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Longest crab trackways from the Bay of Bengal Coast, India:
Their geological and geotechnical applications

Chirananda De

ABSTRACT

Neoichnological appraisal of amphibious side-runner crab Ocypode produced on
the Bakkhali beach in eastern India has revealed how animal physiology, life-habits
and substrate decide architecture, orientation, continuity, morphological variations and
preservation potential of their typically asymmetric trackways. About 100 m long, sea-
ward moving, parallel and cross-coast trackways that constitute the world’s longest
ever known invertebrate trackways amongst modern and ancient records are gener-
ated selectively by adults while herding down beach slope in quest of life-saving sea-
water to moisten their gills. Smaller, freely-wandering and self-crossing trackways in
the moist intertidal flat are produced by young while searching food, making pellets and
runways, and escaping from predators. The unnamed asymmetric crustacean track-
ways of Eocene of Andaman and Quaternary Banas Basin of India constitute ancient
analogues of the Ocypode trackways. The analogy and fossil arthropod trackways as
delicate as the present ones justify their preservation potential. The palaeoichnological
applications include ichnotaxonomic revisions, creation of new ichnotaxon as tapho-
nomic and ethological variants, and taxonomic identification of ancient trace makers,
besides palaeoecological and palaeogeomorphic interpretations. It relates animal
physiology with ichnotaxonomy in detail, provides new information to the existing data-
base, and bears application potential in coastal geotechnical programmes as a new
ichnological tool.
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INTRODUCTION ments. Of these, the records of vertebrate track-
ways certainly outnumber that of the invertebrates.
The fossilized vertebrate (e.g., dinosaurs, birds,
fishes, amphibians and mammals including ele-
phant, ruminant goat and even human) trackways

Locomotion traces or trackways, both recent
and ancient, of vertebrates and invertebrates are
reported from a myriad of sedimentary environ-
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are recorded from continental playa-lake (Scrivner
and Bottjer, 1986), carbonate aeolianite (Fornds et
al., 2002; Roberts et al., 2008), terrestrial (Sarjeant
and Mossmann, 1978; Demathieu and Wycisk,
1990; Min Huh et al., 2006; Lockley et al., 2006a;
Kim et al., 2008; Lee et al., 2008), glaciolacustrine
(Benner et al.,, 2008), lacustrine (Pollard and
Hardy, 1991; Genise et al., 2009), fluvio-lacustrine
(Costa da Silva et al., 2008), interdune (Gradzinski
and Uchman, 1994; Jacobs and Roberts, 2009),
marginal marine shoreline (Lockley et al., 2006b;
Anfinson et al., 2009), tidal flat (Diedrich, 2008)
and volcano-sedimentary (Ataabadi and Sarjeant,
2000) facies. Dinosaur tracks have been found in
over 1000 locations throughout the world, on every
continent except Antarctica (Kuban, 2009). Con-
trastingly, the invertebrate (largely arthropods
including eurypterids, myriapods and trilobites) fos-
sil trackways are restricted to finer clastics of back-
shore-foreshore (Draganits et al., 1998), paralic
(Braddy and Almond, 1999) and lacustrine (Pollard
and Hardy, 1991; Seilacher, 2008) environments.
Growth of biomats usually provides excellent sub-
strate conditions through the formation of leathery
semi-rigid top layers for survivorship and preserva-
tion of delicate trackways especially in the post-
Proterozoic sediments (Seilacher, 2008) following
the Cambrian organic explosion and development
of Hox gene-controlled hard body parts (Schopf
and Klein, 1992).

Study of fossil trackways, as a whole, has
remained important as they reveal various ichno-
taxonomic (Lockley et al., 2006a, 2006b; Davis et
al., 2007), ethological (Braddy and Almond, 1999;
Min Huh et al., 2006; Benner et al., 2008; Kim et
al., 2008; Genise et al., 2009), anatomical (Clack,
1997), palaeoecological and palaeoenvironmental
(Demathieu and Wycisk, 1990; Fornés et al., 2002;
Lockley et al., 2006a), palaeogeographical (Died-
rich, 2008), colonization (Gradzinski and Uchman,
1994; Draganits et al., 1998) and evolutionary
(Scrivner and Bottjer, 1986; Anfinson et al., 2009)
aspects of the ancient trackway producers. On the
other hand, neoichnological appraisal of modern
trackways for palaeoichnological applications and
other geological interpretations is extremely rare in
published literature. Neoichnological observations
on the behavioral patterns of modern shorebirds
(sandpipers Calidris bairdii and Calidris fuscicollis)
that seasonally frequent coastal freshwater ponds
(Bajo de los Huesos, Chubut) of Argentina have
helped interpret avian trackway affinity of the ich-
notaxon Gruipeda dominguensis described from
the Late Triassic—Early Jurassic Santo Domingo

Formation (Genise et al., 2009). An experimental
neoichnological study on the effects of varied sub-
strate conditions on the morphology and preserva-
tion of modern terrestrial arthropod trackways
reveals that the combined effect of increasing con-
centrations of clay minerals and surface moisture
provides excellent conditions for trackway survivor-
ship and preservation (Davis et al., 2007). More-
over, there remain wide gaps in our understanding
of the controlling factors (e.g., physiological need,
substrate conditions, biomat development, ero-
sional forces, bauplan of the appendages and
many others) that decide formation, induce ichno-
taxonomic variations and favor preservation of
bewildering array of modern tracks and trackways
in any given environmental setting and in success-
ful application of these neoichnological data into
geological past and present geotechnology.

The present paper deals with the factors gov-
erning the formation, variation in forms and preser-
vation of the world’s longest modern decapod
crustacean trackways across the Bakkhali beach,
Bay of Bengal coast of West Bengal, eastern India,
and addresses their multiple application to geologi-
cal past and modern geotechnology, especially
with reference to delta front coastline settings.

SITE DESCRIPTION

The Bay of Bengal coast borders the southern
fringe of the world’s most colossal mangrove delta
complex of Sundarban (Figure 1) in eastern India.
It harbors a wide range of trace-forming inverte-
brates and vertebrates. The distinctive sedimen-
tary environments include estuary, backswamp-
saltmarsh-mudflat complex, coastal beach-dune
complex, supratidal-intertidal-subtidal beaches,
tidal flats, long shore and channel-mouth bars, and
distant partially submerged islands (Figure 1). The
conspicuous coastal landforms (Reineck and
Singh, 1973; De, 2000, 2003a, 2005a) developed
in the Bakkhali area include lower estuarine zone,
back dunal mudflats-backswamps-saltmarsh-creek
complex with thick mangrove vegetation, older sta-
bilized dune ridges, younger mobile dunes and
sand sheets, low gradient supratidal and intertidal
beaches from land to sea (Figure 1).

The sediments of the study area (Figure 2)
show limited variation in grain size (clay to coarse
sand) and firmness (soft ground). The sediments of
the lower estuarine zone are predominantly thinly-
bedded to parallel-laminated clay-silt in the flood-
plains, fine to medium sand in the channel bars,
and alternately laminated sand-silt-clay in the natu-
ral levees. The swamps associated with aban-
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FIGURE 1. General geological and geomorphological map of Sundarban Delta Complex showing present extent of
mangrove forest, regional stratigraphy, geomorphic units and the location of the studied Bakkhali beach sector (1). A
schematic coastal profile (2) is drawn to show distribution of different coastal geomorphic units from land to sea.

doned channel courses are filled with soft grayish-
black clays and silts. Grain size measurements
indicate predominance of clay-silt over sand in the
coastal mudflats, backswamps, salt marshes and
creek banks. The coastal dunes, supratidal back-
shore and intertidal foreshore beaches are com-
posed mainly of grey, black and purple sand, and
silt admixed in various ratios (calculated MZ 2.75
phi to 1.4 phi). Microbial (algal) mats or biomats are
developed locally in patches in the moist and
depressed areas on the supratidal flats (Figure 2).

A few millimeter thick leathery and slightly coherent
admixtures of fine sand, silt and green algae-
secreted organic glue define the matground. Vari-
ous types of delicate traces are found preserved in
the biomats under thin cover of fine wind-settled
sediments. Biomats are often destroyed during
monsoons and spring tides.

The average rate of net sedimentation in the
Bay of Bengal coast was calculated to be 6.7 cm/
100 years by Mallick (1976). The area exhibits a
wide range of primary sedimentary structures, for
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FIGURE 2. Geological and geomorphological map of the Bakkhali beach showing different ichnological subzones,
location of long trackways, and stable and unstable beach segments.

example, various types of cross-beddings, ripples
(wave, current, interference, double crested and
low amplitude), rill marks, scour marks, wrinkle
marks (probably biomat-related), aeolian current
lineation, mud balls, desiccation cracks, hum-
mocky cross-stratification and aeolian dunes. The
tidal flats exhibit various types of ripples (lunate,
linguoid, current, wave, etc.) with truncated crests,
ripple-drift laminations, rill marks, flaser beddings,
rhythmic laminations and herringbone cross beds.
The aeolian dune sands show wedge-shaped high
angle cross beds and gravitative slump structures.
The hydraulic energy level in the estuary zone is

low to moderate. It increases drastically towards
the open coast where wave, tide and wind actions,
and occasional storm conditions prevail. Effect of
wave action is most conspicuous on the beaches
and breaker zones.

The region experiences average maximum
and minimum temperature of 420 C (May to June)
and 220 C (December), moderately high annual
rainfall (1490 cm to 2430 cm), a high salinity range
(23%o in the inner vs. 39%o in the outer delta), mod-
erate pH (7.7 to 8.4), and a mean maximum semid-
iurnal spring tidal range of 6.8 m to 7.7 m and
mean minimum neap tidal range of 2.2 mto 2.5 m



(Port Trust of India database for the last five years).
The dissolved oxygen content in open seawater
ranges from 2.4 ml/l to 4.7 ml/l (Chattopadhaya et
al.,, 1993). Predominant wind directions are from
south to north (March to October) and are reversed
during November to February. Pre-monsoon tropi-
cal cyclones, locally called “Kalbaishakhi” (south-
east to northwest, 80 km/hr to 120 km/hr and two to
four times/month from March to May), reorganize
the beach and dune sands. Non-storm shallow
waves (0.5 m to 7 m wavelength) approach the
beach at 700 to 850.

The study area (Figure 2) represents a part of
subtropical, littoral and marine-estuarine mangrove
ecosystem developed in hot, humid, saline and
marshy environments where about 20% to 40% of
the land area gets inundated during high tides. Due
to the abundance of food and shelter, and low pre-
dation pressure, mangroves are known to form
ideal nursery habitats for a variety of animal spe-
cies, e.g., crab, prawn and fish species (Nagelk-
erken et al., 2008). The ecosystem sustains
diversified faunal communities that include mam-
mals, birds, reptiles, amphibians, fishes, insects
and other invertebrates besides various types of
microorganisms. Amongst the invertebrates, the
most dominant groups are insects, arthropods,
annelids and mollusks. They thrive in large num-
bers in the riverbanks, swamps, marshes, creek
banks and beach profiles. Of the lebensspuren-
producing endobenthic invertebrate communities,
the decapod crustaceans (crabs) are most pre-
dominant and omnipresent followed closely by
polychaete worms and mollusks (gastropods and
bivalves). About 86 decapod crustacean species
belonging to 13 families are known from the
coastal Bengal (Deb, 1998). These are associated
with 16 molluscan species, most of which produce
traces. The published documents covering the
study area on the biophysical mechanism of inter-
tidal beach crab burrowing and environmental ich-
nozonation of the trace producers (De, 2005a,
2009a), crab burrowing and pellet making activities
(De, 2000), ichnological evidences of rising sea
level (De, 2002b, 2003a; Bandopadhaya and De,
2000), burrowing habits of bivalve Macoma bir-
manica Phillipi (Chattopadhaya et al., 1993 ) and
geotechnical applications of ichnological tools (Dio-
patra cuprea Bosc tubes and Uca mud volcanoes:
De, 2002a, 2009a) have revealed high neoichno-
logical potentiality of the Bay of Bengal coast in
West Bengal.

The Bakkhali beach (Figure 2), in particular,
has long been considered as an excellent natural
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laboratory to experiment with a myriad of amazing
organo-sedimentary features (lebensspuren) that
are being formed round the clock, destroyed by
each wind and wave action and preserved under
each sediment layer. The interaction among animal
physiology and environment is responsible for a
wide range of biogenic structures, from submicro-
scopic borings on ooids to vertebrate and decapod
trackways (Bandopadhaya and De, 2000) to as
long and robust as stampeding trackways or foot-
prints particularly of vertebrates and decapod crus-
taceans (De, 2000, 2005a). This beach exhibits
development of a wide variety of trackways particu-
larly during the morning hours on moist medium to
fine sands admixed with variable amounts of clay
and xylic contents. During the daytime with the
increase in wind velocity and decrease in sediment
moistness, these trackways get highly modified
and/or largely destroyed. In spite of the abundant
and diversified trackways in the Bakkhali beach,
these features have remained, so far, unaddressed
in the published literature on the studied area. Mar-
tin (2006) from Sapelo Island (Georgia, USA) dis-
cussed resting traces and connected trackways of
modern ghost crab Ocypode quadrata with empha-
sis on physiological (hydration and respiration in
intertidal environment) and preservation aspecits.
Netto and Grangeiro (2006) addressed modern
Psylonichnus ichnocoenosis defined by various
types of burrows and trackways of crabs (including
Ocypode quadrata) and tracks of beetles, birds
and lizards developed in the seaward side of the
Peixe Lagoon of southern Brazil with reference to
their preservation potential, palaeoenvironmental
and stratigraphic significances. Unlike the above
two works, the present paper addresses the details
of morphological changes of trackways of the crab
Ocypode vis a vis substrate environments, physio-
logical needs and preservation potential in terms of
Geological and geotechnical significance.

MATERIALS AND METHODS

The materials of the present study include
various trackways of the crab Ocypode, substrate
conditions in terms of sand-silt-clay and moistness
and their photographic documentations. During a
field visit to the Bakkhali beach the author early in
the morning of July 3, 2010, during neap low tide
came across several unusually long, sinuous to
straight and just-made trackways of crabs on the
soft beach sediments. These continuous trackways
were traced right down the beach slope (down
going) and across the entire shoreline. However, a
few similar trackways of shorter lengths (40 m to

5
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50 m) were observed to be disposed oppositely
(up-coming) in the intertidal flat. The longest con-
tinuous one (down going) was measured to be 115
m long and 8 cm wide. It appeared from a burrow
opening located in the supratidal back dune com-
plex and continued over dry to moist rippled sand
surfaces of the dunes and supratidal-upper inter-
tidal zones before vanishing into seawater in the
middle intertidal zone (Figure 3.1). Seven more
morphologically similar trackways (down going)
with semi-parallel trends were also observed in
close vicinity. The length vs. width of these associ-
ated trackways measures to be 95 m vs. 8 cm, 97
mvs.8.2cm,89mvs.8cm, 84 mvs. 7.8 cm, 67 m
vs. 8.1 cm, 59 m vs. 8.3 cm and 92 m vs. 7.7 cm.
Interestingly all these eight trackways originate
from different points (dwelling burrows) on the
supratidal back dunes and head downwards
towards the then seawater level right along the
beach slope covering shortest possible distances
to meet the seawater. The length of the trackways,
thus, varies with the position of the dwelling burrow
(point of initiation), seawater (tide) level on the
local beach profile at the time of locomotion, tidal
cycle and beach slope. Moreover, a general con-
sistency has been observed in the trackway width
(7.7 cm — 8.3 cm) that seems to be related to simi-
lar body size or in other words to a particular onto-
genetic growth stage of the walking crabs. It was
reported previously (De, 2000) that the supratidal-
intertidal Bakkhali beach is dwelled by a thick pop-
ulation of semi-terrestrial ocypodid crabs (Ocypode
spp., llyoplax pusillus Tweedie and Uca marionis
Alcock). The first two produce dwelling burrows in
the sandy supratidal and intertidal zones, while
Uca (2 cm — 3 cm across) along with Turritella pre-
fers to dwell in muddy backswamps and creek
banks (Figure 2; De, 2000). The above study has
also revealed that Ocypode spp. together with llyo-
plax and Metaplax produce coast-parallel ontog-
eny-based linear burrow zones (Figure 2; De,
2009a). The intertidal part is generally dwelled by
young individuals, while the old individuals together
with adult (both male and female) and juvenile
crabs exploit the supratidal beach and produce
long, thick and interconnected burrows with brood
chambers and rising juvenile shafts for community
dwelling purpose (De, 2000, 2005a). The tiny crab
llyoplax pusillus (few millimeter across), on the
other hand, defines a narrow coast-parallel zone of
short and thin thread-like burrows within the supra-
tidal beach (De, 2005a, 2009a). The body lengths
of adult and old individuals of Ocypode ceratoph-
thalma Pallas, O. stimpsoni Ortmann and O. mac-

rocera Edwards in walking posture (with unfolded
legs) have been measured to be 7.2 cm — 8.5 cm,
6.9cm—-84cmand7.5cm— 9 cm, respectively.
Since all these crabs are side runners, their body
length in walking mode corresponds to the width of
the trackways. Of these three genera, only the
body size of adult and old Ocypode crabs corre-
sponds to the observed general width (7.7 cm — 8.3
cm) of the trackways. Since physiological energy
requirement to produce such long repichnial track-
ways is too high to be possessed by the old and
juvenile crabs, the present trackways are in all
probability produced by the adult individuals of
Ocypode spp. In the field, some juvenile individuals
of Ocypode were observed to produce similar but
narrower trackways while straying over the proxi-
mal intertidal moist sand beds. The trackways are
associated with footprints of praying birds (Figures
3.1, 4.3) and trackways of other invertebrates.

THE DECAPOD CRUSTACEAN TRACKWAYS

Moist intertidal sands optimally record track-
way morphology (Figures 3.3, 4.1-5). The best
impressed trackway is composed of slightly alter-
nately placed crescent grooves of dissimilar dimen-
sions and depths. The grooves are arranged
biserially along the trackway and bordered around
by pushed up sand rims collectively resembling a
chain structure (Figure 4.1-4). A narrow but discon-
tinuous and sinuous sand ridge separates two
series of crescent groves on either side (Figure
4.1-2). One series contains two rows of grooves.
The grooves in the inner row of this series are
larger and deeper, while those in the outer row are
smaller, narrower and shallower. The other series
contains deepest grooves one touching the other
obliquely and arcuately in a single row. This differ-
ence imparts diagnostic morphological asymmetry.
The pushed up sand rims and inside grooves show
strong forward curvature such that their narrower
ends point backward (Figure 4.1-5). These struc-
tural clues to the direction of movement suggest
general seaward locomotion (herding) of the Bak-
khali Ocypode crabs.

The trackway morphology, however, changes
substantially along its length depending on sub-
strate conditions. On very moist sand beds in the
lower intertidal part (Figures 3.4, 5.1-2) the central
narrow ridge, marginal groves and arcuate ridges
become indistinct, although biseriality and morpho-
logical asymmetry of the trackways can be recog-
nized. The indistinctiveness is because of instant
partial collapse of water laden sandy groves and
ridges. The trackways on dry supratidal sands (Fig-
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FIGURE 3. Distant view of the longest observed Ocypode trackway (shown by arrow). Note the positions of land and
sea, trackway continuity, trackway maneuvering, and trackway morphology in different geomorphic units (1), Ocy-
pode trackways on dry supratidal sand (2), best engraved trackway in moist sand of middle intertidal flat (3), trackway
in very moist sands of lower intertidal flat (4). Note substrate specific morphological variations of the trackways. The

scale measures 16 cm.
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FIGURE 4. Close views and line drawings of best produced trackways for morphological details. Arrow heads indi-
cate the direction of movement: moving upward trackway (1) and its line drawing (2), moving downward crab track-
way (3) overprinted by bird trackway and its line drawing (4), trackway moving zigzag maneuvering mangrove
bushes on the left (5) and fossilized decapods trackways from Eocene Mithakhari Group of Andaman Islands (6), the
closest possible ancient analogue of the describe modern longest crab trackways from Bay of Bengal coast. The
scale measures 16 cm.
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FIGURE 5. Photographs show variations in trackway morphology. Trackways produced on very moist substrate of
lower intertidal flat — note morphological indistinctiveness (1-2); trackway made on dune slope — note morphological
changes due to sliding effect  (3); trackways produced on dry and flat sand surface — note their different appearance
(4); shorter, narrower, freely wandering, and self-crossing young Ocypode trackways produced around a burrow
opening in the moist middle intertidal flat as a result of searching food and feeding pellet making activity (5); long
trackway produced on extra rigid and sticky biomat substrate in the supratidal depression — note different morpholog-
ical appearance relative to the others (6). The scale measures 16 cm.
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TABLE 1. Bibliographic review of fossil trackways and their interpretations.

Palaeoichnological features

Interpretations
(locomotion styles, behavior,
taphonomy, physiology etc.)

References

Cruziana of Cambrian-Ordovician trilobite origin

Different swimming-walking styles

Crimes, 1975

Millions of small- to medium-sized reptile

tidal flats in the Germanic Basin, central Europe

Collectively attributed to emigration through inter- | Diedrich, 2008
trackways from Early to Middle Triassic carbonate | peninsular bridges exposed during low sea stands

lacustrine Santo Domingo Formation (Argentina)
containing hundreds of bird tracks and trackways

Late Triassic—Early Jurassic track surface from the | Behavioural and taphonomic interpretations

Genise et al., 2009

Tetrapod footprints and trackways along with
profuse arthropod traces found in the interdune
deposits of the Lower Triassic Tumlin Sandstone of
Central Poland

Rapid colonization of interdunes

Gradzinski and Uchman, 1994

A large variety of Lower Palaeozoic Trilobite

Different types of locomotion such as walking,

Seilacher, 2007

physiological capacity to manipulate sediment to
produce the structure

trackways grazing, galloping, fast and slow sidling, walking —
swimming etc.
Climatichnites Surface tracks and trails of mollusk having Getty and Hagadorn, 2005

Shoreface crab resting traces

Resting patterns, hydration and respiration

Martin, 2006; Minter et al., 2007

Aestivation burrows of lungfish, earthworm,
lysorophid and dicynodont

True physiological need of retaining body water
content during extremely dry (draught) situation

Hembree, 2010

ure 3.2) are distinctly asymmetrical and run right
across the beach trend maneuvering irregular
obstructions. Biserially arranged arcuate pedal
groves and central discontinuous linear ridges (Fig-
ure 3.2) become indistinct. Trackways over dune
slopes show the sliding effect of the groves and
ridges producing marginally long and narrow
depressions created by coalesced groves (Figure
5.3). Those produced on flat and dry sand surfaces
show no sliding effect and the structure looks dif-
ferent (Figure 5.4). The formation of morphological
asymmetry and biseriality of the trackways, irre-
spective of substrate conditions, has been
attributed to the known side-wise running life habit
of the Ocypode crabs. Trackways, as observed in
the study area, of small olive riddle turtles also pos-
sess biseriality of grooves and ridges across a long
trackway axis, but are typically symmetrical for for-
ward-walking life habits.

DISCUSSION
Physiological and Other Requirements

The formation of the longer version of track-
ways by adult Ocypode has been attributed to their
specific brachyuran life habits (quasiterrestrial,
side runner, endobenthic and soft shore dweller)
and the physiological need for periodical gill moist-
ening with life-saving saline seawater charged with
dissolved oxygen. The morphological clues reveal-
ing the direction of continuous locomotion from
land to seawater of the crabs confirm the involve-

10

ment of the above physiological process. Similar
but narrower trackways of shorter dimensions and
freely-wandering to self-crossing or erratic types
observed around intertidal burrow openings (Fig-
ure 5.5) have been attributed to other life functions
(e.g., searching for food, dwelling place, etc.) than
gill moistening. The young crabs thriving within the
intertidal zone need not produce such long track-
ways as they can periodically reach tidal water
within short distances, and their burrows get inun-
dated regularly. The old and juvenile individuals
prefer to capitalize burrow base water rather than
to reach distant tidal water (De, 2000). In the study
area ocypodid crabs, besides formation of various
types of dwelling burrows, are known to produce at
least eight types of surficial pelletal (feeding) orna-
mentations or designs especially in the upper inter-
tidal zone. Their pellet making activities have been
attributed to search for food and formation of bur-
row-guided pellet-walled radial runways required to
hide into the burrow and concentric pathways to
confuse or obstruct the predators (Chakraborty,
1970; De, 2000). It is thus obvious that variation in
neoichnological features is largely caused by vari-
able physiological and related requirements. There
are fossil records of invertebrate and vertebrate
trackways (Table 1) that largely focus on locomo-
tion styles rather than actual physiological require-
ments involved in trackway formation.

Martin (2006) discussed different types of
resting traces of ocypodid crabs and linked them to
hydration and respiration. The present physiologi-




cal attributes of exceptionally long Ocypode track-
ways, their morphological variations with respect to
substrate environments, and orientation with
respect to coast line and behavioural patterns
involved in formation of associated shorter ver-
sions of trackways were never addressed before.
However, physiological aspects of lungfish burrows
(Hembree, 2010) and mollusk trails and tracks
(Getty and Hagadorn, 2005); different locomotion
styles (swimming-walking) involved in trilobite
tracks and trackways (Seilacher, 2007; Crimes,
1975) and long vertebrate trackways attributed to
rapid colonization and emigration (Gradzinski and
Uchman, 1994; Diedrich, 2008; Genise et al.,
2009) are well known.

Trackway Orientation

The general orientation, which is observed
here to be right across the shoreline of these long
trackways (Figure 3.1), is primarily governed by
energy conservation and urgency. The down the
beach or cross-shore orientation of these track-
ways implies their urgency of availing life-saving
seawater spending less time and energy and trav-
eling the shortest possible distance for their sur-
vival. The orientation of the longer version of
Ocypode trackways, thus, acquires several geo-
morphic connotations. The orientation constitutes a
set of criteria important in palaeogeographic and
palaeoshoreline interpretations as discussed later.
The association of short-length trackways with ill-
defined orientation and freely-wandering nature
(Figure 5.5) with the longer version will strengthen
these interpretations.

Trackway Length

So far, the longest known continuous track-
way (about 350m long) is attributed to a late Creta-

ceous dinosaur in the Andes Mountains, Bolivia

(Lockley et al., 2002; Dinosaur News, 15t August,
1998 www.enchantedlearning.com/subjects/dino-
saurs/news/Boliviatracks.shtml). Another sauro-
pod footprint site from near Lyon, France, can rival
the Bolivia occurrence (Science Daily, www.sci-
encedaily.com/releases/2009/10/

091009132928.htm). In the Toadstool Park of
Nebraska, 1.2 kilometers long trackways of entele-
donts (giant wild pigs), herds of rhinos, horses and
oreodonts (hoofed mammals distantly related to
modern camels and swine) collectively document
preserved evidence of one of the longest migra-
tions of vertebrates along a river course during the
Eocene to Miocene times (Nixon and Lagarry,
1993). A 15 m long Devonian trackway of tetrapod
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from the Valentia Island, Ireland is known (Clack,
1997).

Invertebrate trackways of variable lengths are
also known. A unique and complex 6 m long terres-
trial trackway of a giant lumbering arthropod Hib-
bertopterus (Eurypterida: water scorpion) has
been, so far, claimed to be the world’s largest
arthropod trackway (individual) from 330 million
years old non-marine sandstone beds in Scotland
(Whyte, 2005). Another large trackway Diplichnites
cuithensis (210 cm long) produced by giant myria-
pod-like terrestrial arthropod Arthropleura has
been reported from the nonmarine redbeds of the
Cutler Group (Late Pennsylvanian) in El Cobre
Canyon, New Mexico (Lucas et al., 2005). The 10
m long crustacean trackway of Eocene Mithakhari
Group of Andaman (author’s recent observation)
could be the longest ever fossil invertebrate track-
way (Figure 4.6).

Amongst modern trackways, 20-30 m long
individual trackway of bird is known from the Banas
River Basin of Gujarat (De and Mathur, 2007). Pub-
lished documents on the length of individual track-
way of invertebrate origin are too rare, although
they are being produced in large numbers and vari-
ety on varied substrate across a long environmen-
tal profile. The present Bakkhali features are, thus,
considered to be the longest ever reported individ-
ual invertebrate trackway (amongst recent or
ancient) of the world. They allow first ever detailing
of modern crab trackways to evaluate their impor-
tance in the geological record and geotechnical
fields.

Preservation Potential

The studied trackways have low preservation
potential because of strong waves and winds. In
particular, trackways are easily deleted after dry-
ing, when the sediments become less cohesive.
However, field observation suggests that the track-
ways are partially preserved in supratidal biomats
(Figure 5.6), especially under thin layers of fine
wind-blown sands that cover dune and ripple
troughs. Although taphonomic constraints largely
reduce the preservation potential and hence, avail-
ability of such features in rock record, geological
record of similar and equally or even more delicate
features are available. Onychopterellan Eurypterid
(Chelicerata: Eurypterida) locomotory traces or
trackways Palmichnium capensis and Trilobita
trackways Petalichnus brandenburgensis from the
Table Mountain Group (Ordovician) of South Africa
(Braddy and Almond, 1999); xiphosurid arthropod
trackways Kouphichnium from a disused colliery tip
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in the Writhlington Geological Nature Reserve (Pol-
lard and Hardy, 1991); arthropod trackways from
the Virgilian Tonganoxie Sandstone Member of
eastern Kansas (Buatois et al., 1998a, 1998b); del-
icate soft body impressions of Ediacaran biota
including tentacles of jellyfish (De, 2003b; 2006a,b;
2009b); Quaternary crustacean trackways of the
Banas River Basin of western India (De and
Mathur, 2007) and 10 m long decapod trackways
from the Eocene Mithakari Group of the Andaman
Islands (Figure 4.6) resembling the present ones in
terms of morphological delicacy are some excep-
tional examples in this context. Delicate arthropod
trackways are also known to be preferentially pre-
served in lithographic limestones, estuarine and
lacustrine biolaminites, Cambrian intertidal sands
covered by protective microbial films and bioglued
eolian dune sands (Seilacher, 2008). For these
reasons, the Bakkhali trackways could cross the
fossilization barrier under very specific conditions,
although the preservation potential is very low.
Moreover, the Banas and Andaman trackways are
considered (see later) as the ancient analogues of
the recent Bakkhali Ocypode trackways on the
basis of morphological analogy. These modern and
ancient examples support the perception that the
delicate Bakkhali traces are preservable as rock
records under suitable taphonomic conditions. If
so, the present neoichnological study can well be
extended especially to the crustacean trackway
history of the geologic past and can address cer-
tain aspects of ichnotaxonomy, trackway-making
life habits, palaeoenvironment, palaeogeomorphol-
ogy, taphonomy, animal physiology and ethology
following the basic principle “Present is the key to
the past.”

Taphonomic and Ethological Variants

Spontaneous modification of the trackways
being produced in the field is found to be induced
to a great extent by physical environmental factors
like wind action, tidal sweeping, rising temperature,
rate of evaporation, rain, moistness and sand-silt-
clay contents of the substrate, biomats, besides
many others. The best impressed trackways
(referred here as parent structure) are produced in
moist (20% to 30% water content) sandy sub-
strates of the middle intertidal flat. The trackways
exhibit all delicate morphological elements (Fig-
ures 3.3, 4.1-5). With further increase as well as
decrease in sediment-water content towards the
lower intertidal and supratidal flats, respectively,
the morphological details and sharpness of the par-
ent structure deteriorate abruptly. The resultant
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structures look so different that taphonomic vari-
ants are produced (Figures 3.2, 3.4, 5.1-2). Gravi-
tative collapse of wet and dry sands imposes
indistinctiveness that advances with time. How-
ever, the variants can be linked to the parent struc-
ture (Figures 3.3, 4.1-5) on the basis of siill
exhibited basic morpho-characters such as linear-
ity, asymmetry, biserial arrangement of crescent
pedal groves bounded by arcuate ridges, medial
discontinuous ridge and chain-like appearance. In
the rock records, as exemplified by taphonomic
variants of arthropod repichnial traces Dendroid-
ichnites irrequlare, Diplichnites gouldi and
Diplichnites biformis from the Upper Carboniferous
fluvio-estuarine palaeovalley of eastern Kansas
(Buatois et al., 1998a, 1998b), each of these struc-
tures will constitute an individual ichnotaxonomic
variant, although behavioural and physiological
parameters and taxonomic identity of the trace pro-
ducer remain unchanged. Other conditions, like
best suited moist intertidal substrate (Figure 5.5,
walking-running on toes with lifted body), substrate
slope (Figure 5.3-4, walking-sliding down a dry
dune slope and slow walking on flat and dry sandy
surface) and biomat ground (Figure 5.6, slow walk-
ing over sticky and rippled biomat surface) result in
varied walking styles and produce ethological vari-
ants. The longer versions of the present Ocypode
trackways of Bakkhali beach pass through various
substrate conditions and are thus, likely to produce
ichnotaxonomic variants in the rock records on the
other side of the taphonomic barrier.

Comparable Recent and Ancient Trackways

Published literatures on recent invertebrate
trackways are too rare to find a match with the
present features. Classical works of seventies and
eighties on sedimentology, biology and organic
activities of the Georgia coastal region, Sapelo
Island, USA (Doérjes, 1972; Dorjes and Howard,
1975; and many others) provide no photographic
representation of decapod trackways resembling
the present ones. Moreover, features similar to the
present Bakkhali trackways found no mention in
the detailed and classified documentations of com-
mon modern and ancient invertebrate traces from
terrestrial and coastal marine aquatic settings
(Frey, 1975). Experimental neoichnological study,
so far, involves trackways produced by various
arthropod groups other than the decapods (Davis
et al., 2007). However, various modern trackways
of decapod crustacean (crabs) origin including that
of Ocypode spp. have been described both from
the Bay of Bengal and Arabian Sea coasts and



Banas River basin of Gujarat, India (Bakshi, et al.,
1980; De, 1995, 2000, 2005b; De and Mathur,
2007) and elsewhere (Frey et al., 1984) in other
perspectives than that of the present paper.

Amongst documented fossil invertebrate
trackways of non-arthropod origin it is difficult to
find a feature morphologically comparable to the
present ones. Some of the reported arthropod
trackways (Braddy and Almond, 1999; Buatois and
Mangano, 2002; Kim et al., 2005; Minter et al.,
2007; Pollard et al., 2008; Seilacher, 2008; Uch-
man et al., 2009; Fillmore et. al., 2010) can at best
be considered partially comparable to some of the
wind-affected taphonomic variants of the present
trackways. Arthropod trackways Palmichnium and
Diplichnites from Devonian Muth Quartzite of the
Spiti Valley, India (Draganits et al., 1998) do pos-
sess some morphological similarity (linearity, bise-
rial crescent pedal groves and ridges across a
medial flat ridge, persistent width and local twists
and turns) with that of the present trackways.
Repichnial (trackways) traces Dendroidichnites
irregulare,  Diplichnites  gouldie,  Diplichnites
biformis, Kouphichnium isp and Stiallia pilosa of
arthropod, limulid and insect origin described from
the Upper Carboniferous fluvio-estuarine palae-
ovalley of eastern Kansas (Buatois et al., 1998a,
1998b) possess a better partial morphological
resemblance to some of the longer versions of the
Ocypode trackways of the Bakkhali beach. But
none of the above invertebrate fossil trackways
can be considered in sensu stricto as the ancient
analogues of the Bakkhali trackways as they lack
crucial morphological asymmetry. However, some
of the Pleistocene-Holocene trackways of crusta-
cean origin described from the Banas River basin
of Gujarat (De and Mathur, 2007) and about 10 m
long decapod trackways observed in the Eocene
Mithakhari Group of sediments of Andaman and
Nicobar Islands (Figure 4.6) bear closest possible
morphological similarities to the present structures.
The last two preserved examples that possess
diagnostic structural asymmetry across the long
axis have been considered here as the best possi-
ble ancient analogues of the modern Bakkhali
trackways. This analogy justifies the preservation
possibility, survivorship and application potentiality
of the present trackways in the geologic past,
especially to the post-Jurassic sequences, i.e.,
after the arrival of true decapods in the life history
of arthropod.
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Geotechnical Appraisal

Understanding and monitoring dynamic pro-
cesses is crucial for coastal management. In partic-
ular, rate of deposition/erosion, substrate stability,
beach slope and tidal range are important parame-
ters for geotechnical applications. Application of
modern biological tools has come to the rescue of
common physical techniques that involve substan-
tial input of time, labor and money. Among natural
indicators, biogenic sedimentary structures (traces)
found successful application in coastal geotech-
nics. The degree of bioturbation at sediment-water
interface on a tidal flat 15 km away from the main-
land coast (Reineck, 1977) was applied to solve a
geotechnical problem involved in building a deep
water harbor at the Elbe estuary (Germany). Some
modern dwelling-feeding burrows of infaunal genus
Mya (pelecypod), Nereis (polychaete) and Cerian-
thus (anemone) have been used for estimating
rates of erosion and deposition (Goldring, 1964;
Howard and Frey, 1975). Modern Diopatra cupria
(polychaete worm) burrow tubes (agglutinated) of
the study area have been applied as potential and
reliable ichnological tools for precise and instanta-
neous estimation of current annual rates of deposi-
tion and erosion in the Bay of Bengal beaches (De,
2002a). Uca marionis mud volcanoes that distally
associate long Ocypode trackways in the Bakkhali
beach (Figure 2) are unique ichnological tools for
demarcating unstable beach sectors (De, 2009a).
Besides modern examples, U-shaped burrows Dip-
locraterion yoyo from the Baggy Beds of north
Davon have been utilized for measuring deposition
and erosion rates of the Late Devonian sea (Gol-
dring, 1964; Howard and Frey, 1975). Shallow
marine neoichnological features of infaunal origin
are typically the products of complex interaction of
physical (e.g., coastal dynamics, substrate rigidity,
deposition — erosion, wave — wind actions etc.),
biological (e.g., burrowing, boring, tracking, feeding
etc.) and chemical (e.g., salinity, acidity, etc.) pro-
cesses (De, 2000). Biochemical processes are
also involved in the formation of biomats and pel-
lets. The coastal neoichnological features, thus,
bear the obvious fingerprints of these processes.
The main task is to pick up the ichnological signals
from the environmental noises for geotechnical and
other purposes.

The very presence of Ocypode trackways and
burrows, long or short, indicate a stable sandy
beach. They need specific environmental condi-
tions to settle their burrows: (a) moist sandy sub-
strate without any clay partings, (b) accessible
groundwater (less than 1 - 1.6 m of depth) and (c)
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pervious sand allowing accumulation of respiratory
water at burrow base (De, 2000, 2005a). The lon-
ger version of Ocypode trackways traces the entire
beach profile including its exposed width and
slope. Variation in trackway morphology along its
course indicates moistness conditions of substrate,
as discussed before; helps demarcate supratidal
flat and dune fields, intertidal and subtidal zones,
and measure tidal range and water depth in time
and space. The tidal range (4-5m) as measured
from the studied long trackways confirms mesotidal
nature of the Bakkhali beach. Contrastingly, the
Uca mud volcanoes at nearby areas are sugges-
tive of most unstable beach portions (De, 2009a).
Long trackways associated with biomats suggest
areas of high firmness in overall stable beach. Total
absence of such trackways in the Ocypode burrow
zone (Figure 2) suggests either shallowness of the
local groundwater level so that all burrow bases
are full of respiratory water or rigorous eroding or
reshuffling nature of the surficial sediment layers
by wind and water actions. Geotechnical utility of
the long trackways widens further when they are
analyzed in collaboration with other associated
neoichnological features. Wide zoogeographic dis-
tribution of Ocypode in tropical — subtropical coasts
ensures universal application of their trackways as
a new found ichnological tool.

Furthermore, lateral shift of the trackways
through time and space would suggest the trans-
gressive-regressive behaviour of the present and
ancient sea. This information is mandatory for all
coastal developmental projects. Their survivorship
in the Tertiary marine basin could be utilized in
identifying shallow basinal parts, basin margin and
direction of deep basinal parts: that is the basic
information required for oil exploration.

GEOLOGICAL AND GEOTECHNICAL
IMPORTANCE

The results of this study are fundamental to
the study of fossil decapods trackways and can be
used in ichnotaxonomic revisions, taxonomic iden-
tification of trace fossil producers, palaeoecological
and palaeogeographical reconstructions. It also
elucidates physiological and preservation pro-
cesses and facilitates geotechnical exploration.

Ichnotaxonomy and Identity of Trackmakers

On the basis of the present study, a set of
basic morpho-characters can be assigned to the
repichnial traces (trackways) of amphibious crab
genera Ocypode that has a wide zoogeographical
adaptation in the soft sandy coast of tropical and
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subtropical world. These characters are linearity
and asymmetry, chain-like biserial arrangement of
crescent pedal groves bounded by arcuate ridges,
medial discontinuous ridge, persistent width and
local maneuvering twists and turns (Figures 3.1,
4.1-5). However, some of these features are differ-
entially modified (Figures 3.2, 3.4, 5.1-2) in
response to varied environmental and taphonomic
conditions. The modifications result in ichnotaxo-
nomic (taphonomic) variants in the rock record as
exemplified by the eastern Kansas Upper Carbonif-
erous trackways (Buatois et al., 1998a, 1998b).
The discussed architectural variations in the Ocy-
pode trackways (Figures 3.1, 4.1, 5.3-5) due to var-
ied behavioural or ethologic responses (e.g.,
herding for gill moistening vs. feeding and different
walking styles on dry dune slope and sticky biomat)
contributes ethological variants (e.g., long and
straight cross-coast trackways vs. short, freely
wandering and self crossing trackways) to ichno-
taxonomy. On the basis of basic morphological
similarity including asymmetry the mentioned
Pleistocene-Holocene  crustacean  trackways
described from the Banas River basin of Gujarat
(De and Mathur, 2007) and 10m long decapod
trackways of the Eocene Mithakhari sediments of
Andaman and Nicobar Islands (Figure 4.6) can be
attributed to side-runner crabs like Ocypode. They
constitute nearest ancient analogues of the
described Bakkhali trackways. These ancient
trackways have remained, so far, ichnotaxonomi-
cally unnamed. The Upper Carboniferous arthro-
pod trackways Dendroidichnites irregulare,
Diplichnites gouldi and Diplichnites biformis of
eastern Kansas (Buatois et al., 1998a, 1998b) do
not possess structural asymmetry and hence, can
not be considered as the ancient analogues of the
Bakkhali trackways. As discussed earlier, there is
no other fossil invertebrate trackways bearing
exact morphological similarity, especially the asym-
metry. The Dimorphichnus patterns of Silurian trilo-
bite traces (Seilacher, 2007) include some
segments of asymmetric trackways. Such traces
simply reflect an abrupt switch from a usual oblique
motion (Diplichnites pattern) to perfect sidling (i.e.,
behavioral variants). The discussed Ocypode
trackways are characteristically asymmetric all
along their length in spite of frequent twists and
turns since they are side-runners. The present
study, thus, provides a set of new ichnological fea-
tures that in post-durassic rock record deserve
erection of new ichnotaxonomic elements both as
taphonomic and ethological variants that are
genetically linked with amphibious side-runner



TABLE 2. Ichnological clues of crab trackways to basinal
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geomorphology.

Ichnological clues

Possible geomorphic implications

Large burrow opening connected with outgoing long trackways

Supratidal zone, land — sea (burrow mouth to trackway) directions and
shoreline orientation (across the trackway)

Maximum length of individual trackway

Minimum beach width up to the then water level

End point of longest trackway

Low tide level

Best preserved segment of the long trackway

Stretch of moist intertidal flat or biomat substrate

Least preserved segment of the long trackway

Dry supratidal flat to coastal dune sand or too moist lower intertidal flat

Larger twists and turns of the long trackway

Positions of steep obstructions like dunes that are maneuvered

Overall slope of the long trackway on single surface

Local beach slope

Length vs. slope of the best and least preserved segments of the long

Approximate tidal range and width of the supratidal and intertidal flats

trackway

crabs like Ocypode. This time connotation is sup-
ported by the fact that true crabs appeared only
after Jurassic and side-running habit developed in
Tertiary (Frey et al.,, 1984). That is why all the
known Devonian and Carboniferous arthropod
trackways (i.e., repichnial ichnotaxon) could not be
attributed to side-runner crabs. The presented
data, thus, help in ichnotaxonomic revision (erec-
tion of new ichnotaxon) and recognition of taxo-
nomic identification of the ancient trace makers.

Palaeoecology

Ecologically the Ocypode crabs are best
adapted to the mangrove-vegetated sandy and
mesotidal delta-front beaches of the Bay of Bengal
and Arabian Sea coasts of southeastern Asia and
elsewhere in the tropical and sub-tropical soft
beaches of the world. These adaptation specialties
allow palaeoecological interpretation of their track-
ways in Tertiary and Quaternary rock records, even
if the producer is not bodily preserved. The Eocene
palaeoecology of Andaman and Quaternary high-
stand palaeoecology of the western Indian Banas
River Basin (De and Mathur, 2007), as evidenced
otherwise by body fossil and ichnofossil records,
favour the above statement.

Palaeogeomorphology

The modern habitat pattern and long track-
way-making activity of the Ocypode crabs, as dis-
cussed here earlier, provides many crucial
ichnological clues (Table 2) to geomorphology of
both recent and ancient depositional basins.
Besides, many more supplementary and collabora-
tive interpretations can also be made with the help
of present data.

In a broader perspective, the presented ichno-
logical database can be used in palaeogeographic
reconstruction of sedimentary basin, especially

delineation of palaeoshoreline, basin configuration
and land-sea distribution.

Physiology and Life Habits

The present study also provides valuable
clues to the physiological requirements, walking
style and some other behavioral patterns of the
crabs making such long, parallel and asymmetric
trackways. Very long and mutually parallel track-
ways are not unknown in the rock records. Some of
the sites indicate selective herding, migratory and
colonization behavior of the ancient trackers. In the
Germanic Basin of central Europe, for example,
Early to Middle Triassic carbonate tidal flats pre-
serve millions of small- to medium-sized reptile
tracks that parallel and head to the same direction.
During lowstands these tidal flats acted as inter-
peninsula bridges, which allowed herding and
migration of reptiles (Diedrich, 2008). The tetrapod
footprints and invertebrate burrows in the interdune
deposits of the Lower Triassic Tumlin Sandstone of
Central Poland show an r-selected strategy in rapid
colonization of interdunal ecospace (Gradzinski
and Uchman, 1994). The present study relates the
inherent physiological need of amphibious crabs,
i.e., periodic and compulsive gill moistening with
seawater, with their asymmetric, long and parallel
trackways selectively across the shoreline. Parallel
evidence of physiological appraisal of ancient crab
trackways is extremely rare (Martin, 2006; Netto
and Grangeiro, 2006). Getty and Hagadorn (2005)
discussed surface tracks and trails of mollusk hav-
ing physiological capacity to manipulate sediment
to produce the structures. Aestivation burrows of
lungfish, earthworm, lysorophid and dicynodont
have been attributed to a physiological need of
retaining body water content during extremely dry
(draught) situations (Hembree, 2010).

Fossil records of long vertebrate trackways
are largely attributed to emigration and colonization
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rather than physiology (Diedrich, 2008; Gradzinski
and Uchman, 1994). The studied crab trackways
do not represent such emigration or colonization.
Localized short-length trackways with ill-defined
orientation, self crossing and freely wandering
nature when produced around burrow mouths (Fig-
ure 5.1) are attributable to other life functions (e.g.,
feeding and pellet making etc.) than gill moisten-
ing. The observed criteria are also applicable to
geological past in cases of suitable preservation.
The direction of movement of the ancient tracker
can be deciphered from the trackway morphology.
The marginal ridges and grooves show strong for-
ward curvature such that their narrower ends point
backward (Figure 4.1-5). The understanding of ani-
mal physiology and life habits from the trackway
morphology, as recorded in the Bakkhali traces,
constitutes a part of fundamental research in ich-
nology and adds new ideas to the basic ichnologi-
cal database for application to geologic past.

Geotechnical Applications

The long trackways and burrows of Ocypode
can be used independently as a new ichnological
tool to identify stable sandy beach. The trackways
measure its exposed width and slope, besides
delineation and substrate characterization of
coastal geomorphic units and landforms (dry —
sandy supratidal zone with different geomorphic
units including dune fields and biomats, and moist
intertidal and subtidal zones, etc.) and measure-
ment of tidal range and water depth in time and
space, i.e., information mandatory in coastal geo-
technical exploration works. The absence of long
trackways suggests either the shallowness of the
local groundwater level or presence of concomitant
wind and water actions that actively reshuffle the
surficial sediment layers erasing the delicate track-
ways. The extent of trackway production, preserva-
tion and survivorship provide ideas about the
strength and nature of coastal dynamic processes.
Wide zoogeographic distribution of Ocypode in
tropical — subtropical coasts and intimate and ubiqg-
uitous association of their trackways with other
decapod lebensspuren enhance their scope for
wider geotechnical applications. Moreover, their
preservation in the Tertiary marine basin may have
applied value in oil exploration as they reveal shal-
low and deep sea positions. Lateral shift of long
trackways over time and space would suggest the
transgressive or regressive mode of sea: very cru-
cial information required for any coastal develop-
mental project.
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