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ABSTRACT: Moderately diverse trace fossil assemblages occur in the Eocene Tambak Member of the Tanjung
Formation, in the Asem Asem Basin on the southern coast of South Kalimantan. These assemblages are funda-
mental for establishing depositional models and paleoecological reconstructions for southern Kalimantan during
the Eocene and contribute substantially to the otherwise poorly documented fossil record of birds in Island
Southeast Asia. Extensive forest cover has precluded previous ichnological analyses in the study area. The traces
discussed herein were discovered in newly exposed outcrops in the basal part of the Wahana Baratama coal mine,
on the Kalimantan coast of the Java Sea.

The Tambak assemblage includes both vertebrate and invertebrate trace fossils. Invertebrate traces observed in this
study include Arenicolites, Cylindrichnus, Diplocraterion, Palaeophycus, Planolites, Psilonichnus, Siphonichnus, Skolithos,
Thalassinoides, Taenidium, and Trichichnus. Vertebrate-derived trace fossils include nine avian footprint ichnogenera
(Aquatilavipes, Archaeornithipus, Ardeipeda, Aviadactyla, cf. Avipeda, cf. Fuscinapeda, cf. Ludicharadripodiscus, and two
unnamed forms). A variety of shallow, circular to cylindrical pits and horizontal, singular to paired horizontal grooves
preserved in concave epirelief are interpreted as avian feeding and foraging traces. These traces likely represent the
activities of small to medium-sized shorebirds and waterbirds like those of living sandpipers, plovers, cranes, egrets,
and herons. The pits and grooves are interpreted as foraging traces and occur interspersed with both avian trackways
and invertebrate traces.

The trace fossils occur preferentially in heterolithic successions with lenticular to flaser bedding, herringbone
ripple stratification, and common reactivation surfaces, indicating that the study interval was deposited in a tid-
ally influenced setting. Avian trackways, desiccation cracks, and common rooting indicate that the succession was
prone to both subaqueous inundation and periodic subaerial exposure. We infer that the Tambak mixed verte-
brate-invertebrate trace fossil association occurred on channel-margin intertidal flats in a tide-influenced estua-
rine setting. The occurrence of a moderately diverse avian footprint and foraging trace assemblage in the
Tambak Member of the Tanjung Formation illustrates that shorebirds and waterbirds have been using wetlands
in what is now Kalimantan for their food resources since at least the late Eocene.

INTRODUCTION

Extant avian faunas of Island Southeast Asia have long been recognized

as extraordinarily rich and diverse, with high levels of endemism and

unique biogeographic patterns (Wallace 1863, 1869a, 1869b; Stattersfield

et al. 1998; Jones et al. 2001, 2003; Ding et al. 2006; Cartensen and Ole-

sen 2009; Meijer 2014). These faunas formed the basis for Wallace’s orig-
inal theories linking faunal distribution with the geological history of

Indonesia (Wallace 1859, 1863). Although Wallace’s later work bolstered

these theories with data from other taxonomic groups, birds remained inte-

gral to his theories that the distribution of modern animals in Island South-

east Asia reflects the underlying geological history of the region (Wallace

1876, 1877, 1881; Satyana 1995b; Clode and O’Brien 2001). Although

modern bird faunas are well known in Island Southeast Asia (e.g.,

Smythies 1960; Myers 2009; Phillipps 2012), the paleontology of avian

faunas in this area remains poorly known (Meijer 2014). Avian body fos-

sils are known from only seven sites and trace fossils from a single site

(Lambrecht 1931; Weesie 1982; Wetmore 1940; Reis and Garong 2001;

Stimpson 2009, 2012; Zaim et al. 2011; Zonneveld et al. 2011, 2012;

Meijer 2014). Most of these fossils are Pleistocene to Holocene (Meijer

2014) with a single record of avian footprints from the Eocene Sawahlunto

Formation in West Sumatra (Zaim et al. 2011; Zonneveld et al. 2011,

2012; Meijer 2014) and a single pelecaniform skeleton from the Eocene of

Sumatra (Rich et al. 1986; Meijer 2014).

Recent fieldwork in the Eocene Tambak Member of the Tanjung Forma-

tion in the Asem Asem Basin in southern Kalimantan (Fig. 1) resulted in

the discovery of a diverse and abundant avian ichnofauna. Bird tracks

from the Tambak Member include a variety of anisodactyl tracks that

occur in association with a diverse assemblage of invertebrate traces as

well as numerous markings interpreted as foraging and feeding traces.
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This contribution describes and interprets these traces and discusses their

importance. These traces provide insight into bird evolution in Island

Southeast Asia and illustrate that shorebirds and waterbirds have been uti-

lizing food resources in Kalimantan wetlands since at least the Eocene.

STUDY AREA

The study area is near the town of Satui, South Kalimantan, Indonesia,

near the north shore of the Java Sea and west of the Makassar Strait (Fig.

1A). We focus on trace fossil assemblages that occur within Eocene strata

of the Tanjung Formation. As with much of Kalimantan, tropical vegeta-

tion and weathering limits exposure of significant natural outcrop, and

thus quarries, road cuts, and coal mines provide the best exposure to most

sedimentary units. Outcrops observed in this study occur within the “super
pit” of the Wahana Baratama Mine, a large open-cast coal mine

approximately 85 kilometers east-southeast of the regional capital of Ban-

jarmasin in Satui Regency.

GEOLOGICAL SETTING

The study area is located on the northern margin of the Asem Asem

Basin, a narrow, northeast-trending Cenozoic basin on the southern coast

of the province of South Kalimantan (Fig. 1A). The Asem Asem Basin is

bounded to the northwest by the Meratus Mountains and to the east and

southeast by the Paternoster Platform (van de Weerd and Armin 1992).

The Meratus complex was initially formed during the Cretaceous as a

result of a collision between two small continental blocks, although the

nature of this collision remains poorly understood (Satyana 1995; Pubel-

lier et al. 1999; Satyana and Armandita 2008). Similarities in Eocene and

Oligocene stratigraphy between the Barito and Asem Asem basins suggest
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FIG. 1.—Location of the study area. A) Map showing the location of the study area on the coast of South Kalimantan and the locations of the Barito Basin, Asem Asem

Basin and the Meratus accretionary complex. Inset map shows the location of the Wahana Mine area on the boundary between the Tanah Laut and Tanah Bumbu districts.
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in the study area.
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that the two basins formed from one larger basin that was separated in the

Miocene by the final stage of uplift of the Meratus Mountains (Heryanto

and Panggabean 2004; Mason et al. 1993; Hall 2012; Witts et al. 2012a,

2012b). The larger, older basin has been termed the ‘proto-Barito’ Basin
(Witts et al. 2012a, 2012b). Pre ‘proto-Barito’ lithologies consist of Creta-
ceous sedimentary strata (Bon et al. 1996). Uplift and separation of the

Barito and Asem Asem Basin resulted in a pronounced depositional dip to

the south (Fig. 1B).

The middle Eocene to early Oligocene Tanjung Formation, recently

subdivided into three lithostratigraphic members (Fig. 2), dominates the

‘proto-Barito’ basin fill (Witts et al. 2012b). Sediments of the basal Man-

gkook Member rest unconformably upon a pre-Eocene erosional surface

(Satyana 1995b; Heryanto and Panggabean 2011; Witts et al. 2012b; Kris-

tyarin et al. 2016). However, this interval is not exposed in the Wahana

Mine, likely due to its dominantly coarse clastic composition and low pro-

portion of coal.

The Mangkook Member is overlain by the Tambak Member (Fig. 2).

The Tambak Member is overall finer grained than the Mangkook Member,

has thicker, more abundant coals, and consists of intercalated coal beds,

mudstone successions, and siltstone to very fine-grained sandstone beds

with rare coarser units. The Pagat Member conformably overlies the Tam-

bak Member (Zonneveld et al. in press A; Fig. 2). Within the study area,

the Tambak Member comprises a mixed fluvial-marginal marine succes-

sion, whereas the Pagat Member is dominated by shallow marine and

proximal offshore successions (Zonneveld et al. in press A). In the Barito

Basin (sensu stricto) biostratigraphic data (based on palynomorphs and

foraminifera) illustrates that the Mangkook Member correlates to the mid-

dle to upper Eocene, the Tambak Member to the late Eocene and the Pagat

Member to the late Eocene to Early Oligocene (Witts et al. 2012b; Kris-

tyarin et al. 2016). In the Asem Asem Basin study area the Mangkook

Member is not exposed and the Tambak Member has not yet been dated.

The Pagat Member has been dated using Larger Benthic Foraminifera as

late Eocene, with the uppermost beds presumed to be Early Oligocene

(Zonneveld et al. in press A).

Within the study area, Paleogene and Neogene strata dip gently to the

southeast (Fig. 1B). The lowest sediments exposed at the Wahana Mine

are included within the Tambak Member (sensu Witts et al. 2012b). The

study interval occurs within this unit (Fig. 2). The Hanaman super pit in

the Wahana Baratama coal mine is ~ 4.5 km in length, 1.5 km in width,

and ~ 150 m in depth. A total of 21 coal seams and sub-seams have been

identified. The study interval occurs between seams S6 and SM-1 (Fig. 3),

which occurs midway through the section exposed in the mine. The bird

tracks occur on heterolithic beds just below the S7 coal, which is one of

the primary mining targets at Wahana.

TERMINOLOGY

Most birds are digitigrade, with two or three toes pointing forward and

one or two toes pointing backward (Fig. 4A). Bird legs are derived in that

the proximals are fused with the tibia to form the tibiotarsus, and the distal

and proximal metatarsals are fused to form the tarsometatarsus (Fig. 4A),

which forms a third component to the leg (Proctor and Lynch 1993; Fig.

4A). Individual footprints may preserve only the distal portions of the

pedal phalanges, or they may include the metatarsal pad where the phalan-

ges meet (Fig. 4A). All avian footprints identified in the study area are ani-

sodactyl. In the anisodactyl arrangement, digits II, III and IV (digit III in

the center) are oriented forwards and digit I (the hallux) is oriented back-

wards (Fig. 4B–4D). Anisodactyl footprints may have all four digits on the

same plane (sometimes called tetradactyl; Fig. 4B) or have a raised hallux

that did not touch the substrate (referred to as incumbent anisodactyl or

tridactyl; Fig. 4C). Incumbent anisodactyl tracks may preserve a distinct

central metatarsal pad or may preserve only the distal portions of digits II

through IV. A few footprints identified in the study area comprised semi-

palmate anisodactyl footprints, with partial webbing between the three

front toes (Fig. 4D).

Avian “tracks” refer to individual footprints, whereas “trackways” or

“series” refer to two or more associated, typically sequential footprints. We

use the words “mark” and “trace” in the broader, non-genetic sense (sensu

Zonneveld et al. 2022). These terms become constrained when modifying

phrases are added to them (e.g., claw mark, scratch mark, trace fossil,

etc.). We most commonly use “trace” to denote a complete biogenic fea-

ture, whereas “mark” or “marking” denotes a component of a biogenic fea-

ture, such as a claw mark at the end of an avian footprint or a beak mark

emplaced adjacent to a trackway.

METHODS

The stratigraphic succession in the study area has been measured by PT

Wahana Baratama Mining personnel through analyses of core and sections
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exposed during mining operations. In addition, the entire Eocene succes-

sion exposed in the Wahana mine was assessed on the outcrop and a new

composite section is presented here (Fig. 3). The interval with the bird

footprints was measured at bed-scale detail and assessed for lateral lithofa-

cies variability. The grain type, grain size, sorting, and the nature of physi-

cal and biogenic sedimentary structures were described, and samples

obtained for further description and analyses. The thicknesses and contact

types of all beds and laminae were assessed and traced over the full extent

possible within the area of outcrop exposure. In all bioturbated beds, trace

fossil assemblages were assessed for likely taxonomic identity, diversity,

density, trace fossil completeness, and tiering relationships (Table 1). The

identity of complex, three-dimensional invertebrate traces was ascertained

by observing their exposed surfaces, followed by excavation with rock and

chisel to assess their configuration within the outcrop. Although this

resulted in destruction of the traces, we deemed this an acceptable method

as the blocks were uncollectable and the study site was destined for

destruction shortly after our work was completed.

Individual footprints are identified by the slab on which they occur

(WAH01 through WAH06), the numbered trackway in which they occur

(e.g., WAH01-01), the limb side with which the bird left the print (e.g.,

WAH01-01-L or R) and finally by the absolute placement of the foot-

print in the trackway (e.g., WAH01-01-L01; WAH01-01-R02). We

chose not to number the sides in their own sequences since in several

cases ‘stutter steps’ were observed, wherein the bird emplaced the same

side twice in sequence. In other cases, a footprint in a series was absent

due to overprinting by another trackway or damaged due to invertebrate

bioturbation.

The maximum dimensions of each avian footprint, individual digit

lengths, angles of divarication between preserved digits and, where mea-

surable, pace length are provided (Tables 2, 3). Maximum footprint width

and length (Fig. 4E, 4F) are provided for all complete footprints. Digit

length was measured from the center of the metatarsal pad to the distal tip

of the digit (Fig. 4E). Divarication angles are provided for the digits II–III,

III–IV, and II–IV (Fig. 4F).
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Pace length was estimated by measuring the distance between the meta-

tarsal pad centers in adjacent footprints and is reported for the foremost foot-

print of the pair (Fig. 4G, Tables 2, 3). Other landmarks (such as the front or

back of the metatarsal pad or the tip of digit III) were deemed unreliable

because these points were often ambiguous or obscured due to drag marks

or slippage on a wet substrate. Where the center of the metatarsal pad could

not be assessed, an equivalent point was selected from adjacent footprints to

use as a landmark (e.g., toe tip to toe tip). Stride length was estimated by

measuring two identical landmarks (preferentially the metatarsal pad) on

two sequential footprints on the same side (Fig. 4G).

Purported foraging marks were measured, sketched and photographed

in the field. Where possible, samples were observed, both in bedding plane

aspect as well as in cross-sectional view on the edge of slabs. In several

cases these traces occurred on fissile shale or siltstone beds and the traces

TABLE 1.—Defining characteristics of invertebrate traces, avian footprint taxa and purported foraging traces identified in this study.

Invertebrate Ichnotaxon Description of Tambak traces Interpretation

Arenicolites Simple U-shaped tube without spreiten, tubes 1–4 mm in diameter,

9–22 mm deep.

Dwelling trace of a suspension-feeding polychaete or

process-feeding amphipod.

Cylindrichnus Elongate cone-shaped trace with concentric fill around a central core,

2–8 mm in diameter, 16–48 mm deep.

Dwelling trace of a suspension-feeding polychaete.

Diplocraterion U-shaped tube with spreiten, tubes 2–8 mm in diameter, 8 to 43 mm deep Dwelling trace of a suspension-feeding polychaete.

Palaeophycus Unbranched, lined, cylindrical tubes, 3–12 mm in diameter. Dwelling trace of a carnivorous polychaete.

Planolites Unlined, unbranched, cylindrical tubes, 2–6 mm in diameter. Trace of an infaunal deposit feeding worm

Psilonichnus Cylindrical, commonly branching burrows with 1–3 openings, J and

Y-shaped forms common, 25–50 mm in diameter, traces penetrate

15–42 mm deep.

Dwelling trace of brachyuran crustacean.

Siphonichnus Vertical, unlined burrow, meniscate laminae, commonly in both concave and

convex-downward orientations, laminae may be penetrated by a tube,

15 to 30 mm wide,140 to 280 mm long

Dwelling trace of an infaunal bivalve

Skolithos Unlined to thinly lined, straight, vertical tubes, 2–6 mm in diameter,

10–40 mm deep

Dwelling trace of a wide range of invertebrates

Taenidium Sinuous, unlined, horizontal, non-branching burrows with mildly arcuate

meniscate backfill, 1.5 to 3 mm wide, ,20–.60 mm long.

Deposit feeding trace of polychaetes or arthropod larvae

Thalassinoides Complex three-dimensional branching network of cylindrical horizontal

tubes connected to vertical shafts, 10–20 mm wide, 200–800 mm deep.

Dwelling trace of decapod crustaceans

Trichichnus Thread-like cylindrical trace, primarily vertical, slightly sinuous,

,0.5 mm in diameter, up to 20 mm long.

Combined feeding/dwelling trace of deposit feeding

invertebrate/bacterial filaments

Footprint Ichnotaxon Description of Tambak traces Key references

Aquatilavipes group A Incumbent anisodactyl, digit II–IV divarication . 100°, digit III longer than
IV which is longer than II, digits II and III straight, angular ‘heel’

Azuma et al. (2002); Currie (1981); Fiorillo et al. (2011);

Lockley et al. (2015)

Aquatilavipes group B Incumbent anisodactyl, digit II–IV divarication . 100°, digit III longer than
IV which is longer than II, digits II and III arcuate, curved ‘heel’

Zonneveld et al. (2011)

Archaeornithipus Simple anisodactyl, (tetradactyl), slender toes, digit II–IV divarication

, 150°, digit III longer than digits II and IV, digit I present but very short

Fuentes Vidarte (1996)

Ardeipeda Simple anisodactyl, (tetradactyl), digit II–IV divarication , 140°, digit II–III
and III–IV divarication similar, digit I shortest

Panin and Avram (1962) Sarjeant and Langston (1994)

Kessler (1995); Lockley et al. (2007)

Aviadactyla Incumbent anisodactyl, digit II–IV divarication . 95°, digits converge but
do not connect, metatarsal pad impression not preserved

Sarjeant and Langston (1994); Sarjeant and Reynolds,

2001

cf. Avipeda, Incumbent anisodactyl, digit II–IV divarication , 100°, digit III
,25% longer than digits II and IV

Sarjeant and Langston (1994); McCrea and Sarjeant

(2001); Abbassi et al. (2015)

cf. Fuscinapeda Incumbent anisodactyl, pronounced metatarsal pad, digit II–IV divarication

, 120°, digit III longest, digits II and IV ~ equal

Sarjeant and Langston (1994); McCrea and Sarjeant

(2001); Krapovickas et al. (2009)

cf. Ludicharadripodiscus Simple anisodactyl-semipalmate, digit II–IV divarication , 110–135°, short
hallux, partial webbing between digits II and III and between III and IV.

Ellenberger (1980); McCrea and Sarjeant (2001)

Unnamed form A Simple anisodactyl, digit II–IV divarication ~40°, digits converge but do not

connect, metatarsal pad impression not preserved, digit III longest, digit

I shortest

-

Unnamed form B Incumbent anisodactyl semipalmate, divarication ~120°, hallux absent,

pronounced metatarsal pad, partial webbing between digits II and III and

between III and IV.

-

Inferred foraging traces Description of Tambak traces Interpretation

Type I Circular to ovoid pits and divots, 2–10 mm in diameter and 1–8 mm deep,

some circular forms are similar to the ichnotaxon Conichnus but have

pointier terminae

Peck marks or probe marks

Type II V-shaped gouges, usually with a deeper end and a shallower end,

symmetrical and V-shaped in cross-sectional profile

Peck marks or appendage scratch marks

Type IIIA Single groove, 1–2 mm deep, 1–7 mm wide Sweep mark

Type IIIB Paired grooves, 1–2 mm deep, 1–2 mm wide Sweep mark

Type IV Strongly dimpled bedding plane Peck marks
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TABLE 2.—Measurements of footprints on slab WAH01.

Print ID

Print width

(mm)

Print length

(mm)

Digit I

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (cm)

Divarication

II–III

Divarication

III–IV

Total

divarication

1-1-R1 56 41 - 27 30 271 138 53° 85° 138°
1-1-L1 50 34 - 24 28 23 126 63° 78° 151°
1-1-R2 55 41 - 29 31 23 140 50° 81° 131°
1-1-L2 - - - 18 28 - 112 - 70° -

1-1-R3 55 40 - 20 31 20 134 49° 84° 133°
1-1-L3 55 39 - 23 29 25 130 72° 65° 137°
1-1-R4 - - - - - - 115 - - -

1-1-L4 53 35 - 16 28 24 112 73° 57° 130°
1-1-R5 52 44 - 26 40 22 115 74° 46° 130°
1-1-L5 46 41 - 24 35 18 120 55° 52° 107°
1-1-R6 52 - - - - - 130 - - -

1-1-L6 59 - - - - - 125 - - -

1-1-R7 - - - 16 25 - - - - -

1-2-L-1 29 25 9 12 9 9 50 102° 55° 157°
1-2-R-2 29 30 8 12 13 9 52 52° 73° 125°
1-2-L-3 35 28 7 10 11 10 43 92° 66° 158°
1-2-R-4 31 31 6 13 15 11 50 68° 106° 174°
1-2-L-5 32 36 7 15 19 13 70° 76° 146°
1-2-R-6 22 - 9 10 - 8 - -

1-2-L-6 36 35 10 16 15 13 55 62° 72° 134°
1-2-R-7 36 34 9 12 19 15 59 83° 53° 136°
1-2-L-8 29 31 5 10 19 13 40 76° 53° 129°
1-2-R-9 32 33 9 13 20 14 59 64° 58° 122°
1-2-L-10 36 32 4 15 18 15 71 51° 72° 123°
1-2-R-11 34 32 8 17 17 9 120 67° 61° 128°
1-2-R-12 31 31 4 14 17 11 77 75° 57° 132°
1-2-L13 29 22 8 11 11 14 50 80° 74° 154°
1-2-R14 34 34 9 17 17 17 63 52° 83° 135°
1-2-L15 35 24 4 14 13 13 - 80° 67° 147°
1-3-R1 32 34 - 18 34 23 75 61° 50° 111°
1-3-L1 31 36 - 19 36 21 84 81° 46° 127°
1-3-R2 29 35 - 17 35 19 87 55° 65° 120°
1-3-L2 36 - - 20 - 20 145 73° 57° 130°
1-3-R3 36 31 - 20 - 17 64 54° 90° 144°
1-3-L3 28 - - 20 - 20 18 60° 39° 99°
1-3-R4 35 - - 18 - 20 77 66° 61° 127°
1-3-L4 - 28 - - 20 19 54 76° 66° 142°
1-3-R5 - 28 - - 18 21 78 44° 54° 98°
1-3-L5 35 - - 19 - 22 80 81° 44° 125°

- 23 - - 18 21 91 38° 62° 100°
1-3-L6 32 - - 19 - 23 11 86° 38° 124°
1-3-R7 - - - 21 - - - 48° - -

1-4-L-1 25 17 - 14 8 8 78 59° 67° 126°
1-4-R-2 24 20 - 10 17 8 60 70° 56° 126°
1-4-L3 26 25 - 14 20 9 85 69° 56° 125°
1-4-R4 23 - - 10 5 9 64 59° 63° 122°
1-4-L5 26 17 - 12 13 10 70 62° 62° 124°
1-4-R6 24 13 - 9 10 12 62 74° 54° 128°
1-4-L7 21 21 - 10 15 10 56 55° 59° 114°
1-4-L8 - - - - 6 11 88 61° - -

1-4-R9 19 29 - 12 13 15 66 68° 54° 122°
1-4-L10 - - - 11 - - 65 - - -

1-4-L11 - 25 - - 19 10 71 - 56° -

1-4-R-12 28 11 - 11 5 13 68 77° 58° 135°
1-4-L-13 27 14 - 13 13 9 85 83° 61° 144°
1-4-R-14 29 12 - 9 9 14 80 76° 47° 123°
1-4-L-15 31 18 - 13 14 16 70 82° 67° 149°
1-4-R-16 - - - 15 16 11 68 78° 47° 125°
1-4-L-17 28 - - 16 - 13 - - - 135°
1-5-R1 22 17 - - 14 12 56 66° 60° 126°
1-5-L1 24 14 - - 13 11 42 65° 71° 136°
1-5-R2 19 12 - - 12 14 52 60° 64° 124°
1-5-L2 23 19 - - 19 16 39 57° 53° 110°
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were examined by carefully separating laminae and measuring the observ-

able dimensions on each piece. In this way the dimensions of these traces

and their absolute depth into the substrate could be ascertained.

Figures and tables in this manuscript refer to tracks associated with

each of these slabs. Although avian track horizons were observed to

be laterally extensive at Wahana Baratama Mine, the tracks studied

herein are associated with six main slabs (WAH01-06) that were

selected due to preservation and safe accessibility (e.g., several track-

ways observed in actively worked parts of the mine could not be safely

accessed). Isolated footprints (i.e., those not clearly associated with a

series or trackway) are identified by the slab they are on and the identi-

fier X (e.g., WAH01-X).

Tracks, trackways, and associated foraging trace fossils and inverte-

brate trace fossils were photographed and sketched in the field. All

original, unaltered digital images obtained in this study (both figured and

not figured) have been incorporated into the University of Alberta Ich-

nology collections. Lithology samples, some of which preserve tracks

and partial trackways were collected and incorporated into the University

of Alberta Ichnology collections. The larger trackways could not be col-

lected due to logistical constraints in a remote field site. Several slabs

that could be moved were placed in front of the PT Wahana Baratama

Mining field office, where they currently remain. Trace fossils attributed

to fossil birds and their foraging and feeding behavior were compared

with material that has been observed, cast, and photographed on inter-

tidal flats and lake margins: Craig Bay, Vancouver Island, Canada; Fras-

ier River Delta, Canada; Wahana Beach, Kalimantan, Indonesia; Lake

Manyara, Tanzania; Antelope Island, Great Salt Lake, Utah and Hartney

Bay, Alaska (Zonneveld et al. in press B).

TABLE 2. Continued.

Print ID

Print width

(mm)

Print length

(mm)

Digit I

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (cm)

Divarication

II–III

Divarication

III–IV

Total

divarication

1-5-R3 30 18 - - 18 15 53 72° 55° 127°
1-5-L3 31 17 - - 15 15 - 73° 58° 131°
1-6-R1 2.7 - - 18 18 11 96 84° 73° 157°
1-6-L1 2.3 2.9 9 12 20 11 79 72° 72° 144°
1-6-R2 2.8 3.0 13 16 19 12 50 91° 68° 159°
1-6-L2 2.8 2.6 9 14 17 14 - 62° 77° 139°
1-7-R2 20 21 - 23 18 21 48 24° 25° 49°
1-7-L2 29 15 - 16 16 18 47 - - -

1-7-L3 18 25 - 26 19 21 67 19° 19° 38°
1-7-R3 15 19 - 18 - 18 59 - - 47°
1-7-L4 20 19 - 14 17 12 42 - - -

1-7-R4 28 26 - 25 23 25 - 29° 29° 58°
1-x-i 18 15 - 11 13 13 - 46° 40° 86°
1-x-ii 27 22 - 12 17 15 - 67° 34° 101°
1-x-iii 28 13 - 11 7 10 - 60° 64° 124°
1-x-iv 31 22 - 14 19 13 - 63° 57° 120°
1-x-v 32 20 - 13 16 16 - 69° 65° 134°
1-x-vi 33 23 - 17 20 17 - 58° 55° 113°
1-x-vii 30 22 - 16 21 17 - 61° 59° 120°
1-x-viii 28 20 - 11 17 15 - 56° 64° 120°
1-x-ix 30 24 - 15 20 14 - 55° 81° 136°
1-x-x 34 33 14 20 18 14 - 108° 81° 190°
1-x-xi 15 48 11 21 38 21 - 21° 18° 39°

TABLE 3.—Measurements of footprints on slab WAH02.

Print ID

Print

width (mm)

Track

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (cm)

Divarication

II–III

Divarication

III–IV

Total

divarication (II–IV)

2-x-i - 22 - 21 19 - 66° 59° 125°
2-1-L1 31 22 13 21 14 6.4 71° 61° 133°
2-1-R1 31 21 16 19 15 6.1 59° 72° 132°
2-1-L2 33 21 13 18 21 2.8 82° 53° 136°
2-1-R2 32 22 17 21 16 6.2 64° 72° 136°
2-1-L3 32 24 17 19 16 6.1 73° 72° 146°
2-1-R3 33 26 17 19 14 6.8 51° 81° 132°
2-1-L4 35 27 18 22 15 6.6 75° 60° 136°
2-1-R4 29 31 13 25 14 7.6 58° 70° 128°
2-1-L5 36 33 18 27 15 - 75° 54° 129°
2-2-L1 67 46 26 37 26 13.2 62° 65° 127°
2-2-R1 62 46 31 39 21 13.5 58° 84° 142°
2-2-L2 65 40 26 38 32 13.0 70° 64° 134°
2-2-R2 58 46 26 36 28 14.1 51° 78° 129°
2-2-L3 55 44 32 32 33 - 65° 69° 134°
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RESULTS

Numerous invertebrate traces occur in association with the avian foot-

prints and trackways. The invertebrate traces were described and identified

to ichnogenus level (Table 1). These include Arenicolites, Cylindrichnus,

Diplocraterion, Palaeophycus, Planolites, Psilonichnus, Siphonichnus,

Skolithos, Taenidium, Thalassinoides, and Trichichnus. Root traces, com-

monly with carbonized cores, are also common on most rock slabs ana-

lyzed in this study, and poorly preserved leaf compressions, under separate

study, are common in some associated fine-grained strata.

Avian ichnotaxa includes seven named ichnotaxa and two undescribed

forms. These include Aquatilavipes, Archaeornithipus, Ardeipeda, Avia-

dactyla, cf. Avipeda, cf. Fuscinapeda, cf. Ludicharadipodiscus, a narrow

heron-like print, and an anisodactyl, semipalmate print. Descriptions of

these traces are provided (Table 1) and their diagnostic parameters (size,

divarication, etc.) are also provided (Tables 2–6). A number of other bio-

genic features occur on trackway slabs and are closely associated with the

tracks themselves. These are discussed below.

The avian trace fossils discussed herein were observed in an approxi-

mately meter-thick bed that occurs 65 meters above the base of the section.

The bird track interval occurs in a siltstone to very fine-grained sandstone-

dominated unit (63.3 to 67.7 m; Fig. 3) bound by intercalated coal and car-

bonaceous mudstone. This unit consists of fine-grained sandstone at its

base and is intercalated with very fine-grained sandstone and siltstone in

its upper half (Figs. 3, 5).

A sharp, erosional contact at 63.3 meters heralds an abrupt shift from

low-grade coal and carbonaceous mudstone with numerous pedogenic

slickensides to well-sorted, massive to cross-stratified fine-grained sand-

stone (Figs. 3, 5). This grades into a thin (55 cm) interval of heterolithic,

intercalated, lenticular to wavy-bedded siltstone/silty mudstone and very

fine-grained sandstone (Fig. 6A). Bidirectional ripples (herringbone cross

lamination) and reactivation surfaces are common in fine-grained and very

fine-grained sandstone beds. Load-casting is at the contact between silty

mudstone/siltstone and overlying current-rippled sandstone units in the

lenticular to wavy bedded facies (Fig. 6A). Additional sharp erosional sur-

faces occur at 65.3 m and at 66.0 meters, both characterized by cross-strat-

ified, fine-grained sandstone grading up into heterolithic, intercalated,

lenticular-bedded siltstone and very fine-grained sandstone (Fig. 3).

The lower heterolithic horizons are characterized by low-diversity trace

fossil assemblages consisting of Skolithos and Planolites (Fig. 3). The

upper heterolithic succession has a moderately diversity trace fossil assem-

blage consisting of Arenicolites, Cylindrichnus Diplocraterion, Palaeo-

phycus, Planolites, Psilonichnus, Siphonichnus, Skolithos, Taenidium,

Thalassinoides and Trichichnus (Figs. 3, 6B–6F). Five of these ichnoge-

nera are vertical forms and appeared as concentric circles (Cylindrichnus),

solitary dots (Skolithos), paired dots (Arenicolites) or large, circular to

ovoid traces (Psilonichnus and Thalassinoides) on the bedding planes.

These trace fossils were observed in vertical view on slab edges, and in

three-dimensional aspect on broken blocks confirming their ichnogeneric

identification. Many of the larger traces, particularly Psilonichnus and

Thalassinoides, have a passive fill, characterized by alternating mud and

sand laminae.

Root traces are common, particularly in the upper half of the hetero-

lithic succession (Figs. 3, 6D, 6E). Wrinkle marks occur on many bedding

planes in the heterolithic facies. Avian trace fossils, including avian tracks,

trackways and foraging traces are common in the upper meter of the heter-

olithic succession (Fig. 3). The heterolithic succession is characterized by

a broad suite of physical sedimentary structures, including planar laminae,

lenticular bedding, wavy bedding and flaser bedding, small-scale load

casting, current ripples, small channel-like features/scour features, desicca-

tion cracks (which commonly, but not always, emanate from individual

avian footprints), and syneresis cracks.

A total of 12 trackways, ranging in length from three to 17 tracks each,

and 45 individual tracks were studied in detail (over a total of 148 individ-

ual tracks). Pertinent measurements of avian trace fossils discussed herein

are provided (Tables 2–6). The Tambak avian ichnofauna consists of

approximately eight ichnospecies in seven named ichnogenera (Aquatila-

vipes, Archaeornithipus, Ardeipeda, Aviadactyla, cf. Avipeda, cf. Fusci-

napeda, cf. Ludicharadripodiscus) and two unnamed forms (Fig. 7, Table

1). It is uncertain how many biological species these traces represent, how-

ever within-ichnotaxa size distributions and morphological variance sug-

gest that these traces represent more diversity than a simple count of

ichnotaxa would indicate.

Avian traces occur on five rock slabs (WAH 01-05; discussed below).

Only two footprints of unnamed ichnotaxon 1 and one footprint of

unnamed ichnotaxon 2 were identified and, although photographed and

sketched, the specimens were not collectable. Thus, these traces are not

formally named at this time. Table 1 provides a synopsis of the ichnotaxa

and their defining characteristics, as identified in this study. All slabs stud-

ied preserved numerous invertebrate trace fossils as well as abundant

traces interpreted to represent avian foraging and feeding (Figs. 6, 8–15).

Solitary and paired grooves, V-shaped scratch marks, and circular to sub-

circular/oval, commonly conical solitary, paired and clustered pits were

observed proximal to many trackways and occurred on every slab exam-

ined in this project.

Distribution of Traces on Sample WAH01

Sample WAH01 contains seven distinct trackways (trackways WAH01-

1 to WAH01-7) and 11 isolated tracks, for a total of 86 individual foot-

prints preserved in concave epirelief on a bedding plane surface (Fig. 8,

Table 2). The trackways are primarily preserved in concave epirelief. They

cross over each other in several areas and include both surface tracks and

near-surface undertracks (Fig. 8). Trackways on this slab include Aquatila-

vipes, Ardeipeda, Aviadactyla, cf. Fuscinapeda, and an unnamed ichno-

taxon (Figs. 8, 9, Table 2). Some trackways were emplaced in water-

saturated sediment, whereas others were emplaced in damp, consolidated

sediment, as is illustrated in detail preserved in individual footprints and

trackways.

Trackway WAH01-1 comprises a series of 13 comparably large, incum-

bent anisodactyl footprints assigned to Aquatilavipes (Fig. 8). The first

three footprints in the series exhibit a distinct digit III drag mark behind

the foot pad, whereas the last three footprints in the series are less dis-

tinctly preserved, with an indistinct tarsal pad and poorly preserved proxi-

mal pedal phalange impressions. Overall divarication between digits II and

IV in trackway WAH01-1 ranges from 130° to 151° and the stride length

ranges from 112 to 140 mm (Table 2).

Trackway WAH01-2 comprises 16 footprints of a small incumbent ani-

sodactyl bird that walked in a semicircle across the top of the slab (Fig. 8).

These footprints are assigned to Ardeipeda. There is a missing left foot-

print between footprints 11 and 12, which was overprinted by footprint 3

of trackway WAH01-1 (Fig. 8). This trackway is characterized by several

toe drags. Evidence of lateral shifting of digit 3 occurs on footprints 2-1,

2-8, and 2-13. Overall divarication between digits II and IV in trackway

WAH01-2 ranges from 122° to 151°, and the stride length ranges from 40

to 94 mm (not including the 120 mm gap between footprints 2-R11 and 2-

R12 where a left footprint is not preserved; Table 2).

Trackways WAH01-3 through WAH01-5 consist of trackways made by

small to moderate-sized elevated anisodactyl birds. These trackways are

all consistent with Aquatilavipes. Trackway WAH01-3 exhibits high vari-

ability in stride length (11–145 mm) as well as digit III toe drag marks pre-

served with nearly every footprint (Figs. 8, 9, Table 2). The first few

footprints in this series are preserved in excellent detail (3 on the preserva-

tion scale proposed by Marchetti et al. 2019), whereas the last few are

more poorly defined (1–2 on the Marchetti scale). Lateral shifting of the
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digit III impression occurs in the third footprint in the succession. Pace

length is highly variable, ranging from 11 mm to 145 mm, with a stutter-

step occurring with the last two footprints in the series (Fig. 9). Most of

the individual footprints are connected by digit III toe drag marks (Figs. 8,

9). Long, linear groove marks, both solitary and paired, occur adjacent to

this trackway (Fig. 9). Digit II–IV divarication angles are highly variable,

ranging from 99° to 144° (Table 2).
Trackway WAH01-4 (Fig. 8) consists of 17 individual footprints, the

last few of which preserve a pronounced digit III drag mark. WAH01-4 is

tentatively assigned to cf. Aquatilavipes based on its divarication angle.

The WAH01-4 stride length is variable, albeit more consistent than that of

WAH01-3, ranging from 56 to 88 mm (Fig. 8, Table 2). Preservation and

morphology of these footprints is quite variable, with several only partially

preserved, and thus not usable for size assessment. Digit II–IV divarication

angles are relatively consistent, with all but two ranging in between 124°
and 128°. Trackway WAH01-5 consists of six moderately preserved foot-

prints with stride length ranging from 39 to 56 mm (Table 2). In several of

the footprints, the central toe pad is absent. WAH01-5 exhibits digit II to

digit IV divarication angles of approximately 126° (110° to 136°).
Trackway WAH01-6 (Fig. 8) consists of four moderate-sized anisodac-

tyl footprints with a distinct hallux, a stride length ranging from 50 to 96

mm, and digit II to IV divarication angles ranging between 139° and 157°.
These footprints are consistent with a small species of Archaeornithipus.

The footprint margins are crisp and well-defined, with no preserved toe

drag-marks between individual footprints.

Trackway WAH01-7 (Fig. 8) consists of nine, small elevated anisodac-

tyl, semipalmate footprints with digit II to IV divarication angles between

42° and 95° (average of 64°) and a stride length of 42 to 67 mm. Trace

widths and length-to-width ratios are unusually variable, and trace margins

are typically poorly defined. This trackway may be associated with some

of the footprints included within the isolated footprint category.

Eleven isolated footprints were also noted on WAH01. Most of the iso-

lated footprints were small to mid-sized tridactyl footprints. Nine of these

footprints are tridactyl (elevated anisodactyl) footprints consistent with cf.

Avipeda, Aquatilavipes, Aviadactyla, and Fuscinipeda (Fig. 8). One foot-

print (1-x-x) (Fig. 8) consists of a moderate-sized incumbent anisodactyl

footprint, and the final footprint (1-x-xi) (Fig. 8) consists of a moderate

sized anisodactyl footprint with a very narrow digit II–IV divarication

angle and an unusually elongated hallux.

Sample WAH01 is characterized by abundant invertebrate trace fossils

(Figs. 8, 9). Cylindrichnus, Skolithos, and Trichichnus are exceptionally

abundant, with 30 to 60 burrow openings per decimeter2. Diplocraterion

and Psilonichnus openings occur on the bedding plane in abundances of

approximately 2–3 each per meter2. Abundant Palaeophycus and Plano-

lites are apparent in cross-sectional profile on the edges of WAH01. Hori-

zontal and vertical root traces, most with carbon cores, are abundant.

Wrinkle structures, attributed to sediment binding by cyanobacteria, also

occur on slab WAH01.

Numerous, elongate (8 to 70 mm), slender (0.5 to 2 mm), solitary and

paired grooves (Fig. 9) were found near several trackways, such as

WAH01-03 (an Ardeipeda trackway). Small (2–5 mm wide, up to 5 mm

deep), cone-shaped divots and short (2–8 mm), arrow-shaped/V-shaped

grooves or gouges were found adjacent to many of the smaller Aquatila-

vipes traces.

Distribution of Traces on Sample WAH02

Sample WAH02 preserves two distinct trackways. Trackway WAH02-

01 includes 10 footprints, and WAH02-02 includes five footprints (Table

3, Fig. 10). The traces are preserved in convex hyporelief on the sole sur-

face of a siltstone slab. Trackway WAH02-1 consists of small (averaging

32 mm 3 25 mm) elevated anisodactyl footprints that are wider than they

are long and are characterized by moderate digit II–IV divarication angles

(averaging ~ 134°). A distinct heel is preserved in most footprints, and

thus, they are assigned to cf. Fuscinapeda. Several individual footprints

record a lateral shift in the digit III impression (Fig. 10C, 10D), and the

trackway records a somewhat meandering path (based on the shifts in digit

III orientation between footprints on each side).

Trackway WAH02-02 consists of moderately large (averaging 61 mm 3
44 mm) anisodactyl footprints that are wider than they are long and character-

ized by moderate digit II–IV divarication angles (averaging ~ 136°) (Fig. 10,
Table 3). These traces have been assigned to Aquatilavipes (species group A)

(Figs. 7, 10). The tracks are approximately evenly spaced and curve slightly

across the slab (Fig. 10A, 10B). Detailed preservation of foot morphology of

both WAH01-02 (Fig. 10D) and WAH02-02 (Fig. 10E) show that the surface

of the slab is near the horizon of emplacement.

Long (20 to 185 mm), slender (, 2 mm), linear to gently curved groove

marks, both solitary and paired, occur adjacent to both trackways on

WAH02 (Figs. 10B, 11A, 11B). These groove marks occur both oblique to

and parallel with the trackways with which they are associated. Solitary

and clustered of small (2–8 mm wide), cone-shaped holes also occur. As

with all the studied slabs with bird footprints, WAH02 is characterized by

numerous, small invertebrate trace fossils including Cylindrichnus, Areni-

colites, and Skolithos (Table 3).

Distribution of Traces on Sample WAH03

Sample WAH03 (Fig. 12) preserves one distinct trackway and two iso-

lated footprints. The traces are preserved in convex hyporelief on the sole

surface of a siltstone slab and comprise undertrack preservation. The track-

way includes five, approximately sub-equally spaced incumbent anisodac-

tyl footprints assigned to Ardeipeda sp. Despite full preservation of all

four toes, the footprints are wider than they are long. The digit II–IV divar-

ication is moderate (~ 127°–135°) (Table 4). One of the two isolated foot-

prints is identical in shape, size, and morphology to the footprints in

WAH03-01 whereas the other (WAH03-x-x1) is a wide, elevated anisodac-

tyl underprint with a moderately high digit II–IV divarication angle.

In addition to numerous invertebrate trace fossils, such as Arenicolites,

Cylindrichnus, Diplocraterion, Skolithos, and Taenidium, numerous

cone-shaped holes and groove marks are preserved on the bedding plane

(Fig. 12).

Distribution of Traces on Sample WAH04

Sample WAH04 comprises a series of fragments from a large slab (100

cm 3 100 cm). The slab is an underprint bedding plane, with most foot-

prints infilled with sediment. The traces Avian traces cross back and forth

over it, with numerous footprints cross-cutting and overprinting each other

(Figs. 13, 14). The fragment, illustrated in Figure 13 and summarized in

Table 5, consists of three moderate-sized anisodactyl underprints with a

reduced, albeit distinct, hallux (Fig. 13). This bedding plane is character-

ized by numerous conical pits interpreted as probe marks, several V-

shaped grooves interpreted as peck marks, and elongate grooves (Fig. 13).

The surface is characterized by extensive dimpling. Horizontal trace fossils

consistent with Taenidium, concentric tubes assigned to Cylindrichnus,

vertical shafts assigned Skolithos, branching vertical shafts assigned to

Thalassinoides, and numerous root traces with carbonaceous cores are

common on this surface (Fig. 13).
 

FIG. 5.—Outcrop photographs of the Wahana mines section between coals S8 and S7. A) Complete section, from coal S8 and coal 7 to higher in the section. The 63.3

meter coplanar transgressive surface of erosion/marine flooding surface is identified. B) Detail of the upper part of the bird track section. The 63.3 meter coplanar transgres-

sive surface of erosion/marine flooding surface and the main bird track interval are identified.
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FIG. 6.—Lithology photographs through the study interval. A) Lenticular to wavy bedded sandstone, siltstone and silty shale deposited in an intertidal flat setting. B) Large

Psilonichnus penetrating through a finely interlaminated siltstone and sandstone succession. Although the photograph illustrates only a simple, unlined, vertical shaft, excavation of

this trace revealed a horizontal component attached to an adjacent shaft. C) Detailed shot through the bird track horizon. The base of the bedset occurs at a load cast horizon at a

shale-sandstone contact. D) Interlaminated siltstone and very fine-grained sandstone with low-diversity trace fossil assemblage dominated by small horizontal traces (Planolites)

and diminutive vertical traces (Cylindrichnus, Arenicolites, and Trichichnus). E) Bedding plane photograph of synaeresis cracks from the lower part of D. F) Photograph of the

basal part of D showing synaeresis cracks and low-diversity trace fossil assemblage.
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FIG. 7.—Representative Bird footprint taxa identified in the Tambak Member of the Tanjung Formation, Asem Asem Basin, Kalimantan. These taxa include

Aquatilavipes isp. Avipeda isp., Ardeipeda isp., Aviadactyla isp., Ludicharadripodiscus isp. and an unnamed ichnotaxon charactered by an elongate digit III and a very

narrow digit II–IV divarication angle. Aquatilavipes are broken into two groupings, one with thick and robust digits II and IV that form an acute angle at the heel and the

second with slender digits II and IV and a more rounded ‘heel’.
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FIG. 8.—Photograph and sketch of slab WAH01. This slab includes seven distinct trackways as well as several isolated footprints. A) Photograph of the slab W1 surface.

B) Sketch showing the seven trackways and eleven isolated footprints on slab W1. Box shows the area illustrated in figure 9.
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Trackway WAH04-1, with its reduced but distinct hallux, is

assigned to cf. Archaeornithipus (Fig. 13). Trackways 4-2 and 4-10

are assigned to a small species of cf. Aquatilavipes with a narrow digit

III drag mark associated with each footprint (Figs. 13, 14). Trackways

4-3 and 4-4 exhibit an elongate hallux and are assigned to cf. Ardei-

peda (Fig. 13). Isolated footprint 4-6 is assigned to cf. Aquatilavipes

and 4-9 is assigned to cf. Avipeda. (Fig. 13). Isolated footprints 4-5,

4-7, 4-8, and 4-11 are not preserved sufficiently well for ichnogeneric

identification. The photographed slab is the under-surface of a bed-

ding plane, and all avian trackways on this slab are undertracks; thus,

all footprint ichnotaxonomic identifications herein are tentative (Figs.

13, 14).

Trackway WAH04 includes multiple fragments containing numerous

elevated anisodactyl footprints (Aquatilavipes and Fuscinapeda), incum-

bent anisodactyl footprints (Ardeipeda), and rare semipalmate anisodactyl

footprints (cf. Ludicharadripodiscus sp. and unnamed ichnotaxon B) (Fig.

7). Similarly, to all other specimens analyzed in this study, the fragments

that comprise WAH04 exhibit numerous invertebrate traces (Figs. 13, 14).

The WAH04 fragments are characterized by extensive dimpling as well as

conical pit traces (Fig. 11C, 11D). V-shaped gouges and arcuate linear

grooves were also observed. In addition, desiccation cracks bifurcate many

of the traces on this slab and seem to preferentially penetrate through the

bird footprints (Fig. 13).

Distribution of Traces on Sample WAH05

Slab WAH05 consists of 14 scattered tracks, including both elevated

anisodactyl footprints consistent with Fuscinapeda and Aquatilavipes

and incumbent anisodactyl footprints consistent with Archaeornithipus

(Fig. 15, Table 6). The traces on slab WAH05 are preserved in convex

hyporelief on an undertrack surface, just below the horizon of emplace-

ment. Numerous shallow, circular to ovoid, conical pits, U-shaped

grooves, V-shaped marks, and invertebrate traces also occur on this

specimen. Horizontal and vertical root traces with carbon cores are

abundant on the bedding plane. The bedding plane that comprises the

surface of WAH05 appears to have been an undersurface a millimeter or

two below the surface of occupation; however, similar preservation and

appearance suggests that the bulk of traces were emplaced on the same

surface.

Attributes of Purported Foraging Traces

As mentioned above, a number of other structures occur in association

with the avian trackways summarized above. These include small, shallow,

circular to ovoid divots and pits (Type I traces), V-shaped gouges (Type II

traces), as well as straight to gently arcuate paired and singular grooves

(Type IIIA and IIIB traces) and dimpled surfaces (Type IV traces) (Figs.

8–15, Table 1).

The circular and ovoid divots (Type I traces) are similar in shape to

tiny Conichnus, which is what they were initially attributed to. They

are 2–10 mm in diameter and 1–8 mm in depth. Most are oval in out-

line (Fig. 11C), which is inconsistent with Conichnus. The conical

nature of the traces was made evident by separating individual
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FIG. 9.—Sketch of trackway WAH01-3 from the slab illustrated in Figure 8. A)

Trackway WAH01-3. Note the irregular gait (particularly the closely spaced steps at

L3-R4 and at L6) and the gently meandering nature of the trackway. B) Detail of

the area around footprints R1 through L2. As well as distinct toe drag marks, this

area of slab 1 includes abundant groove marks, likely probe marks and numerous

invertebrate traces assigned to Cylindrichnus isp. Note that after footprint R2 the

bird changed direction slightly, evidenced by a toe shift and a change in overall

track orientation.
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laminae of fissile slabs and by observing divots on the edge of some

slabs. The V-shaped gouges (Type II traces) are 6 to 20 mm in length,

with a deeper end and a shallower end, and typically exhibit a V-

shaped profile.

The simple, singular grooves (Type IIIA traces) are shallow (~ 1 mm),

moderate in width (0.5–5 mm), 2 to 6 cm in length and commonly occur

in clusters. Both singular and paired grooves are internally smooth and

devoid of internal structures or ornamentation. The paired grooves (Type

IIIB traces) are shallow (0.5 to 2 mm depth), narrow (1–2 mm in width),

range from ~ 2 to 20 cm in length, and have sharp to moderately diffuse

margins (Fig. 11A, 11B). Several bird-track horizons were characterized

by a densely dimpled surface to the sediment, consisting of abundant,

small, shallow divots, giving the laminae a smoothed-crenulated appear-

ance in vertical aspect (Fig. 11D).

The circular to ovoid pits, paired and singular grooves, V-shaped

gouges, and dimpled surfaces invariably occur in close association

with avian footprints. The discrete traces occur most commonly with

organized trackways, whereas the dimple marks commonly occur with

abundant, randomly oriented footprints. Most traces occur within

one footprint width of a trackway. None of the features interpreted

FIG. 10.—Photograph and sketch of slab WAH02. This slab includes two distinct trackways as well as abundant peck marks, probe marks, and sweep traces. A)

Photograph of the slab W2 surface. B) Sketch of the slab surface, showing numerous peck marks and groove marks. Note that the partial footprint labeled as ‘xi’ may be

associated with trackway WAH02-1 but it is not included due to uncertainty and its incompleteness. C) Detail of footprint WAH02-1-L1. D) Detail of footprints WAH02-1-

L3 and WAH02-1-R3. E) Detail of footprints WAH02-2-R2 and WAH02-2-L3.

82 P A L A I O SJ.P. ZONNEVELD ET AL.

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024



herein as traces occurred more than 2.5 footprint widths away from a

trackway.

DISCUSSION

The Tanjung Formation in the Asem Asem Basin study area forms part

of an overall fining-upwards, retrogradational succession. The Mangkook

Member (not exposed at Wahana) represents deposition in braided and

meandering fluvial channels and adjacent floodplains. The Tambak Mem-

ber (discussed herein) preserves sluggish fluvial to estuarine or deltaic

channels adjacent to channel-margin mudflats, poorly drained alluvial

plains, swamps (the sources of the coals), and marshes. The Pagat Member

records deposition in a mud-dominated, open coastal setting (Witts et al.

2012a, 2012b; Zonneveld et al. in press A) (Fig. 16A).

Sedimentological and ichnological evidence indicate that the Tambak

Member in the study area was deposited in a coastal plain setting in

meandering fluvial, low-relief floodplain and tide-influenced deltaic or

estuarine depositional subenvironments (Fig. 16A, 16B). The succession

of gray carbonaceous mudstone with common rooting and abundant pedo-

genic slickensides interbedded with coal beds immediately above and

below the sandstone-dominated succession in which the bird trackways

occur (Fig. 3), record deposition in low lying mires and poorly drained

alluvial lowlands (e.g., Breyer and McCabe 1986; Witts et al. 2012B;

Gingras et al. 2012). We interpret the sharp contact of cross-stratified

sandstone overlying the coal and carbonaceous mudstone facies (Fig. 3) to

record migration (or avulsion) of a fluvial channel into the area (e.g.,

Kraus 1996; Kraus and Wells 1999; Jones and Hajek 2007).

The Tambak coals in the Barito Basin were deposited in rheotrophic

mires with palm- or fern-dominated vegetation and overall low sulfur con-

tent indicating minimal marine influences (Fikri et al. 2022). Coals at

Wahana in the study area are much closer to the paleocoastline and proba-

bly had more significant marine influences.

FIG. 11.—Photographs of avian foraging traces. A) Paired groove (arrow) between footsteps WAH02-1-L5 and WAH02-1-L1. B) Paired and arcuate single grooves

beside footstep WAH02-1-L3. C) Oval peck marks (arrows) on slab WAH04 in association with an indeterminate footprint. Peeling back individual laminae revealed that

these traces were cone-shaped in the third dimension. D) Pervasive dimple marks on bedding plane WAH04.
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The interbedded, heterolithic, very fine-grained sandstone with siltstone

and silty mudstone successions (Figs. 3, 5, 6) are characterized by lenticu-

lar, wavy, and flaser bedding. This indicates conditions of alternating cur-

rent bedload transport with suspension settling during slack water intervals

and thus, these are common characteristics of successions deposited in

intertidal settings (Reineck and Wunderlich 1968; Klein 1971; Terwindt

and Breusers 1972; Clifton 1983; Flemming 2011). Interbedded intervals

of cross-bedded sandstone with heterolithic, flaser and wavy-bedded sand-

stone/mudstone are common in the lower parts of inner estuary and upper

parts of middle estuary settings (e.g., Dalrymple and Choi 2007; Shchepet-

kina et al. 2016.) but are also like sedimentary successions in mixed tide

and fluvially controlled deltaic complexes such as the modern Mahakam

River delta (e.g., Gastaldo et al. 1995).

The trace fossil assemblage comprises a moderately diverse Psilonich-

nus ichnofacies association (Frey and Pemberton 1987; Pemberton and

Wightman 1992; Gingras et al. 1999, 2000a, 2012; Buatois et al. 2005;

MacEachern et al. 2012; Baucon and Felletti 2013), characteristic of depo-

sition in a marginal marine, tidally influenced setting. The alternating mud

FIG. 12.—Photograph and sketch of slab WAH03. A) Photographs of WAH03. B) Sketch of avian trackway, foraging traces and invertebrate traces on slab WAH03.

Concentric circles are clearly trace fossils, most commonly Cylindrichnus, but some of the other ovoid and circular traces are likely peck marks and probe marks. The

main trackway on this slab is that of a bird with an anisodactyl foot (Ardeipeda sp.). An isolated Aquatilavipes occurs at top left.
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and sand laminae within many of the larger trace fossils indicate that

they are ‘tubular tidalites’ (sensu Gingras and Zonneveld 2015), under-

scoring the significance of tidal influence in the heterolithic facies. The

mix of ethologies represented by the invertebrate trace fossil assemblage

includes dwelling traces of predators and scavengers, equilibrichnia and

domichnia of infaunal suspension feeders, and fodinichnia of infaunal

deposit feeders, all consistent with modern intertidal settings (e.g., Frey

and Pemberton 1987; Gingras et al. 1999, 2000a, 2000b; Pearson and

Gingras 2006; Baucon and Felletti 2013; Zonneveld and Gingras 2013;

Zonneveld et al. 2014). The diminutive sizes of many of the traces

implies environmental stress and is consistent with emplacement in a

brackish depositional setting (Gingras et al. 1999, 2012; Pearson and

Gingras 2006).

The co-occurrence of root traces, desiccation cracks, syneresis cracks,

avian footprints with current ripples, wavy bedding, and localized chan-

nel-like features indicate deposition under widely varying current and

exposure conditions, which is consistent with intertidal deposition (e.g.,

Clifton 1983; Frey and Pemberton 1987; Gingras et al. 1999, 2000a; Flem-

ming 2003, 2005, 2011) (Fig. 16B). Evidence in trackway WAH01 of

birds walking on closely adjacent patches of soft and soupy substrates

(Figs. 8, 9) is consistent with emplacement in an intertidal flat or bar set-

ting (Figs. 16B, 17). Bird footprints commonly act as nucleation sites for

desiccation cracks, particularly in areas where there is organic binding of

the sediment (Master 1991; Genise et al. 2009).

The avian footprints in this study represent at least nine avian ichnoge-

nera: Archaeornithipus, Ardeipeda, Aquatilavipes, Aviadactyla, cf. Avi-

peda, Fuscinapeda, cf. Ludicharadripodiscus, and two unnamed

ichnotaxa. Archaeornithipus and Ardeipeda represent the movements of

egret- or heron-like birds (e.g., Fuentes Vidarte 1996; Baucon and Felletti

2013). At least three size groupings of Archaeornithipus, indicating that

several different heron-like birds (Ardeidae) occurred in the Tambak

fauna.

Aquatilavipes are similar in shape to those emplaced by modern plovers

(Charadriidae) and stilts (Recurvirostridae) (Elbroch and Marks 2001;

McCrea and Sarjeant 2001; Lockley et al. 2015). The Tambak traces

include small forms in the size range of modern plovers as well as large

forms in the size range of modern stilts. It is assumed that this ichnotaxon

represents at least two avian taxa in the study area. Aviadactyla are small,

elevated anisodactyl footprints, wherein the bird walked weight-forward

leaving impressions of the anterior portion of toes II through IV and no

impression of the metatarsal pad (Serjeant and Reynolds 2001). These

tracks are similar to those emplaced by modern oystercatchers (Haemato-

podidae) and some species of plover (Elbroch and Marks 2001).

Aviadactyla and cf. Avipeda are consistent with charadriiform shore-

birds that forage in a weight-forward fashion. Footprints assigned to cf.

Avipeda in the study area include a bird with very slender toes and the

smallest bird in the study interval. Fuscinapeda in the study interval is rep-

resented by several small to moderate-sized forms consistent with

charadriiform shorebirds. The trackways included in cf. Ludicharadripo-

discus and unnamed ichnotaxon B were likely made by a moderate-sized

charadriiform shorebird (Ellenberger 1980) although it also bears similari-

ties to tracks of birds in the ciconiiform and gruiform lineages. Ludichara-

dripodiscus was first described from Eocene fossils from Garrigues-

Sainte-Eulalie in southern France (Ellenberger 1980) but has also been

observed in Cretaceous successions (McCrea and Serjeant 2001) from

western Alberta, Canada.

The tracks and trackways identified in this study are commonly

accompanied by small, sediment-filled, Conichnus-like, circular to ovoid

divots (Type I traces), V-shaped marks (Type II traces), and elongated

singular and paired grooves (Type III traces) (Fig. 11A–11C, Table 1). In

several cases, the traces occur on bedding planes characterized by exten-

sive ‘dimpling’ (Type IV traces) (Fig. 11D, Table 1). These traces are all

interpreted to record avian foraging activities in the Tambak intertidal

(Figs. 16, 17).

Shorebirds employ a wide variety of feeding styles including pecking,

probing, stabbing, and sweeping (e.g., Sutherland et al. 2000; Nebel et al.

2005; Jing et al. 2007; Zonneveld et al. in press B). Shorebirds forage in

and on substrates using visual cues, tactile cues, or both (Baker 1979;

Quammen 1982; Grant 1984; Backwell et al. 1998; Sutherland et al. 2000;

Nebel et al. 2005; Jing et al. 2007; Van Dusen et al. 2012). Tactile search-

ing is particularly important when the visibility of prey is hampered, such

as in shallow muddy water, in areas with moderately thick sea grass, and

in areas where the prey is hidden within the sediment (Wilson 1991, 1994;

Piersma et al. 1996; Santos et al. 2009). Many of the Tambak trackway

slabs are characterized by numerous root traces, indicating that the Tam-

bak avifauna foraged on partially vegetated intertidal flats.

Type I traces are consistent with either probe marks or peck marks

reported from modern shorebirds (Frey and Pemberton 1987; Elbroch and

Marks 2001; Falk et al. 2010; Zonneveld et al. 2011, in press B). Although

simple peck marks and probe marks may be similar in appearance, pecking

is a visual foraging tactic and peck marks are usually quite shallow

whereas probing is a tactile foraging tactic and the probe marks may be

deeper (Frey and Pemberton 1987; Elbroch and Marks 2001; Falk et al.

2010, 2014; Zonneveld et al. 2011, in press B). Peck marks emplaced by

modern birds are typically randomly distributed whereas probe marks may

be random or organized in distinct patterns or clusters (Frey and Pember-

ton 1987; Elbroch and Marks 2001; Falk et al. 2010; Zonneveld et al.

2011, in press B). Individual birds may use a combination of both tactics

during a single foraging period (Sutherland et al. 2000; Nebel and Thomp-

son 2005; Nebel et al. 2005; Jing et al. 2007).

Probe marks emplaced by living shorebirds are circular, oval, or lunate

in profile; conical in shape; and partially to fully surrounded by a raised

rim of sediment (Elbroch and Marks 2001; Falk et al. 2010; Abbassi et al.

2015; Zonneveld et al. in press B). Probing occurs when a beak is pressed

directly into the sediment and withdrawn in the same direction. Some

shorebirds exhibit a modified probing behavior referred to as gaping, in

TABLE 4.—Measurements of footprints on slab WAH03.

Print

Print

width (mm)

Print

length (mm)

Digit I

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (mm)

Divarication

II–III

Divarication

III–IV

Total

Divarication

(II–IV)

3-1-R1 64 54 17 24 29 29 109 60° 73° 133°
3-1-L1 62 48 13 32 34 27 90 48° 82° 129°
3-1-R2 61 52 18 27 33 31 58 60° 75° 135°
3-1-L2 60 50 16 26 30 33 78 61° 69° 130°
3-1-R3 57 54 18 23 27 28 - 67° 60° 127°
3-2-R-1 55 61 21 28 36 26 - 75° 52° 128°
3-3-x-1 65 37 - 24 27 38 - 81° 62° 142°
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which the mouth is opened while withdrawing the beak (Elbroch and

Marks 2001) resulting in an oval/subcircular hole. Probing occurs when

the food resource the bird is seeking occurs buried within the sediment

(shallow infauna), may involve shallow probing or deep probing, and may

occur when the bird is walking, standing or a combination (Hancock et al.

1992). Probe marks emplaced by modern charadriiform birds, such as

Dunlins and Sandpipers, commonly occur in linear trends or systematic

clusters (e.g., Burton 1974; Mouritsen and Jensen 1992; Weber and Haig

1997; Rylander 2002), reflecting efficient, systematic tactile foraging for

unseen prey. Other probers walk forward with periodic, random solitary

probes in order to identify prey-rich foraging grounds (Zonneveld et al. in

press B).

Traces interpreted as peck marks/probe marks in the study interval

occur in association with all avian footprint taxa in the study interval.

They are particularly common in association with Aquatilavipes, Archae-

ornithipus, and Fuscinapeda. It is worth noting that none of the Type I

traces were observed to occur in linear trends or systematic clusters sug-

gesting that these trace record either random probes, peck marks at surfi-

cial prey, or a combination of both.

Type II traces are consistent with two types of visual foraging behav-

iors: pecking and scratching. Peck marks emplaced while a bird was

walking forwards may result in a glancing impact of a bird’s bill with
the sediment surface and V-shaped groove, deeper at one end than the

other (Elbroch and Marks 2001; Falk et al. 2010; Zonneveld et al.

2011, in press B). These traces most commonly occur in damp sediment

near the shoreline and, in modern examples, commonly have a ridge or

plug of sediment kicked up by insertion and extraction of the beak in

the sediment (Falk et al. 2010). Peck marks are emplaced when the

food resources sought occur at, or near, the sediment surface (Hancock

et al. 1992). Alternatively, similar marks may be emplaced by a bird’s
claw as it scratches at objects on the sediment surface (Zonneveld et al.

in press B).

FIG. 14.—Photograph and sketch of a small fragment of slab WAH04. A) Close-up photograph of the fragment. B) Sketch showing the vertebrate and invertebrate traces

on the surface of WAH04.

 
FIG. 13.—Photograph and sketch of a large fragment from slab WAH04. A) Photograph of the fragment. Note the dimpled appearance to the surface of WAH04. B)

Sketch of avian trackway, foraging traces and invertebrate traces on a large fragment of slab WAH04. This slab preserved numerous invertebrate traces as well as avian

trackways, isolated footprints and foraging traces.
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Type III traces are similar to sweep marks emplaced by waterbirds for-

aging in shallow water (Swennen and Yu 2005; Kim et al. 2012; Zonne-

veld et al. in press B). Spoonbills, ibises, and avocets walk in shallow

waters, making broad sweeping motions with their bills to locate prey

(Swennen and Yu 2004, 2005; Zonneveld et al. in press B). Sweeping

most commonly occurs in shallow water while these long-billed shore-

birds forage for fish, aquatic invertebrates, or plants (Hancock et al.

1992; Swennen and Yu 2005, 2008; Zonneveld et al. in press B). Sweep

marks are emplaced when the bill tip makes contact with the sediment-

water interface. Spoonbill sweeping results in paired, arcuate grooves

that are approximately perpendicular to the direction of travel and com-

monly exhibit a back-and-forth pattern overprinted in part by avian foot-

prints (Swennen and Yu 2004, 2005, 2008). Avocet sweeping commonly

results in solitary and paired, U-shaped, gently arcuate grooves on the

sediment surface (Zonneveld et al. in press B). These traces may exhibit

a back-and-forth pattern similar to avocet sweep marks, or may occur as

solitary markings oriented parallel, oblique, or perpendicular to the

direction of travel.

Other birds, such as some heron, feed by stirring their bill back and

forth in the sediment, typically right beside the trackway (Zonneveld et al.

in press B). In the Tambak Member, groove marks were observed in close

association with bird footprints (Figs. 8, 9) but were not observed on

bedding planes devoid of footprints. Clustered groove marks (Fig. 8) are

interpreted to result from a bill-stirring behavior. Long, straight to arcu-

ate, solitary and paired grooves (Figs. 9, 10) are interpreted to record

sweeping behavior. Short, wide isolated grooves (Fig. 8) may record

short weep marks, but alternatively may record a location where a bird

clawed at a surface object with its foot. We note that solitary groove

marks bear some similarity to the ichnotaxon Haplotichnus. However,

their close association with avian trackways, and similarity in dimensions

and appearance to the paired/bilobed groove marks prevent us from using

that taxonomic term. They are most likely a preservational variant of the

bilobed forms.

Type IV traces (Table 1) consist of densely dimpled bedding planes

that occur in association with randomly oriented avian footprints (Fig.

11D). Dimpled surfaces can result from microbial binding of a sedi-

ment surface, commonly forming when gas bubbles form beneath a

microbial layer (Noffke et al. 2001; Rose and Chavetz 2011). Dimpled

surfaces can also occur due to intensive avian activity. Avian-affiliated

dimpling (Fig. 11D) occurs when food resources are present and perva-

sive at the sediment surface and intensive pecking has ensued (Zonne-

veld et al. in press B). We have observed similar dimpling in modern

environments where small shorebirds such as sandpipers and plovers

feed on surficial biofilms (Zonneveld et al. in press B). In these cases,

the behavior produced a densely dimpled surface with occasional

deeper pitting and short, narrow, solitary and paired grooves on the sed-

iment surface. Biofilm feeding has been observed in a variety of short-

billed shorebirds, including sandpipers and dunlins (Elner et al. 2005;

Kuwae et al. 2008, 2012; Mathot et al. 2010; Jiménez et al. 2015;

Beninger and Elner 2020), although the sediment structures produced

were not illustrated. Biofilm grazing behavior has been observed on

subaerially exposed damp surfaces recently exposed by dropping tides

and on sand and mudflats adjacent to lakes (Elner et al. 2005; Kuwae

et al. 2008, 2012; Mathot et al. 2010; Jiménez et al. 2015; Beninger

and Elner 2020). Recent studies have shown that biofilms comprise an

important food resource for migrating shorebirds, particularly smaller

shorebirds such as dunlins and sandpipers (Elner et al. 2005; Kuwae

et al. 2008; Mathot et al. 2010; Kuwae et al. 2012; Hall et al. 2021).

TABLE 5.—Measurements of footprints on slab WAH04. Key: inc. ¼ incomplete.

Print

ID

Print

width (mm)

Print

length (mm)

Digit I

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (cm)

Divarication

II–III

Divarication

III–IV

Total

divarication

(II–IV)

4-1-L1 32 22 3 15 16 14 59 89° 75° 164°
4-1-R1 30 22 2 15 18 14 62 71° 59° 130°
4-1-L2 30 23 3 15 18 13 69 70° 65° 135°
4-1-R2 31 23 3 14 19 12 - 76° 71° 147°
4-2-L1 25 25 - 13 21 14 72 60° 44° 104°
4-2-R1 26 24 - 13 21 13 74 61° 54° 115°
4-2-L2 23 26 - 14 21 12 78 47° 46° 93°
4-2-R2 24 24 - 13 21 13 - 55° 53° 108°
4-3-L1 51 52 9 26 39 35 156 62° 65° 127°
4-3-R1 51 - - 33 - 24 - - - 129°
4-4-R1 57 41 - 38 27 23 138 75° 62° 137°
4-4-L1 61 39 - 31 28 27 - 73° 69° 142°
4-5-x 42 - - - 27 23 - 74° 69° 143°
4-6-x 33 27 - 17 19 15 - 67° 65° 132°
4-7-x 32 23 - 12 18 14 - 80° 71° 151°
4-8-x - - - 14 - - - 63° - -

4-9-x 13 8 - 6 5 6 - 64° 57° 121°
4-10-L1 32 - - 18 22 16 - 74° 72° 146°
4-10-R1 34 22 - 17 21 17 - 73° 72° 145°
4-11-x 39 25 6 19 20 24 - 48° 74° 122°
4-12-R1 62 47 7 33 35 31 - 55° 78° 133°
4-13-x 32 11 (inc.) - 15 8 (inc.) 16 - 81° 66° 147°
4-14-x 35 20 - 17 16 14 - 73° 72° 145°
4-15-x 33 23 - 18 18 16 - 70° 73° 143°
4-16-x 41 18 (inc.) - 19 15 22 - 48° 74° 122°
4-17-x - 24 - 24 22 - - 55° - -

4-18-x 27 25 - 16 23 17 - 64° 57° 121°
4-19-x 60 40 (inc.) - 26 33 (inc.) 28 - 55° 94° 149°
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FIG. 15.—Photograph and sketch of a fragment of slab WAH05. A) Close-up photograph of the fragment. B) Sketch showing the vertebrate and invertebrate traces on the sur-

face of WAH05.
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Many biofilm grazers have specialized bristles on their tongues that

facilitate gathering biofilms (Elner et al. 2005; Kuwae et al. 2008) and

have been shown to consume large quantities of biofilm on their migra-

tion towards their breeding grounds (Kuwae et al. 2008). All dimpled

surfaces observed in the study material were associated with abundant

bird footprints and thus are interpreted to record intensive surface graz-

ing through pecking.

Variability in trace preservation on slab WAH01 and between the dif-

ferent slabs indicate that the Tambak trackways were emplaced on sub-

strates with varying firmness and water saturation (Table 7). Substrate

consistency and sediment moisture content play a central role in the

occurrence and nature of trace preservation (e.g., Ekdale 1985; O’Brien
1987; Gingras et al. 1999, 2000b; Minter et al. 2007; Hamer and Shel-

don 2010). Some tracks have sharp, well-defined margins (Table 7,

Figs. 8, 10, 11) implying emplacement on a damp, consolidated ‘soft’
substrate (a ‘softground’ sensu Ekdale 1985; Gingras et al. 2000b).

Other trackways show evidence of emplacement on water-saturated

sediment (a ‘soupground’ sensu Ekdale 1985), such as elongate digit

III toe drag marks behind individual footprints and raised ridges of sed-

iment on the lateral margins of the traces (Figs 8, 9). Trackway

WAH01-04 exhibits emplacement on a damp, consolidated ‘soft’ sub-
strate in the first eleven footprints and emplacement on a soupy sub-

strate in the last six footprints implying variable substrate consistency

in closely spaced areas, all consistent with emplacement on exposed

intertidal mudflats.

Many of the Tambak trackways are circuitous (Fig. 8) or character-

ized by abrupt changes in direction and irregular stride length (Figs.

8–11). Other specimens form ‘trample grounds’ where numerous

shorebirds walked in multiple directions (Figs. 12, 13). All these

behaviors are indicative of shorebird foraging (Elbroch and Marks

2001; Falk et al. 2010; Zonneveld et al. in press B). Trample grounds

occur where flocks of shorebirds aggregate, typically taking advantage

of subaerially exposed, resource-rich areas (Zonneveld et al. in press

B). Irregular changes in direction and gait are common indicators of

foraging shorebirds that use visual cues to locate prey (Zonneveld

et al. in press B).

Coastal beaches, mudflats, swamps, and marshes are crucial habitats

for migrating shorebirds, albeit typically in the short term (e.g., Burger

et al. 1977; Mercier and McNeil 1994; Colwell 2010; Murray and Fuller

2015). During annual migrations, shorebird densities in these areas can

be exceptionally high, with otherwise solitary species concentrating in

dense multi-species aggregates competing for rich food resources

(Recher 1966; Recher and Recher 1969; Burger et al. 1977; Quammen

1982, 1984; Mercier and McNeil 1994). Although many species of wad-

ing birds use intertidal areas to forage during seasonal migrations, access

to food resources is temporally limited to low tide intervals when inverte-

brate-rich substrates are accessible (Burger et al. 1977; Tiedemann and

Nehls 1997; Lourenço et al. 2008). However, infaunal prey may retreat

deeper within their burrows at low tide, decreasing their accessibility to

foraging birds. Thus, shorebirds that forage in intertidal settings com-

monly follow the tide, foraging as the tide retreats and resting during ris-

ing tide and high tide intervals (Burger et al. 1977; Tiedemann and Nehls

1997; Dias et al. 2006).

Kalimantan occurs, at present, in the heart of the East-Asian-Austral-

asian Flyway, playing a major role as a stopover in shorebird and water-

bird migration, from locations in Australia and maritime Southeast

Asia to breeding locations in the northern extremes of the northern

hemisphere (e.g., Dingle 2004; Nebel 2007; Bamford et al. 2008;

Amano et al. 2010; Minton et al. 2011). Migratory shorebirds and

waterbirds depend on ‘staging sites’ where they pause to rest and refuel

on migrations that may span several thousand kilometers (Murray and

Fuller 2015).

Intertidal areas, particularly tidal flats, comprise important staging

areas due to plentiful and accessible food resources (Colwell 2010;

Murray and Fuller 2015). Prey includes a wide variety of taxa, such as

shrimp, crabs, amphipods, bivalves, gastropods, polychaetes, fish, and

biomats (e.g., Cadée 1990; Mercier and McNeil 1994; Thrush et al.

1994; Hamilton et al. 2003; Elner et al. 2005; Mendonça et al. 2007;

Kuwae et al. 2012; Murray and Fuller 2015; Schnurr et al. 2019; Hall

et al. 2021). The occurrence of a moderately diverse avian footprint and

foraging trace assemblage in the Tambak Member of the Tanjung For-

mation illustrates that shorebirds and waterbirds have been using wet-

lands in what is now Kalimantan for their food resources since at least

the late Eocene.

CONCLUSIONS

The Tambak Member of the Tanjung Formation in the Asem Asem

Basin, exposed in the Wahana Mine area near Satui, South Kalimantan

records deposition on a low-relief tropical coastal plain. Analysis of inter-

bedded silty mudstone, siltstone, coal, and very fine to fine-grained sand-

stone succession in the middle Tambak Member revealed a unit

TABLE 6.—Measurements of footprints on slab WAH05.

Print

ID

Print

width (mm)

Print

length (mm)

Digit I

length (mm)

Digit II

length (mm)

Digit III

length (mm)

Digit IV

length (mm)

Stride

length (cm)

Divarication

II–III

Divarication

III–IV

Total

divarication

(II–IV)

5-1 33 21 - 17 20 19 - 54° 77° 131°
5-2 - 26 - 19 24 - - 42° - -

5-3 - 14 - 11 12 - - 61° - -

5-4 47 44 13 29 31 26 - 53° 58° 111°
5-5 61 32 3 31 27 31 - 63° 105° 168°
5-6 26 27 - 17 23 10 - 61° 79° 140°
5-7 32 23 - 16 20 17 - 59° 64° 123°
5-8 - 29 - 28 29 - - 67° - -

5-9 - 20 - 16 18 - - 77° - -

5-10 26i 16i 3 21 13i 8i - 70° 51° 121°
5-11 29 24 - 18 24 15 - 50° 64° 114°
5-12 45 38 4 24 33 26 - 48° 72° 120°
5-13 54 41 5 30 34 29 - 65° 66° 131°
5-14 41 34 5 20 28 24 - 63° 57° 120°
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characterized by numerous invertebrate and vertebrate trace fossils. The

co-occurrence of sharp-based cross-stratified sandstone, lenticular to

wavy-bedded siltstone/silty mudstone, and very fine-grained sandstone

with bi-directional ripples and common reactivation surfaces indicates that

this interval was deposited in a tidally modulated, likely estuarine, deposi-

tional setting.

The trace fossil association in the study interval comprises a moderately

diverse assemblage consisting of Arenicolites, Cylindrichnus, Diplocrate-

rion, Palaeophycus, Planolites, Psilonichnus, Siphonichnus, Skolithos,

Taenidium, Thalassinoides, and Trichichnus. This association includes

traces made by infaunal deposit feeders and infaunal suspension feeders as

well as the dwelling traces of polychaetes, amphipods, decapods, and

bivalves. The mix of ethologies is consistent with the Psilonichnus ichnof-

acies, consistent with the interpretation of a coastal, marginal marine depo-

sitional setting.

Vertebrate-derived trace fossils include avian footprints/trackways

and traces interpreted to represent avian foraging. Avian footprint ichno-

genera include Aquatilavipes, Archaeornithipus, Ardeipeda, Aviadac-

tyla, cf. Avipeda, Fuscinapeda, cf. Ludicharadripodiscus, and two

unnamed forms. Many of these ichnogenera are represented by multiple

forms and thus, it is likely that the Tambak avian ichnofossil assemblage

represents the activity of a moderately diverse shorebird and waterbird

community.

Many trackways are associated with a variety of solitary and paired

groove marks, V-shaped gouges, and conical divots. These features are

identical to sweep marks, peck marks, and probe marks made by foraging

shorebirds and waterbirds. Several of the bedding planes studied exhibited

a dimpled fabric, identical to dimple-grounds in modern settings wherein

shorebirds forage for biofilm to augment their diet of invertebrates and

organic detritus. The diversity and co-occurrence of invertebrate and avian

trace fossils, as well as the abundance of traces attributed to foraging

behavior suggest that Tambak intertidal successions were important

sources of food for Eocene birds.

ACKNOWLEDGMENTS

This project was funded by National Geographic grants to Gregg F.

Gunnell, Russ Ciochon and John-Paul Zonneveld (grants 9525-14 and CP-

040R-17), two NSERC Discovery Grants to JPZ and an NSF Grant (NSF EAR-

1925755) to Peter Wilf. We are grateful to these organizations for continuing to

fund science and our discovery of the world in which we live. Our colleague

Gregg F. Gunnell passed away before the completion of this project. We are

foraminiferal
biostrome

Pagat Member
Tambak Member

upper coastal plain

lower
coastal   
plain       

crevasse
splays

estuary
tidal

creeks

southeast

intertidal flats

bird footprint
locality setting

bird footprint settings

-MLW

-MHW

A

B

FIG. 16.—Interpreted depositional model of the upper Tambak and Pagat Members in the Satui area, Kalimantan. A) Schematic showing the distribution of depositional

subenvironments (based in part on Witts et al. 2012; Zonneveld et al. in press A). B) Cross-section through a Tambak estuarine channel showing the interpreted setting of

the avian trackways discussed herein.

P A L A I O S 91AVIAN FORAGING TRACES, EOCENE OF INDONESIAN BORNEO

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024



FIG. 17.—Reconstruction of the Wahanna intertidal flat succession showing a variety of shorebirds feeding and browsing for intertidal invertebrates.

92 P A L A I O SJ.P. ZONNEVELD ET AL.

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024



grateful for the effort Gregg put into these projects and for the wonderful time

we had to work with him.

We thank Verónica Krapovickas, Richard Melchor, Yurena Yanes, and an

anonymous reviewer for thorough reviews. We are grateful to Arutmin, Bayan

Resources and Wahanna Baratama Mining for providing access to outcrop in

the Haneman opencast mine. Access to Eocene ‘outcrop’ in tropical southeast

Asia is dependent upon the goodwill of the personnel and management of

these mines. Their generosity has contributed immensely to our knowledge of

Paleogene paleontology in Island Southeast Asia.

REFERENCES

ABBASSI, N., KUNDRÁT, M., ATAABADI, M.M., AND AHLBERG, P.E., 2015, Avian ichnia and

other vertebrate trace fossils from the Neogene red beds of Tarom Valley in north-west-

ern Iran: Historical Biology, article 1104306, 15 p.

AMANO, T., SZEKELY, T., KOYAMA, K., AMANO, H., AND SUTHERLAND, W.J., 2010, A framework

for monitoring the status of populations: an example from wader populations in the East

Asian-Australasian flyway: Biological Conservation, v. 143, p. 2238–2247.

AZUMA Y., ARAKAWA Y., TOMIDA, Y., AND CURRIE, P. J., 2002, Early Cretaceous bird tracks

from the Tetori Group, Fukui Prefecture, Japan: Memoir of the Fukui Prefectural Dino-

saur Museum, v. 1, p. 1–6.

BACKWELL, R.Y., O’HARA, P.D., AND CHRISTY, J.H., 1998, Prey availability and selective for-

aging in shorebirds: Animal Behaviour, v. 55, p. 1659–1667.

BAKER, C.M., 1979, Morphological correlates of habitat selection of shorebirds (Charadrii-

formes): Oikos, v. 33, p. 121–126.

BAMFORD, M., WATKINS, D., BANCROFT, W., TISCHLER, G., AND WAHL, J., 2008, Migratory

shorebirds of the east Asian—Australasian flyway; population estimates and internation-

ally important sites: Wetlands International Oceania, Canberra, 239 p.

BAUCON, A. AND FELLETTI, F., 2013, Neoichnology of a barrier-island system: the Mula de

Muggia (Grado Lagoon, Italy): Palaeogeography, Palaeoclimatology, Palaeoecology, v. 375,

p. 112–124.

BENINGER, P.G. AND ELNER, R.W., 2020, On the tip of the tongue: natural history observa-

tions that transformed shorebird ecology: Ecosphere, v. 11, article e03133, 4 p.

BON, J., FRASER, T.H., AMRIS, W., STEWART, D.N., ABUBAKAR, Z., AND SOSROMIHARDJO, S.,

1996, A review of the exploration potential of the Paleocene Lower Tanjung Formation

in the South Barito Basin: Proceedings of the 25th Annual Convention of the Indonesian

Petroleum Association, v. 1, p. 69–79.

BREYER, J.A. AND MCCABE, P.J., 1986, Coals associated with tidal sediments in the Wilcox

Group (Paleogene), South Texas: Journal of Sedimentary Petrology, v. 56, p. 510–519.

BUATOIS, L.A., GINGRAS, M.K., MACEACHERN, J., MÁNGANO, M.G., ZONNEVELD, J-P., PEMBERTON,

S.G., NETTO, R.G., AND MARTIN, A., 2005, Colonization of brackish-water systems through

time—evidence from the trace fossil record: PALAIOS, v. 20, p. 321–347.

BURGER, J., HOWE, M.A., HAHN, D.C., AND CHASE, J., 1977, Effects of tide cycles on habitat

selection and habitat partitioning by migrating shorebirds: The Auk, v. 94, p. 743–758.

BURTON, P.J.K., 1974, Feeding and the Feeding Apparatus in Waders: Trustees of the Brit-

ish Museum (Natural History), London, 150 p.

CADÉE, G.C., 1990, Feeding traces and bioturbation by birds on a tidal flat, Dutch Wadden

Sea: Ichnos, v. 1, p. 23–30.

CARTENSEN, D.W. AND OLESEN, J.M., 2009, Wallacea and its nectivorous birds: nestedness

and modules: Journal of Biogeography, v. 36, p. 1540–1550.

CLIFTON, H.E., 1983, Discrimination between subtidal and intertidal facies in Pleistocene

deposits, Willapa Bay, Washington: Journal of Sedimentary Petrology, v. 53, p. 353–369.

CLODE, D. AND O’BRIEN, R., 2001, Why Wallace drew the line: a re-analysis of Wallace’s
bird collections in the Malay Archipelago and the origins of biogeography, in I.

Metcalfe, J.M.B. Smith, M. Morwoof, and I. Davidson (eds.) Faunal and Floral Migra-

tions and Evolution in SE Asia-Australasia: A.A. Balkema Publishers, Lisse, p. 113–

121.

COLWELL, M.A., 2010, Shorebird ecology, conservation and management: University of

California Press, Berkeley, 215 p.

CURRIE, P.J., 1981, Bird footprints from the Gething Formation (Aptian, Lower Cretaceous) of

northeastern British Columbia, Canada: Journal of Vertebrate Paleontology, v. 1, p. 257–264.

DALRYMPLE, R.W. AND CHOI, K., 2007, Morphologic and facies trends through the fluvial-

marine transition in tide-dominated depositional systems: a schematic framework for

environmental and sequence-stratigraphic interpretation: Earth-Sciences Reviews, v. 81,

p. 135–174.

DIAS, M.P., GRANADEIRO, J.P., MARTINS, R.C., AND PALMEIRIM, J.M., 2006, Estimating the use

of tidal flats by waders: inaccuracies due to the response of birds to the tidal cycle: Bird

Study, v. 53, p. 32–38.

DING, T.S., YUAN, H-W., GENG, S., KOH, C-N., AND LEE, P-F., 2006, Macro-scale bird spe-

cies richness patterns of the East Asian mainland and islands: energy, area and isolation:

Journal of Biogeography, v. 33, p. 683–693.

DINGLE, H., 2004, The Australo-Papuan bird migration system: another consequence of

Wallace’s line: Emu, v. 104, p. 95–108.

EKDALE, A.A., 1985, Paleoecology of the marine endobenthos: Palaeogeography, Palaeocli-

matology, Palaeoecology, v. 50, p. 63–81.

ELBROCH, M. AND MARKS, E., 2001, Bird tracks and sign: a guide to North American spe-

cies: Stackpole Books, Mechanicsburg, Pennsylvania, 456 p.

ELLENBERGER, P., 1980, Sur les empreintes de pas des gros mammiferes de L’Eocene Super-
ieur de Garrigues-Ste-Eulalie (Gard): Palaeovertebrate, Montpellier, Mémoire Jubil.

R. Lavocat, p. 37–78.

ELNER, R.W., BENINGER, P.G., JACKSON, D.L., AND POTTER, T.M., 2005, Evidence of a new

feeding mode in western sandpiper (Calidris mauri) and dunlin (Calidris alpina) based

on bill and tongue morphology and ultrastructure: Marine Biology, v. 146, p. 1223–1234.

FALK, A.R., HASIOTIS, S.T., AND MARTIN, L.D., 2010, Feeding traces associated with bird

tracks from the Lower Cretaceous Haman Formation, Republic of Korea: PALAIOS,

v. 25, p. 731–741.

FALK, A.R., LIM, J-D., AND HASIOTIS, S.T., 2014, A behavioural analysis of fossil bird tracks

from the Haman Formation (Republic of Korea) shows a nearly modern avian ecosys-

tem: Vertebrata PalAsiatica 2014, v. 52, p. 129–152.

FIKRI, H.N., SACHSENHOFER, R.F., BECHTEL, A., AND GROSS, D., 2022, Coal deposition in the

Barito Basin (southeast Borneo): the Eocene Tanjung Formation compared to the Miocene

Warukin Formation: International Journal of Coal Geology, v. 263, article 104117, 22 p.

FIORILLO, A.R., HASIOTIS, S.T., KOBAYASHI, Y., BREITHAUPT, B.H., AND MCCARTHY, P.J., 2011,

Bird tracks from the Upper Cretaceous Cantwell Formation of Denali National Park,

Alaska, U.S.A.: a new perspective on ancient northern polar vertebrate biodiversity:

Journal of Systematic Paleontology, v. 9, p. 33–49.

FLEMMING, B.W., 2003, Flaser, in G.V. Middleton (ed.) Encyclopedia of Sediments and

Sedimentary Rocks: Kluwer, Dordrecht, p. 282–283.

FLEMMING, B.W., 2005, Tidal environments, in M. Schwartz (ed.) Encyclopedia of Coastal

Science: Springer, Berlin, p. 1180–1185.

FLEMMING, B.W., 2011, Chapter 10: Siliciclastic back-barrier tidal flats, in R.A. Davies, JR.,

and R.W. Dalrymple (eds.), Principles of Tidal Sedimentology: Springer, Dordrecht,

p. 231–267.

FREY, R.W. AND PEMBERTON, S.G., 1987, Tracemaking activities of crabs and their envi-

ronmental significance: the ichnogenus Psilonichnus: Journal of Paleontology, v. 58,

p. 333–350.

FUENTES VIDARTE, C.F., 1996, Primeras huellas de aves en al Weald de Soria (España).
Nuevo icnogero, Archaeoornithipus y nueava iccnospecie A. meijidei: Estudios Geolog-

ica, v. 52, p. 63–75

GASTALDO, R.A., ALLEN, G.P., AND HUC, A.-Y., 1995, The tidal character of fluvial sedi-

ments of the Modern Mahakam River Delta, Kalimantan, Indonesia, in B. Flemming

and A. Bartholomä (eds.), Tidal Signatures in Modern and Ancient Sediments: Interna-

tional Association of Sedimentologists, Special Publication, v. 24, p. 171–181.

GENISE, J.F., MELCHOR, R.N., ARCHANGELSKY, M., BALA, L.O., STRANECK, R., AND DE

VALAIS, S., 2009, Applications of neoichnological studies to behavioral and taphonomic

interpretations of fossil bird-like tracks from lacustrine settings: the Late Triassic–Early

TABLE 7.—Substrate consistency and footprint preservation. Substrate categories from Ekdale (1985), Gingras et al. (2000b), Lettley et al. (2007).

Substrate Characteristics Trace preservation Wahanna examples

Soupground Water-saturated, incompetent substrate, closer

to a viscous fluid than to a true solid.

Common deformation of footprints, common

dragmarks, common splash marks.

WAH01-03; WAH01-2; WAH01-3; WAH01-04 (part)

Softground Competent, unconsolidated sediment, may be

damp.

Footprints well-defined with crisp, clear

margins, drag marks rare.

WAH01-04 (part), WAH01-5; WAH02-1; WAH02-2;

WAH03-1; WAH04-06

Stiffground Stable substrate, compacted but friable. Traces limited to light scuff marks and claw

marks.

NA

Firmground Firm, compacted sediment. Traces typically absent, claw marks possible. NA

Hardground Lithified/cemented sediment. No traces left by bird feet. NA

P A L A I O S 93AVIAN FORAGING TRACES, EOCENE OF INDONESIAN BORNEO

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024



Jurassic? Santo Domingo Formation, Argentina: Palaeogeography, Palaeoclimatology,

Palaeoecology, v. 272, p. 143–161.

GINGRAS, M.K., HUBBARD, S.M., PEMBERTON, S.G., AND SAUNDERS, T.D.A., 2000a, The sig-

nificance of Pleistocene Psilonichnus at Willapa Bay, Washington: PALAIOS, v. 15,

p. 142–151.

GINGRAS, M.K., MACEACHERN, J.A., DASHTGARD, S.E., ZONNEVELD, J-P., SCHOENGUT, J.,

RANGER, M.J., AND PEMBERTON, S.G., 2012, Chapter 16: Estuaries, in D. Knaust and R.G.

Bromley (eds.), Trace Fossils as Indicators of Sedimentary Environments: Developments

in Sedimentology, v. 64, Elsevier, Amsterdam, p. 463–483.

GINGRAS, M.K., PEMBERTON, S.G., AND SAUNDERS, T.D.A., 2000b, Firmness profiles associ-

ated with tidal-creek deposits: the temporal significance of Glossifungites assemblages:

Journal of Sedimentary Research, v. 70, p. 1017–1025.

GINGRAS, M.K., PEMBERTON, S.G., SAUNDERS, T.D.A., AND CLIFTON, H.E., 1999, The ichnol-

ogy of Modern and Pleistocene brackish-water deposits at Willapa Bay, Washington: var-

iability in estuarine settings: PALAIOS, v. 14, p. 352–374.

GINGRAS, M.K. AND ZONNEVELD, J-P., 2015, Tubular tidalites: a biogenic sedimentary struc-

ture indicative of tidally influenced sedimentation: Journal of Sedimentary Research,

v. 85, p. 845–854.

GRANT, J., 1984, Sediment microtopography and shorebird foraging: Marine Ecology Pro-

gress Series, v. 19, p. 293–296.

HALL, L.A., DE LA CRUZ, S.E.W., WOO, I., KUWAE, T., AND TAKEKAWA, J.Y., 2021, Age- and

sex-related dietary specialization facilitate seasonal resource partitioning in a migratory

shorebird: Ecology and Evolution, v. 11, p. 1866–1876.

HALL, R., 2012, Sundaland and Wallacea: geology, plate tectonics and palaeogeography, in

D.J. Gower, K.G. Johnson, J.E. Richardson, B.R. Rosen, L. Ruber, and S.T. Williams

(eds.), Biotic Evolution and Environmental Change in Southeast Asia: Cambridge Uni-

versity Press, Cambridge, p. 32–78.

HAMER, J.M.M. AND SHELDON, N.D., 2010, Neoichnology at lake margins: implications for

paleo-lake systems: Sedimentary Geology, v. 228, p. 319–327.

HAMILTON, D.J., BARBEAU, M.A., AND DIAMOND, A.W., 2003, Shorebirds, mudsnails and

Corophium volutator in the upper Bay of Fundy, Canada: predicting bird activity on

intertidal mudflats: Canadian Journal of Zoology, v. 81, p. 1358–1366.

HANCOCK, J.A., KUSHLAN, J.A., AND KAHL, M.P., 1992, Storks, Ibises and Spoonbills of the

World: Academic Press, London, 385 p.

HERYANTO, R. AND PANGGABEAN, H., 2004, Fasies dan sedimentologi Formasi Tanjung di

bagian barat, tengah dan timur tinggian Meratus, Kalimantan Selatan: Jurnal Sumber

Daya Geologi, v. 14, p. 78–93.

HERYANTO, R. AND PANGGABEAN, H., 2011, Provenance dan diagenesis batupasir Paleogen di

daerah Purukcahu-MuCarateweh, Kalimantan Tengah: Jurnal Sumber Daya Geologi,

v. 21, p. 335–347.

HOLMES, R.T., 1966, Feeding ecology of the red-backed sandpiper (Calidris alpina) in

Alaska: Ecology, v. 47, p. 32–45.

JIMÉNEZ, A., ELNER, R.W., FALVARO, C., RICKARDS, K., AND YDENBERG, Y.C., 2015, Intertidal

biofilm distribution underpins differential tide-following behaviour of two sandpiper spe-

cies (Calidris mauri and Calidris alpina) during northward migration: Estuarine,

Coastal and Shelf Science, v. 155, p. 8–16.

JING, K., MA, Z., LI, B., LI, J., AND CHEN, J., 2007, Foraging strategies involved in habitat

use of shorebirds at the intertidal area of Chongming Dongtan, China: Ecological

Research, v. 22, p. 559–570.

JONES, H.L. AND HAJEK, E.A., 2007, Avulsion stratigraphy in ancient alluvial deposits: Sedi-

mentary Geology, v. 202, p. 124–137.

JONES, M.J., MARSDEN, S.J., AND LINSLEY, M.D., 2003, Effects of habitat change and geo-

graphical variation on the bird communities of two Indonesian Islands: Biodiversity and

Conservation, v. 12, p. 1013–1032.

JONES, M.J., SULLICAN, M.S., MARSDEN, S.J., AND LINSLEY, M.D., 2001, Correlates of extinc-

tion risk of birds from two Indonesian islands: Biological Journal of the Linnean Society,

v. 73, p. 65–79.

KESSLER, E., 1995, Tertiary avian localities of Romania: Acta Universitatis Carolinae Geo-

logica, v. 39, p. 703–709.

KIM, J.Y., LOCKLEY, M.G., SEO, S.J., KIM, K.S., KIM, S.H., AND BAEK, K.S., 2012, A para-

dise of Mesozoic birds: the world’s richest and most diverse Cretaceous bird track

assemblage from the Early Cretaceous Haman Formation of the Gajin tracksite, Jinju,

Korea: Ichnos, v. 19, p. 28–42.

KLEIN, G. DE V., 1971, A sedimentary model for determining paleotidal range: Geological

Society of America Bulletin, v. 82, p. 2585–2592.

KRAPOVICKAS, V., CICCIOLI, P.L., MÁNGANO, M.G., MARSICANO, C.A., AND LIMARINO, C.O.,

2009, Paleobiology and paleoecology of an arid-semiarid Miocene South American ich-

nofauna in anastomosed fluvial deposits: Palaeogeography, Palaeoclimatology, Palaeoe-

cology, v. 284, p. 129–152.

KRAUS, M.J., 1996, Avulsion deposits in lower Eocene alluvial rocks, Bighorn Basin, Wyo-

ming: Journal of Sedimentary Research, v. 66, p. 354–363.

KRAUS, M.J. AND WELLS, T.M., 1999, Recognizing avulsion deposits in the ancient strati-

graphical record, in N.D. Smith and J. Rogers (eds.), Fluvial Sedimentology VI: Interna-

tional Association of Sedimentologists, Special Publication, v. 28, p. 251–268.

KRISTYARIN, D.A., RAHARDJO, A.T., AND BAMBANG P., 2016, Paleoecology and paleoclimate

of Tanjung Formation deposition, based on palynological data from Siung Malopot, Cen-

tral Borneo, in Y. Rosandi, H.M. Urbassek, and H. Yamanaka (eds.), Proceedings of the

International Symposium on Geophysical Issues: Padjadjaran University, Bandung

2015, IOP Conference Series, Earth Environment Science 29, e012022, p. 1–10.

KUWAE, T., BENINGER, P.G., DECOTTIGNIES, P., MATHOT, K.J., LUND, D.R., AND ELNER, R.W.,

2008. Biofilm grazing in a higher vertebrate: the Western Sandpiper, Calidris mauri:

Ecology, v. 89, p. 599–606.

KUWAE, T., MIYOSHI, E., HOSOKAWA, S., ICHIMI, K., HOSOYA, J., AMANO, T., MORIYA, T.,

KONDOH, M., YDENBERG, R.C., AND ELNER, R.W., 2012, Variable and complex food web

structures revealed by exploring missing trophic links between birds and biofilm: Ecol-

ogy Letters, v. 15, p. 347–356.

LAMBRECHT, K., 1931, Protoplotus beauforti n.g. n.sp. ein Schlangenhalsvogel aus dem

Tertiar von W. Sumatra: Wetenschappelijke Mededeelingen Diernst van den Mijnbouw

in Nederlandisch-Indie, v. 17, p. 15–24.

LETTLEY, C.D., GINGRAS, M.K., PEARSON, N.J., AND PEMBERTON, S.G., 2007, Burrowed stiff-

grounds on estuarine point bars: modern and ancient examples, and criteria for their dis-

crimination from firmgrounds developed along omission surfaces, in J.A. MacEachern,

K.L. Bann, M.K. Gingras, and S.G. Pemberton (eds.) Applied Ichnology: SEPM Short

Course Notes, v. 52, p. 325–333.

LOCKLEY, M.G., BUCKLEY, L.G., FOSTER, J.R., KIRKLAND, J.I., AND DEBLIEUX, D.D., 2015,

First report of bird tracks (Aquatilavipes) from the Cedar Mountain Formation (Lower

Cretaceous), eastern Utah: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 420,

p. 150–162.

LOCKLEY, M.G., KIM, K.S., LIM, J.D., AND ROMILLO, A., 2021, Bird tracks from the Green

River Formation (Eocene) of Utah: ichnotaxonomy, diversity, community structure and

convergence: Historical Biology, v. 33, p. 2085–2102.

LOCKLEY, M.G., REYNOLDS, R.E., MILNER, A.R.C., AND VARHALMI, G., 2007, Preliminary

overview of mammal and bird tracks from the White Narrows Formation, southern

Nevada: New Mexico Museum of Natural History and Science Bulletin, v. 42, p. 91–96.

LOURENÇO, P.M., SILVA, A., SANTOS, C.D., MIRANDA, A.C., GRANADEIRO, J.P., AND PALMEIRIM,

J.M., 2008, The energetic importance of night foraging for waders wintering in a temper-

ate estuary: Acta Geologica, v. 34, p. 122–129.

MACEACHERN, J.A., BANN, K.L., GINGRAS, M.K., ZONNEVELD, J-P., DASHTGARD, S.E., AND

PEMBERTON, S.G., 2012, Chapter 4: The ichnofacies paradigm, in D. Knaust and R.G.

Bromley (eds.), Trace Fossils as Indicators of Sedimentary Environments: Developments

in Sedimentology, v. 64, Elsevier, Amsterdam, p. 103–138.

MARCHETTI, L., VOIGT, S., LUCAS, S.G., FRANCISCHINI, H., DENTZIEN-DIAS, P., SACCHI, R.,

MANGIACOTTI, M., SCALI, S., GAZZOLA, A., RONCHI, A. AND MILLHOUSE, A., 2019, Tetrapod

ichnotaxonomy in eolian paleoenvironments (Coconino and De Chelly formations, Ari-

zona) and late Cisuralian (Permian) sauropsid radiation: Earth-Science Reviews, v.190,

p. 148–170.

MASON, A.D.M., HAEBIG, J.C., AND MCADOO, R.L., 1993, A fresh look at the North Barito

Basin, Kalimantan: Proceedings of the 22nd Annual Convention of the Indonesian Petro-

leum Association, Jakarta, p. 589–606.

MASTER, S., 1991, Bird footprints as nucleation sites for subaerial desiccation cracks in a

saline mudflat, Pretoria Salt Pan: South African Journal of Geology, v. 94, p. 249–252.

MATHOT, K.J., LUND, D.R., AND ELNER, R.W., 2010, Sediment in stomach contents of

Western Sandpipers and Dunlin provide evidence of biofilm feeding: Waterbirds, v.

33, p. 300–306.

MCCREA R.T. AND SARJEANT, W.A.S., 2001, New ichnotaxa of bird and mammal footprints

from the Lower Cretaceous (Albian) Gates Formation of Alberta, in D.H. Tanke, K.

Carpenter, and M.W. Skrepnick (eds.), Mesozoic Vertebrate Life: New Research

Inspired by the Paleontology of Philip J. Currie: Indiana University Press, Blooming-

ton, p. 453–478.

MEIJER, H.J.M., 2014, The avian fossil record in Insular Southeast Asia and its implica-

tions for avian biogeography and palaeoecology: PeerJ 2, e295, 13 p., doi: 10.7717/

peerj.295.

MENDONÇA, V.M, RAFFAELLI, D.G., AND BOYLE, P.R., 2007, Interactions between shorebirds

and benthic invertebrates at Culbin Sands Lagoon, NE Scotland: effects of avian pre-

dation on their prey community density and structure: Scientia Marina, v. 71, p. 579–

591.

MERCIER, F. AND MCNEIL, R. 1994, Seasonal variations in intertidal density of invertebrate

prey in a tropical lagoon and effects of shorebird predation: Canadian Journal of Zool-

ogy, v. 72, p. 1755–1763.

MINTER, N.J., BRADDY, S.J., AND DAVIS, R.B., 2007, Between a rock and a hard place: arthro-

pod trackways and ichnotaxonomy: Lethaia, v. 40, p. 365–375.

MINTON, C., GOSBELL, K., JOHNS, P., CHRISTIE, M., KLAASEN, M., HASSELL, C., BOYLE, A.,

JESSOP, R., AND FOX, J., 2011, Geolocator studies on Ruddy Turnstones Arenaria inter-

pres and Greater Sandplovers Charadrius leschenaultii in the East Asian-Australasia

Flyway reveal widely different migration strategies: Wader Study Group Bulletin, v. 118,

p. 87–96.

MOURITSEN, K.N. AND JENSEN, K.T., 1992, Choice of microhabitat in tactile foraging dunlins

Calidris alpina: the importance of sediment penetrability: Marine Ecology Progress

Series, v. 85, p. 1–8.

MURRAY, N.J. AND FULLER, R.A., 2015, Protecting stopover habitat for migratory shorebirds

in East Asia: Journal of Ornithology, v. 156, p. S217–S225.

MYERS, S., 2009, Birds of Borneo: Brunei, Sabah, Sarawak and Kalimantan: Princeton

University Press, Princeton, 272 p.

NEBEL, S., 2007, Differential migration of shorebirds in the East Asian-Australasian Fly-

way: Emu, v. 107, p. 14–18.

94 P A L A I O SJ.P. ZONNEVELD ET AL.

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024

https://doi.org/10.7717/peerj.295
https://doi.org/10.7717/peerj.295


NEBEL, S., JACKSON, D.L., AND ELNER, R.W., 2005, Functional association of bill mor-

phology and foraging behaviour in calidrid sandpipers: Animal Biology, v. 55,

p. 235–243.

NEBEL, S. AND THOMPSON, G.J., 2005, Foraging behaviour of western sandpipers changes

with sediment temperature: implications for their hemispheric distribution: Ecological

Research, v. 20, p. 503–507.

NOFFKE, N., GERDES, G., KLENKE, T., AND KRUMBEIN, W.E., 2001, Microbially induced sedi-

mentary structures—a new category within the classification of primary sedimentary

structures: Journal of Sedimentary Research, v. 71, p. 649–656.

O’BRIEN, N.R., 1987, The effects of bioturbation on the fabric of shale: Journal of Sedi-

mentary Petrology, v. 57, p. 449–455.

PANIN, N. AND AVRAM, E., 1962, Noe urme de vertebrate in Miocanul Subcarpatilor Romine

ti: Studii si Cercetari de Geologie, v. 7, p. 455–484.

PEARSON, N.J. AND GINGRAS, M.K., 2006, An ichnological and sedimentological facies

model for muddy point-bar deposits: Journal of Sedimentary Research, v. 76, p. 771–782.

PEMBERTON, S.G. AND WIGHTMAN, D. M., 1992, Ichnological characteristics of brackish

water deposits, in S.G. Pemberton (ed.), Applications of Ichnology to Petroleum Explo-

ration: Society of Economic Paleontologists and Mineralogists, Core Workshops, v. 17,

p. 141–167.

PHILLIPPS, Q., 2012, Phillipps’ field guide to the birds of Borneo: Sabah, Sarawak, Brunei

and Kalimantan: John Beaufoy Publishing, Singapore, 370 p.

PIERSMA, T., VAN GILS, J., AND WIERSMA, P., 1996, Family Scolopacidae (sandpipers, snipes

and phalaropes), in J. del Hoyo, A. Elliott, and J. Sargatal (eds.), Handbook of the Birds

of the World: Lynx Edicions, Barcelona, p. 444–533.

PROCTOR, N.S. AND LYNCH, P.J., 1993, Manual of Ornithology. Avian Structure & Function.

Yale University Press, New Haven, 340 p.

PUBELLIER, M., GIRARDEAU, J., AND TJASHURI, I., 1999, Accretion history of Borneo inferred

from the polyphase structural features in the Meratus Mountains, in I. Metcalfe (ed.),

Gondwana Dispersion and Asian Accretion: IGCP 321 Final Results Volume, A.A. Bal-

kema, Rotterdam, p. 141–160.

ROSE, S. AND CHAVETZ, H.S., 2011, Morphology and distribution of MISS: a comparison

between modern siliciclastic and carbonate settings, in N. Noffke and H. Chavetz (eds.),

Microbial Mats in Siliciclastic Depositional Systems Through Time: SEPM Special Pub-

lication, v. 101 p. 3–14.

QUAMMEN, M.L., 1982, Influence of subtle substrate differences on feeding by shorebirds

on intertidal mudflats: Marine Biology, v. 71, p. 339–343.

QUAMMEN, M.L., 1984, Predation by shorebirds, fish and crabs on invertebrates in intertidal

mudflats: an experimental test: Ecology, v. 65, p. 529–537.

RECHER, H.F., 1966, Some aspects of the ecology of migrant shorebirds: Ecology, v. 47,

p. 393–407.

RECHER, H.F. AND RECHER, J.A., 1969, Some aspects of the ecology of migrant shorebirds

II. Aggression: Wilson Bulletin, v. 81, p. 140–154.

REINECK, H-E. AND WUNDERLICH, F., 1968, Classification and origin of flaser and lenticular

bedding: Sedimentology, v. 11, p. 99–104.

REIS, K. R. AND GARONG, A.M., 2001, Late Quaternary terrestrial vertebrates from Pala-

wan Island, Philippines: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 171,

p. 409–421.

RICH, P.V., HOU, L.H., ONO, K., AND BAIRD, R.F., 1986, A review of the fossil birds of China,

Japan and Southeast Asia: Geobios, v. 19, p. 755–772.

RYLANDER, K., 2002, The Behaviour of Texas Birds: University of Texas Press, Austin,

443 p.

SANTOS, C.D., SARAIVA, S., PALMEIRIM, J.M., AND GRANADEIRO, J.P., 2009, How do waders

perceive buried prey with patchy distributions? The role of prey density and size of

patch: Journal of Experimental Marine Biology and Ecology, v. 372, p. 43–48.

SARJEANT, W.A.S. AND LANGSTON, JR., W., 1994, Vertebrate footprints and invertebrate

traces from the Chadronian (late Eocene) of TransPecos, Texas: Texas Memorial

Museum Bulletin, v. 36, p. 1–86.

SARJEANT, W.A.S. AND REYNOLDS, R.E., 2001, Bird footprints from the Miocene of Califor-

nia, in R.E. Reynolds (ed.), The Changing Face of the East Mojave Desert: Desert Stud-

ies Consortium, California State University, Fullerton, p. 21–40.

SATYANA, A.H., 1995a, Paleogene unconformities in the Barito Basin, Southeast Kaliman-

tan: a concept for the solution of the “Barito dilemma” and a key to the search for Paleo-

gene structures: Proceedings of the 24th Annual Convention of the Indonesian

Petroleum Association, v. 1, p. 263–275.

SATYANA, A.H., 1995b, Bali-Lombok Gap: a distinct Geo-Biologic border of the Wallace

line: Berita Sedimentologi, v. 25, p. 5–7.

SATYANA, A.H. AND ARMANDITA, C., 2008, On the origin of the Meratus Uplift, Southeast

Kalimantan—tectonic and gravity constraints: a model for exhumation of collisional oro-

gen in Indonesia: Proceedings of the 33rd Annual Convention of the Indonesian Associ-

ation of Geophysics (HAGI), Bandung 2008, 4 p.

SCHNURR, P.J., DREVER, M.C., KLING, H.J., ELNER, R.W., AND ARTS, M.T., 2019, Seasonal

changes in fatty acid composition of estuarine intertidal biofilm: implications for western

sandpiper migration: Estuarine, Coastal and Shelf Science, v. 224, p. 94–107.

SERJEANT, W.A.S. AND REYNOLDS, R.E., 2001, Bird footprints from the Miocene of Califor-

nia, in R.E. Reynolds (ed.), The Changing Face of the East Mojave Desert: Abstracts

from the 2001 Desert Symposium, Desert Studies Center, California State University,

p. 21–40.

SHCHEPETKINA, A., GINGRAS, M.K., AND PEMBERTON, S.G., 2016, Sedimentology and ichnol-

ogy of the fluvial reach to inner estuary of the Ogeechee River estuary, Georgia, USA:

Sedimentary Geology, v. 342, p. 202–217.

SMYTHIES, B.E., 1960, The birds of Borneo: Oliver and Boyd, Edinburgh, 562 p.

STATTERSFIELD, A.J., CROSBY, M.J., LONG, A.J., AND WEGE, D.C., 1998, Endemic Bird Areas

of the World: Priorities for Biodiversity Conservation: Cambridge Birdlife International,

Cambridge, 846 p.

STIMPSON, C.M., 2009, Raptor and owl bones from Niah caves, Sarawak: identification and

morphological variation in the humerus and tarsometatarsus of selected raptors: Interna-

tional Journal of Osteoarchaeology, v. 19, p. 476–490.

STIMPSON, C.M., 2012, Local scale proxy evidence for the presence of closed canopy forest

in northwest Borneo in the mate Pleistocene: morphometric identifications and palae-

oenvironmental implications: Palaeogeography, Palaeoclimatology, Palaeoecology,

v. 374, p. 132–143.

SUTHERLAND, T.F., SHEPHERD, P.C.F., AND ELNER, R.W., 2000, Predation on meiofaunal and

macrofaunal invertebrates by Western Sandpipers (Calidris mauri): evidence for dual

foraging modes: Marine Biology, v. 137, p. 983–993.

SWENNEN, C. AND YU, Y-T., 2004, Notes on feeding structures of the Black-faced Spoonbill

Platalea minor: Ornithological Sciences, v. 3, p. 119–124.

SWENNEN, C. AND YU, Y-T., 2005, Food and feeding behaviour of the black-faced spoonbill:

Waterbirds, v. 28, p. 19–27.

SWENNEN, C. AND YU, Y-T., 2008, Bill sweeping in spoonbills Platalea: no evidence for an

effective suction force at the tip: Journal of Avian Biology, v. 39, p. 3–6.

TERWINDT, J.H.J. AND BREUSERS, H.N.C., 1972, Experiments on the origin of flaser, lenticu-

lar and sand-clay alternating bedding: Sedimentology, v. 19, p. 85–98.

THRUSH, S.F., PRIDMORE, R.D., HEWITT, J.E. AND CUMMINGS, V.J., 1994, The importance of

predators on a sandflat: interplay between seasonal changes in prey densities and preda-

tor effects: Marine Ecology Progress Series, v. 107, p. 211–222.

TIEDEMANN, R. AND NEHLS, G., 1997, Saisonale und tidale variation in der Nutzung

von Wattflächen durch nahrungssuchende Vögel: Journal of Ornithology, v. 138, p.
183–198.

VAN DE WEERD, A.A. AND ARMIN, R.A., 1992, Origin and evolution of the Tertiary hydrocar-

bon-bearing basins in Kalimantan (Borneo), Indonesia: American Association of Petro-

leum Geologists Bulletin, v. 76, p. 1778–1803.

VAN DUSEN, B.M., FEGLEY, S.R., AND PETERSON, C.H., 2012, Prey distribution, physical habi-

tat features, and guild traits interact to produce contrasting shorebird assemblages among

foraging patches: PLoS ONE, article e52694, 14 p.

WALLACE, A.R., 1859, The geographical distribution of birds: Ibis, v. 1, p. 449–454.

WALLACE, A.R., 1863, On the physical geography of the Malay Archipelago: Journal of the

Royal Geographical Society, v. 33, p. 217–234.

WALLACE, A.R., 1869a, The Malay Archipelago, Volume I: Macmillan and Company, Lon-

don, 478 p.

WALLACE, A.R., 1869b, The Malay Archipelago, Volume II: Macmillan and Company,

London, 524 p.

WALLACE, A.R., 1876, The geographical distribution of animals, Volume I: Macmillan and

Company, London, 503 p.

WALLACE, A.R., 1877, On the comparative antiquity of continents, as indicated by the dis-

tribution of living and extinct animals: Proceedings of the Royal Geological Society,

v. 21, p. 505–534.

WALLACE, A.R., 1881, Island Life: Macmillan and Company, London, 608 p.

WEBER, L.M. AND HAIG, S.M., 1997, Shorebird-prey interactions in South Carolina coastal

soft sediments: Canadian Journal of Zoology, v. 75, p. 227–245.

WEESIE, P.D.M., 1982, The fossil bird remains in the Dubois collection: Modern Quater-

nary Research in Southeast Asia, v. 7, p. 87–90.

WETMORE, A., 1940, Avian remains from the Pleistocene of central Java: Journal of Paleon-

tology, v. 14, p. 447–450.

WILSON, W.H.J., 1991, The foraging ecology of migratory shorebirds in marine soft-sedi-

ment communities: the effects of episodic predation on prey populations: American

Zoologist, v. 31, p. 840–848.

WILSON, W.H.J., 1994, The effects of episodic predation by migratory shorebirds in

Grays Harbor, Washington: Journal of Experimental Marine Biology and Ecology, v.

177, p. 15–25.

WITTS, D., HALL, R., MORLEY, R., AND BOUDAGHER-FADEL, M.K., 2012a, Stratigraphy and

sediment provenance, Barito Basin, southeast Kalimantan: IPA11-G-054 Proceedings,

Indonesian Petroleum Association, 35th Annual Convention and Exhibition, Jakarta,

May 2011.

WITTS, D., HALL, R., NICHOLS, G., AND MORLEY, R., 2012b, A new depositional model for

the Tanjung Formation, Barito Basin, SE Kalimantan, Indonesia: Journal of Asian Earth

Sciences, v. 56, p. 77–104.

YU, Y-T. AND SWENNEN, C., 2004, Habitat use of the black-faced spoonbill: Journal of the

Waterbird Society, v. 27, p. 129–134.

ZAIM, Y., YAN, R., GUNNELL, G.F., STIDHAM, T.A., CIOCHON, R.L., AND ASWAN, 2011,

First evidence of Miocene avian tracks from Sumatra: Berita Sedimentologi, v. 20,

p. 5–6.

ZONNEVELD, J-P., ADANI, N., ASWAN, BLOCH, J.I., BRIGUGLIO, A., CIOCHON, R.L., COTTON, L.

J., HASCARYO, A., HEAD, J., LUQUE, J., SANTODOMINGO AGUILAR, N., SMITH, T., TODD, J.,

WILF, P., AND ZAIM, Y., in press A, Stratigraphy, paleontology and depositional setting of

P A L A I O S 95AVIAN FORAGING TRACES, EOCENE OF INDONESIAN BORNEO

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024



the upper Eocene (Priabonian) Pagat Member, Tanjung Formation in the Satui area,

South Kalimantan, Indonesia: Journal of Paleontology.

ZONNEVELD, J-P., BRITT, B., BROWN, D., CORLETT, H., GINGRAS, M.K., KUWAE, T., MELNYK,

S., NAONE, S., AND ZONNEVELD, Z., in press B, Biogenic structures produced by foraging

shorebirds in marginal marine and marginal lacustrine settings: implications for the rock

record: Journal of Paleontology.

ZONNEVELD, J-P., FIORILLO, A. R., HASIOTIS, S.T., AND GINGRAS, M. K., 2022, Tooth marks,

gnaw marks, claw-marks, bite marks, scratch marks, etc: terminology in Ichnology: Ich-

nos, v. 22, p. 93–101.

ZONNEVELD, J-P. AND GINGRAS, M.K., 2013, The ichnotaxonomy of vertically oriented

bivalve-generated equilibrichnia: Journal of Paleontology, v. 87, p. 243–253.

ZONNEVELD, J-P., GINGRAS, M.K., HODGSON, C.A., MCHUGH, L.P., MYERS, R.A., SCHOENGUT, J.

A., AND WETTUHN, B., 2014, Biotic segregation in an upper mesotidal dissipative ridge and

runnel succession, West Salish Sea, Vancouver Island, British Columbia, in D.I. Hembree, B.

F. Platt and J.J. Smith (eds.), Experimental Approaches to Understanding Fossil Organisms:

Lessons From the Living: Springer, Dordrecht, Topics in Geobiology, v. 41, p. 169–194.

ZONNEVELD, J-P., NAONE, S., AND BRITT, B., in press C, Waterbird foraging traces from the

early Eocene Green River Formation, Utah: Journal of Paleontology.

ZONNEVELD, J-P., ZAIM, Y., RIZAL, Y., CIOCHON, R.L., BETTIS, E.E. III, ASWAN, AND GUNNELL,

G.F., 2011, Oligocene shorebird footprints, Kandi, Ombilin Basin, Sumatra: Ichnos, v. 18,

p. 221–277.

ZONNEVELD, J-P., ZAIM, Y., RIZAL, Y., CIOCHON, R.L., BETTIS, III, E.E., ASWAN, AND

GUNNELL, G.F., 2012, Ichnological constraints on the depositional environment of the

Sawahlunto Formation, Kandi, northwest Ombilin Basin, west Sumatra, Indonesia: Jour-

nal of Asian Earth Sciences, v. 45, p. 106–113.

Received 4 February 2023; accepted 12 December 2023.

96 P A L A I O SJ.P. ZONNEVELD ET AL.

Downloaded from http://pubs.geoscienceworld.org/sepm/palaios/article-pdf/39/3/67/6324003/i1938-5323-39-3-67.pdf
by Pennsylvania State University user
on 23 March 2024


