour, such as geographical conditions (Ostrom
1972). For a modern analogue, Martin (2009a) noted
bi-directional trends of trackways on an Arctic fluvial
point bar, which was a function of local geographic
barriers restricting the movement of large vertebrates,
such as caribou (Rangifer tarandus) and grizzly bears

(Urso arctos). Whether the Early Cretaceous ther-
opods of Milanesia Beach were similarly influenced
by the surrounding landscape is currently unknown,
but such ecological factors should be kept in mind.

Given the sedimentological data and the circum-
polar setting of the track assemblage, some reason-
able inferences can be proposed concerning
seasonality and dinosaur group behaviour. The
dinosaur tracemakers probably trod upon emergent
surfaces during the same season (late spring or
summer) of a given year during the Early Cretaceous.
This would have happened once the floodplain
became exposed following early spring flooding,
and not while it was frozen during the winter (sensu
Martin 2009a). If so, juvenile theropods, produced
during early spring—and with rapid growth—could
have been accompanying adults, with each group
represented by the smaller and two larger groups of
theropod tracks, respectively. Others have proposed
that theropod tracks in an assemblage with similar
forms but differing size might represent juveniles and
adults of the same species (e.g., Grallator
isp.¼ juveniles and Eubrontes isp.¼ adults: Hamblin
& Bilbey 1999), thus this idea is not new. Of course,
the limited amount of data in our study presents
challenges for any further testing of this as a
hypothesis. Nonetheless, the Milanesia Beach tracks
provide a glimpse, however small, of information that
can supplement fragmentary body-fossil data, which
in turn can be used for better hypothesizing
behaviours, ecological niches and biotic interac-
tions—both intraspecific and interspecific—of polar
dinosaurs living in this area during the Albian.

Scientific importance
Dinosaur tracks have been long recognized as
important sources of palaeontological information,
whether in the absence or presence of dinosaur body
fossils (Ostrom 1972, Thulborn & Wade 1979, 1984,
Thulborn 1990, 1998, 2002, Lockley 1991, Thulborn
et al. 1994, Farlow & Chapman 1997, Schulp et al.
2008, Romilio & Salisbury 2011). In this instance, the
Milanesia Beach tracksite ably augments the body-
fossil record for dinosaurs in the Eumeralla Forma-
tion, and provides a glimpse of dinosaur diversity and
behaviour in an area where their bones are appar-
ently absent. For example, the nearest known site
containing abundant dinosaur body fossils is Dino-
saur Cove, about 9 km to the southeast (Rich &
Vickers-Rich 2000, Rich et al. 2002). The only
previously reported dinosaur track from the Eumer-
alla Formation comes from Knowledge Creek (Rich
& Vickers-Rich 2000), which is relatively closer to
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Milanesia Beach than Dinosaur Cove (only 2 km
east). As a result, these tracks now represent the
westernmost evidence of dinosaurs in the Eumeralla
Formation; the Milanesia Beach tracksite thus fills a
gap in the palaeobiogeographic distribution of
Albian theropods and other dinosaurs in Victoria.

However modest this newly discovered tracksite
might seem compared with others in the world,
Milanesia Beach is to date the most ichnologically
significant for polar dinosaurs in Australia and the
remainder of the Southern Hemisphere. It thus joins
a short list of other important polar-dinosaur
tracksites known in the world, most of which are in
the Northern Hemisphere, such as in Svalbard,
Norway and Alaska, USA (Lapparent 1960, Fiorillo
& Parrish 2004, Hurum et al. 2006, Fiorillo 2006,
Brease et al. 2009). On a more regional scale, it
qualifies as the first scientifically noteworthy dinosaur
tracksite known in Victoria. Granted, this site is not
yet comparable in quantity and quality of dinosaur
tracks yielded from several other Cretaceous dino-
saur tracksites in Australia, such as those in Queens-
land and Western Australia (Thulborn & Wade 1979,
1984, Thulborn et al. 1994, Thulborn 2002, Romilio
& Salisbury 2011), but it is a good start.

In May–June 2010, two of us (Martin and Rich)
conducted an exhaustive ichnological survey of
Strzelecki and Otway group outcrops, in which we
looked for invertebrate and vertebrate trace fossils,
including dinosaur tracks. From this survey, Milane-
sia Beach was the only site in which we detected any
previously undiscovered tracks. Consequently, this
exception also draws attention to an apparent norm,
which is a rarity of dinosaur tracks in Early
Cretaceous strata of Victoria. These strata are further
distinguished from other Early Cretaceous rocks in
Australia by their formation in formerly polar
environments (Rich & Vickers-Rich 2000, Rich
et al. 2002). Hence, the overall dearth of dinosaur
tracks may be related to preservational conditions
associated with the polar environments themselves,
combined with dinosaurian interactions with these
environments. For example, dinosaur behaviours
may have been restricted to seasonal activity,
increased during spring–summer months and reduced
during other parts of the year (Martin 2009a).
Preservation of tracks in sediments also may have
been seasonal, as river flooding would have rendered
floodplain and channel surfaces unusable by most
vertebrate tracemakers. For example, a study of
modern vertebrate tracemakers in polar fluvial
environments, at about 708N (Colville River, Alaska)
demonstrated that vertebrate tracks were most
abundantly formed in the summer, when point-bar

surfaces became emergent and thus more available as
ecospaces for trackmakers (caribou, grizzly bears and
birds) passing through the area (Martin 2009a).
Torrential discharge associated with seasonal runoff
in Strzelecki and Otway basin depositional environ-
ments (Bryan et al. 1997, Tosolini et al. 1999, Miller
et al. 2002) also may have erased surfaces that
previously held dinosaur tracks and other vertebrate
traces.

Unfortunately, additional strata containing dino-
saur tracks at Milanesia Beach are not yet exposed
sufficiently to provide more examples and further
insights on dinosaur behaviours in their formerly
polar environments. Based on our current small
sample, we can only state definitively that dino-
saurs—in this instance, theropods—were walking
about on a river floodplain, and probably during a
given polar spring or summer. Directionality of
dinosaur movement indicated by track assemblages
on both blocks may have been influenced by the local
landscape; nevertheless, this can not be supported
categorically without more evidence. Thus, the results
of our study contribute further to continuing discus-
sions of polar dinosaurs and their adaptations to
wintertime conditions, whether through hibernation
(Rich et al. 1988, Chinsamy et al. 1998, Martin
2009b), migration (Parrish et al. 1987, Currie 1989) or
year-round activity (Rich et al. 1988, Fiorillo &
Gangloff 2001, Bell & Snively 2008, Fanti &
Miyashita 2009). This discovery also bodes well for
finding more tracks at Milanesia Beach and in similar
floodplain facies of the Otway Group, eventually
leading to a clearer understanding of dinosaur
presence and behaviours in these formerly polar
environments of Australia.

Summary

. Newly discovered dinosaur tracks from the
Eumeralla Formation (Otway Group, Albian) at
Milanesia Beach, Victoria (Australia), preserved
on two slabs of sandstone, represent the most
significant dinosaur tracksite to date from this
region of Australia, and extend the range of Early
Cretaceous dinosaurs in Victoria.

. The track assemblage is also the most important
assemblage of polar dinosaur tracks known thus
far in the Southern Hemisphere, including the first
known dinosaur trackway from Victoria, consist-
ing of three consecutive tracks made by a small
theropod.

. Based on sizes and forms, the tracks indicate three
differently sized theropods, all of which were
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relatively small, with calculated hip heights of
about 25–60 cm. Some of the smaller theropods
may have been juveniles of the larger track-
makers, although we lack definitive evidence
linking these other than their co-occurrence in
the limited areas represented by the examined
slabs and probable close timing, the latter related
to seasonal factors.

. Physical and biogenic sedimentary structures, as
well as the circumpolar palaeogeographic setting
of the area, suggest that tracks were formed
within a short time span, possibly during a polar
summer by dinosaurs walking on an emergent
fluvial floodplain. Preferred orientations of tracks
may also indicate group behaviours or a nearby
geographic barrier that influenced dinosaur move-
ment.

. Little palaeoecological information can be
gleaned from the small sample of tracks (n¼ 24)
and total surface area (1.1 m2) of the blocks
examined in this study. Nonetheless, the track
assemblage provides new insights on dinosaur
presence and their interactions from their envir-
onments not provided by skeletal material in this
part of the Otway Group.
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