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This paper introduces continental trace fossils, and suggests ways in which modern and
ancient traces can be used in museum exhibits.  Burrows, tracks, trails, nests, borings,
excrement and root patterns represent organism-substratum interactions of terrestrial
and aquatic plants, invertebrates and vertebrates, and are preserved in the geologic
record as continental trace fossils. Trace fossils are important because they are analogous
to behaviour frozen in time and preserve information about organisms not recorded by
body fossils.  They can be used also as fossil evidence of organisms in the geologic
record; an organism can make tens to millions of traces in a lifetime.  Trace fossils
represent hidden biodiversity; they preserve in situ evidence of food-web relations
between fossorial, terrestrial and aquatic communities, and are useful for interpreting
palaeoenvironmental, palaeohydrologic and palaeoclimatic settings.
Public education on the importance of continental trace fossils to palaeontology and the
study of Earth history can be accomplished with side-by-side displays of casts of modern
traces and trace fossils, which represent homologs or analogues to modern behaviours.
Such displays allow the public to see how scientists study and interpret the significance
of trace fossils as behaviour.  This kind of exhibit demonstrates also that modern
organisms and their behaviours have an evolutionary history through deep geologic time
as recorded by the record of body and trace fossils.  Several examples of modern traces
and ancient trace fossils presented here illustrate ways to produce museum exhibits to
educate the public on continental trace fossils.
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Introduction

The purpose of this paper is to introduce continental
trace fossils to curators unfamiliar with the discipline
of ichnology, and to suggest ways in which modern
and ancient traces can be used in museum exhibits.
Exhibits of modern and ancient traces allow the
public to see how scientists study and interpret the
significance of terrestrial and aquatic trace fossils as
behaviour.  These types of exhibits illustrate also that
modern organisms and their behaviours are the product
of evolutionary history as related by the record of
body and trace fossils through geologic time.

Organism-substratum interactions of terrestrial and
aquatic plants, invertebrates and vertebrates manifest
themselves as burrows, tracks, trails, nests, borings,
excrement and root patterns (e.g., Ekdale et al., 1984;
Hasiotis 2002, 2003).  These are preserved in the
geologic record as continental trace fossils, and are
now recognized as diverse and abundant in many late
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Palaeozoic, Mesozoic and Cainozoic deposits (e.g.,
Bromley and Asgaard 1979, Bown and Kraus 1983,
Retallack 1984, Smith 1987, Gierlowski-Kordesch
1991, Lockley 1991, Sarkar and Chaudhuri 1992,
Hasiotis et al. 1994, Donovan 1994, Genise 1995,
Bown et al. 1997, Varricchio et al. 1997, Buatois et
al. 1998, Groenewald et al. 2001; Miller et al. 2001).

Trace fossils are important because they are analogous
to behaviour ‘frozen in time’ that can be used as
evidence of organisms in the geologic record (e.g.,
Ekdale et al. 1984, Elliot and Nations 1998, Scott
1991, 1992, Hasiotis and Bown 1992, Hasiotis 2003,
2004).  Terrestrial and freshwater organisms are not
preserved often as body fossils in continental deposits
because of oxidizing conditions, consumption of the
remains by other organisms and the reworking of
near-surface, body-bearing sediments (e.g.,
Behrensmeyer and Hill 1980, Behrensmeyer et al.
1992, Hasiotis and Bown 1992).  These factors make
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it difficult for an organism to pass through the
taphonomic barrier.  When they are preserved,
continental body fossils are deposited often outside
their original environmental context.  Any one
organism, however, can make tens to millions of
traces in a lifetime that may leave some record of its
existence (Lockley 1991, Lockley and Hunt 1995,
Hasiotis 2002, 2003).  Thus, trace fossils make
excellent proxies for the presence of organisms in
terrestrial and aquatic deposits, and represent hidden
biodiversity.  They also preserve in situ evidence of
food-web relations between fossorial, terrestrial and
aquatic communities.  Trace fossils are useful for
interpreting such palaeoenvironmental variables as
soil moisture and water-table levels, as well as
precipitation and its seasonality for a specific climatic
setting (e.g., Hasiotis and Dubiel 1994, Hasiotis 2004).

How Trace Fossils Represent Continental
Organisms and Their Behaviour

Organisms are distributed vertically and laterally in
modern continental environments (Figure 1) with
respect to their physiological needs or tolerance to
water, soil moisture, salinity, temperature and
ecological associations with other organisms, all of
which are controlled by climate (Wallwork 1970,
Whittaker 1975, Hasiotis and Bown 1992, Hasiotis
2000, 2002, 2004). Terrestrial and aquatic organisms
have different requirements for water or soil moisture,
substrate consistency at the water-substrate interface,
and the degree of ionic concentration and salinity
within the water or substrate.  Organisms may be
terrestrial in habitat, living above, on and below the
soil surface to the depth of the top of the saturated
zone or water table.  Other organisms are amphibious
and live in areas restricted to shorelines of water
bodies spending time in and out of a water body,
considered as semi-terrestrial or semi-aquatic in
habitat.  Still others are aquatic, and live in rivers,
lakes and swamps, as well as below the water table in
soil where the pore space is saturated with water.
Organisms living in these environments have different
tolerances to the degree of ionic concentration and
salinity, and are classified as oligohaline, stenohaline,
euryhaline, stenohaline or mixohaline (e.g., Wallwork
1970, Perkins 1974, Hasiotis and Bown 1992, Ward,
1992).   River water mixes with ocean water where
the continental realm meets the marine realm to
produce oligohaline, mesohaline, polyhaline and
euhaline salinity zones in estuaries, bays and probably
also groundwater (Perkins 1974).  Water bodies and
groundwater within the continental realm may be
fresh, saline-alkaline and hypersaline, and controlled
by the concentration of cations and anions (Hutchinson
1957, Wetzel 1983).

The traces of plants, invertebrates and vertebrates
record in one or more ways the body size, presence in
and effect on a substrate, habitat preference and type
of activity of the organism (e.g., Wallwork 1970,
Hasiotis 2000).  With the exception of the
Brachiopoda, Cnidaria, and Echinodermata, most
phyla have species that spend some part of their life
cycle in association with the continental substratum.
Locomotion, feeding and reproduction are the major
types of activities of all organisms (e.g., Evans and
Eberhard 1970, Ratcliffe and Fagerstrom 1980, Evans
1991).  These activities result in structures used for
dwelling, concealment, gardening and predation,
similar in some respects to behaviours of marine
organisms (Bromley 1996).

Many animals have only minimal involvement with
the substratum because their presence is temporary,
occurrence is localized and effects are minimal (e.g.,
Wallwork 1970, Hasiotis 2000, 2002).  For instance,
many reptiles, mammals and birds nest, dwell or
wallow in the substratum, but spend most of their
time above the soil surface and produce millions of
tracks and trackways in a lifetime.

Plants use root systems to anchor themselves to the
substratum, retrieve minerals and water from the soil,
and, in some cases, move laterally from one place to
another.  These root systems will most likely be the
only in situ evidence of plants and their impact on the
substratum (Sarjeant 1975, Pfefferkorn and Fuchs
1991, Hasiotis 2002).

Organisms spend various amounts of time interacting
with the substratum throughout their life cycle as
epigeon, geophiles or geobionts (Figure 2).  The
presence and amount of activity of animals within the
substratum can be transient, temporary, periodic or
permanent (Wallwork 1970, Hasiotis 2000).
Organisms that are transient to the substrate have
their complete life cycle above ground, but construct
burrows for shelter for brief periods to escape
temperature extremes or predation.  Adult tiger beetles
(Coleoptera: Cincidelidae) and stink beetles
(Coleoptera: Tenebrionidae) construct burrows of a
transient nature on floodplains, pointbars and sand
bars (e.g., Chamberlain 1975, Stanley and Fagerstrom
1974, Ratcliffe and Fagerstrom 1980).  Organisms
that are temporary to the substratum spend their adult
lives above ground, but have their egg and juvenile
stages below ground in nests or burrows.  For instance,
dung beetles (Coleoptera: Scarabaeidae) spend much
of their lives above ground, but excavate nests into
the substratum to lay eggs in the dung in which they
bury.  These eggs hatch and the juveniles grow as
larvae underground, pupate within the nest or in its
proximity and burrow to the surface as adults (Halffter
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Figure 1.   Continental environments.  Major components of alluvial, lacustrine and aeolian depositional
environments; palustrine and volcanoclastic environments are minor and not illustrated here.  Palustrine
environments occur where the water table is at, below or just above the ground surface.  Volcanoclastic
deposition is mostly by air fall and the deposits are further modified by water (i.e., rivers or lakes) or wind
(aeolian processes).
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and Matthews 1966).  In this example, a series of
traces is created by the adult and its offspring as
larvae and as emergent adults.  Organisms that are
periodic to the substrate spend their complete life
cycle underground, but emerge as adults to mate and
begin the cycle again.  Cicadas (Insecta: Hemiptera:
Homoptera: Cicadidae) and termites (Insecta:
Isoptera) represent two examples of periodic
organisms.  Cicadas mate and lay eggs in the branches
of trees or on the ground.  The eggs hatch and enter
the ground as 1st instars (earliest juveniles), spending
most of their lives underground feeding and growing.
The mature juveniles emerge eventually, shedding
their skin, take flight and mate to begin the cycle
again (Gullan and Cranston 1994).  Termites spend
most of their lives below ground as part of small to
large colonies collecting plant remains, maintaining
and defending the nest, tending eggs and rearing the
young, in some instances growing fungal gardens for
food and to regulate the nest atmosphere (e.g., Wilson

1971).  In many cases, when foraging for plant
materials above ground, termites will build tunnels to
bring the subsurface environment with them.  Special
winged adults emerge from the nest to take to the air
in nuptial flights, mate and begin new nests (e.g.,
Wilson 1971, Hasiotis 2003).  Such organisms with
the complete life cycle underground as some rove
beetles (Coleoptera: Staphylinidae) and most mold
beetles (Coleoptera: Pselaphidae) have a permanent
presence underground (Wallwork 1970).

Under suitable conditions, landscapes and their
transient to permanent organisms are buried sooner
or later by successive depositional events through
time, particularly in aggradational systems.  The
bodies of plants, invertebrates and vertebrates are
likely to be destroyed in many of these deposits.  In
some cases organism remains are transported and
buried in various stages of mechanical and chemical
degradation, in time becoming fossils (e.g.,

Figure 2. Organism presence, life cycles and substrate interaction in terrestrial and freshwater environments.
Organisms are categorized as epigeon, geophiles or geobionts (terminology from Wallwork 1970, Eisenbeis
and Wichard 1987), depending on how much time of their lives they spend in the subsurface.  In general, the
more time spent in the subsurface, the greater degree of bioturbation, sediment mixing and impact on soil
formation.  Modified from Hasiotis (2000).
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Behrensmeyer and Hill 1980).  Burrows, nests, tracks,
trails and rooting patterns, however, will have the
highest preservation potential, and will record the
presence and behaviour of these organisms in the
geologic record as trace fossils (Hasiotis and Mitchell
1993, Genise and Bown 1994, Hasiotis 2002, 2003).

Behavioural categories for continental trace
fossils

Water availability and its relationship with the
substratum is the major limiting factor in the
distribution of organisms (Wallwork 1970, Whittaker
1975).  It controls the depth to which organisms
burrow as well as the ecological relationships between
organisms in the substratum.  The majority of
terrestrial organisms and biodiversity lives in the
continental realm, and these organisms live mostly
above the water table in well-drained terrestrial
settings (e.g., Wallwork 1976, Aber and Melillo
1991, Wilson 1992).  Continental aquatic
environments are occupied by considerably fewer
organisms and are depauperate in diversity compared
to floodplains, because aquatic environments are
geologically short lived and thus, are evolutionary
dead ends (Hasiotis 2002, 2004).  For example, lakes
are evolutionary dead ends because organisms that
evolve unique feeding or dwelling behaviours go
extinct when the lake fills in through time (Hasiotis
2004).  If the lake eventually filled and became a river

or swamp (palustrine), the organisms adapted to
benthic sedentary lifestyles could not compete with
aquatic organisms adapted to the fluvial or palustrine
environments.  The high depositional energy and
shifting substrates in fluvial systems precludes the
occurrence of burrowing organisms, except for those
living along or above the water line.  The variation in
water levels in palustrine systems would also preclude
any specialized feeding behaviours evolved in
relatively more stable deep-water habitats.

The groundwater profile controls the diversity of
burrowing organisms, and the depth and morphology
of burrows, nests, tracks, trails and rooting patterns
(Figure 3).  The groundwater profile is divided into
two major components, the unsaturated and saturated
zones.  These are also known as the vadose and
phreatic zones, separated by a surface where the two
zones meet called the water table (Driscoll 1986).
The vadose or unsaturated zone can be divided into
the upper vadose zone (including the soil-water zone)
and the intermediate vadose zone.  The capillary
fringe rises above the phreatic zone to a height relative
to the grain size and porosity of the soil media.  The
capillary fringe is water-saturated pore space and is
often associated directly with the saturated zone.

Trace fossils of continental organisms can be grouped
into one of four behavioural categories (Figure 3)
based on moisture zones of the groundwater profile
as well as different space and trophic use (Hasiotis

Figure 3.  Continental ichna behavioural categories, space utilization and the groundwater profile.  A four-
part division of burrowing behaviour represented by continental ichnofossils or ichna that reflects the space
utilization, trophic associations and moisture zones of the groundwater profile occupied by burrowing
organisms in terrestrial and freshwater environments.  Modified from Hasiotis (2004).
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2000, 2004).  These categories are based on the
distribution of extant organisms and their
physiological requirements for water (e.g., Kevan
1962, Wallwork 1970, Hasiotis and Mitchell 1993,
Hasiotis 2000), as well as the distribution of
ichnofossils, sedimentary structures and pedogenic
features exhibited in outcrop and core (e.g., Stanley
and Fagerstrom, 1974, Bown and Kraus, 1983;
Hasiotis and Mitchell 1993, Hasiotis and Dubiel
1994, Hasiotis and Honey 2000).  Organisms living
above the water table in the well-drained, uppermost
parts of the vadose zone construct terraphilic traces.
These organisms have low tolerance for areas of
prolonged high moisture levels, tolerate short periods
of 100 % soil moisture and live in areas with relatively
little available water.  Surface-dwelling, trackway-
making, shallow-nesting organisms construct surface
tracks, trails and traces, and are termed epiterraphilic.
Epiterraphilic tracemakers and their traces can co-
occur with other behavioural categories at ground
level during periods of elevated moisture levels.
Organisms living within the intermediate and lower
parts of the vadose zone construct hygrophilic traces.
This category includes organisms that live above
ground, but burrow to higher moisture levels in the
substratum for reproduction.  They obtain their oxygen
from the soil atmosphere and above-ground
atmosphere via the main shaft or tunnel of the burrow
or nest.  Hydrophilic traces are constructed by
organisms that live below the water table within a soil
and within the substratum in open bodies of water
where the water table intersects the land surface or
water is perched above the surface by an impermeable
layer, such as clay, to form rivers, swamps and lakes.
These organisms obtain oxygen from the water, but
can also use high levels of soil moisture to keep their
gills wet for short periods of time (e.g., Horwitz and
Richardson 1986, Hasiotis and Mitchell 1993).  This
category includes organisms that burrow to a position
below the water table and maintain the whole burrow,
including the entrance at the surface.

The depth and cross-cutting relationships of
continental traces, also known as tiering, can be used
to approximate the position and fluctuation of the
unsaturated and saturated zones of the palaeo-
groundwater profile (Hasiotis and Dubiel 1994).
These interpretations are verified independently by
examining the association of primary and secondary
sedimentary structures, and the development of such
pedogenic features as mottling, ped structures,
colouration, micromorphology, texture and
geochemistry (e.g., Retallack 1990, 1997).  In several
cases in the Willwood Formation in the Bighorn
Basin, Wyoming, red palaeosols interpreted as

representing a well-drained environment contain
relatively deep, penetrating rhizoliths consisting of
grey, iron-depletion zones with red rims, indicating
haematite accumulation.  Powdery calcium carbonate
is present locally within the grey depletion zones.
These features indicate surface water gley (i.e.,
standing water on the surface) processes that caused
iron and manganese to move from the root channel
outward to the soil matrix and carbonate precipitation
in the channel as the soil dried.  Burrows are diverse,
abundant and distributed deeply in these palaeosols.
Purple palaeosols interpreted as representing more
poorly-drained environments have rhizoliths
consisting of iron depletion zones surrounded by
yellow-brown rims composed of goethite, indicating
surface water gley processes.  Burrows are less
diverse, but abundant in these palaeosols to shallower
depths.  Palaeosols that are even more poorly drained
contain rhizoliths preserved in jarosite, which is an
oxidation product of pyrite, and are associated with
very few and shallow penetrating trace fossils.  Very
poorly drained, low chroma palaeosols contain sparse
rhizoliths that do not penetrate deeply and burrows
are very rare to absent.  In all of these palaeosols, the
position of the water table is marked by the place
where the primary sedimentary structures and nearly
original sedimentary layering is still preserved (Kraus
and Hasiotis in press, Hasiotis and Kraus unpublished
data).

Trace fossils record in situ evidence of food-web and
other ecological relations between fossorial, terrestrial
and aquatic communities.  For example, borings on
dinosaur bones suggests scavenging by dermestid
beetles of the postmortem dinosaur carcass (Hasiotis
et al. 1999, Hasiotis 2004).  Modern forensic studies
have demonstrated that there is a succession of
necrophilous (dead-flesh eating) and saprophagous
(feeding on dead or decaying material) insects
throughout the stages of decay on carcasses (Smith
1986).  An ecological succession of insects results
from changes in the attractive nature of a carcass
leading to the complete decomposition of the animal
(e.g., Reed 1958, Payne 1965).  The dermestids are
one of the last arthropods to arrive to a carcass during
the dry stage where they feed on skin, fur and horns,
and sometimes bore into bone to pupate.  The trace
fossils of dermestid feeding and pupation are the only
evidence of this type of detritivore recycling during
the Late Jurassic (Hasiotis et al. 1999, Hasiotis 2004).
In other examples, trace fossils interpreted as those
of dung beetles suggest strongly the presence of
herbivores and edible plants, and their interactions
(e.g., Chin and Gill 1996, Hasiotis 2002, 2004, Radies
et al. 2005).



-217-

Continental environments and their trace-fossil
associations can be classified as the behavioural
proxies of biological community assemblages or
ichnocoenoses (Figure 4), rather than archetypal
ichnofacies.  The redefined Scoyenia ichnofacies
(Frey et al. 1984) and the purported Mermia,
Coprinisphaera and Termitichnus ichnofacies (e.g.,
Genise et al. 2000, 2004, Buatois and M‡ngano
2004), are merely large lists of trace fossils that occur
in a substratum that is largely ignored, not integrated
into the facies scheme and too broad to be of any use
(e.g., Hasiotis, 2004).  Construction of ichnocoenoses
properly incorporates patterns in bioturbation with
the biophysicochemical controls and processes that
operate in the continental realm, and correspond to
characteristic environmental conditions.  Localized
remnants of above- and below-ground, trace-making,
ecological communities are preserved as trace-fossil
associations or ichnocoenoses.  An ichnocoenoses
can contain tiered traces of arboreal, epigeal and
fossorial organisms that lived together, and had
transient, temporary, periodic or permanent
relationships with the substratum (geophiles and
geobionts).

An ichnocoenoses would be named for the most
abundant or significant pedological and ecological-
modifying behaviour in that ichnocoenosis and
subenvironment.  For example, if crayfish burrows
are the dominant trace fossils of an ichnocoenosis
and environment, then the trace-fossil association is
termed the Camborygma ichnocoenosis.  If spherical
termite nests are the dominant trace fossils of an
ichnocoenosis and environment, then the trace-fossil
association is termed the Termitichnus ichnocoenosis.

All things considered, continental trace fossils provide
a vast amount of information when studied carefully
with respect to the deposits in which they are found.
Traces preserve evidence of differing amounts of soil
moisture and the position of the palaeo-water table,
and their fluctuations through time.  Trace fossils
indicate the presence of large numbers of plants,
invertebrates and vertebrates, and record biodiversity
and palaeoecologic relations that otherwise are
overlooked when body fossils are absent or
underrepresented in sedimentary deposits.  Inferences
can be made about the palaeoclimatic setting of an
area in terms of precipitation and its seasonality
when ichnologic data and interpretations are combined
with other palaeontologic, sedimentologic and
geochemical field and laboratory data.  All of these
aspects of continental trace fossils and the study of
ichnology can be related to the public using museum
exhibits.

Trace fossils as museum exhibits

The best way to teach the public about the importance
and utility of continental trace fossils is to display
them alongside casts of modern traces that represent
homologs or analogues to those ancient behaviours.
Some museums already have exhibits of dinosaur or
reptilian trackways displayed with the trackmaker’s
skeleton or its restoration (Hannibal and Lucas 2006),
however, there is much more to continental trace
fossils than trackways.  Side-by-side displays of
modern and ancient behaviour allow the public to see
how scientists study and interpret the significance of
trace fossils.  This kind of exhibit demonstrates that
modern organisms and their behaviours have an
evolutionary history through deep geologic time as
recorded by the record of body and trace fossils.

Casts of modern traces can be made by pouring
fibreglass, epoxy, concrete or dental plaster down
into the burrow, nest or track-bearing surface (e.g.,
Shinn 1968, Farrow 1975, Hasiotis and Mitchell
1993).  The burrows and nests should be cast so that
the casting material forms a horizontal plane at the
entrance-ground surface interface so that the cast can
be mounted properly with respect to its original
orientation in the subsurface.  The constructors of the
modern traces can be removed prior to casting or they
can be entombed within the casting medium itself.
Specimens of the tracemaker can also be retrieved
from similar traces via excavation and capture, and
displayed alongside the cast or actual trace examples.
Genuine pieces of such nests as those constructed by
dung beetles, termites, wasps, bees and ants can also
be displayed alongside their constructors.
Photographs of the burrow entrances in which the
casting material was poured or the nest itself can be
displayed with the trace and its constructor.  Most
people have no idea what kind of three-dimensional
structure lies below a burrow entrance, seen only as
an open hole in the ground.  Such displays link the
opening to the burrow and its constructor(s).

The exhibit is complete when the modern organism(s)
and their biogenic structure are displayed together
with an ancient continental trace fossil that represents
their homologous or analogous behaviour.  In the
case of ancient trackways, a display is completed
with the trackmaker’s skeleton or its restoration, and
complemented with the trackway and body of an
extant organism with analogous behaviour.  The
ancient trace fossils can be displayed in or out of their
surrounding matrix, depending on how complicated
the three-dimensional structure is and the ease with
which they can be removed from the matrix.  In rare
cases, the constructor of the ancient trace fossil is
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Figure 4.  Continental ichnocoenoses.  Examples of ichnocoenoses found in subenvironments of alluvial,
lacustrine, and aeolian environments and deposits.  Tiering and distribution in each subenvironment is
controlled by the behaviour (Fig. 1), groundwater profile (see Fig. 2) and depositional processes (Fig. 3 and
this figure). Abbreviations: AMB-adhesive meniscate burrows, An-Ancorichnus, At-ant nests, Bv-bivalve
traces, Ca-Camborygma, Ce-Celliforma, Ck-Cochlichnus, Cl-Cylindrichum, Co-Conichnus, Cp-
Coprinisphaera, F-Fuersichnus, G-gastropod trail, Hb-horizontal burrows, Hu-horizontal U-shaped burrow,
O-ornithopod and theropod tracks, P-Planolites, Rh-rhizoliths, Pt-Pteraichnus, Pts-pterosaur scratch
marks, Sa-sauropod tracks, So-Scoyenia, St-Steinichnus, Tm-termite nest, T/Rh-termite nests in rhizoliths,
Ut-ghost U-shaped tubes, Uts-shallow U-shaped tubes, Vb-quasivertical burrows, Vtb-vertebrate burrows,
Wp-wasp nest/cocoons, Yt-Y-shaped vertical burrow.  Trace fossil illustrations and box diagrams are not to
scale.
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entombed within the trace itself (e.g., Hasiotis and
Mitchell 1993, Hembree et al. 2004).

In the following sections we illustrate examples of
ways in which traces can be used in educational
exhibits on continental trace fossils, incorporating
modern and ancient examples of organism behaviour
frozen in time.

Crayfish burrow

Crayfish (Decapoda: Astacoidea and Parastacoidea)
burrows are simple to elaborate in morphology and
their depth of penetration is based on the depth of the
saturated zone (e.g., Hobbs 1981, Hasiotis and
Mitchell 1993).  Burrows can be horizontal and just
below the sediment-water interface or reach depths
of up to 9 m below the sediment-air interface (Hasiotis
and Mitchell 1993, Hasiotis and Honey 2000, Hasiotis
2004).  Simple crayfish burrows are composed of a
single shaft with one or more openings that terminate
in a single chamber or as tunnels that branch laterally
at the shaft terminus.  More elaborate crayfish burrows
have one or more openings, chambers and tunnels
that originate or occur within a central shaft (Figures
5A, B).  The burrow entrance is circular and often
marked by a chimney composed of pellets of soil
excavated from the burrow (Figures 5C, D).  The
surficial morphology of the burrow walls contain
mm-scale clusters of scratch marks, cm-scale
transverse scrape marks, mm-scale rounded striations,
knobby and hummocky texture, and discontinuous
sediment linings composed of excavated soil matrix
(Hasiotis and Mitchell 1993).

The architectural and surficial morphologies of
crayfish burrows appear to have changed little over
their 280-million-year history (Hasiotis and Mitchell
1993, Hasiotis et al. 1993, Hasiotis 1999, 2002).
Examples of crayfish burrows from the Upper Triassic
Chinle Formation (Colorado Plateau, USA) and
Paleocene Fort Union Formation (Wyoming, USA)
illustrate how similar their morphologies are to each
other, as well as to the burrows of modern crayfish
(Figures 5E, F).  The burrow morphologies
demonstrate that the chelae were used to construct
and maintain the burrows, and that the burrows were
constantly modified during the life of the crayfish as
well as by other members of the same species that
inhabited the burrow after it was abandoned or after
the original owner died.

The exhibit of crayfish burrows could contain actual
casts of the modern and ancient burrows, as well as
photographs of the outcrop and the fossil specimens
associated with the burrows.  Live specimens
burrowing in an aquarium set up would allow the

Figure 5.  Crayfish burrows.  (A-B) Cast of a modern
crayfish burrow from the University of Kansas
Ecological Research Station; burrow is 720 mm tall.
(C-D) An open (C) and closed (D) chimney of a
crayfish burrow, composed of soil pellets; (C) is 120
mm wide, (D) is 80 mm wide.  (E-F) Triassic Chinle
Formation (E) and Paleocene Fort Union Formation
(F) crayfish burrows in outcrop; lens cap in left side
of photograph in (E) = 50 mm, Jacob staff in (F) is 1.5
m tall.
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public to see how crayfish construct and maintain
their burrows.

Scorpion Burrow

Scorpion (Arachnida: Scorpiones) burrows are unique
in morphology because they produce a spiral, flattened
tunnel with several whorls that are well constrained
in construction with respect to the tunnel angle and
radius of coiling (Figures 6A, B).  The burrow is
composed of a single entrance, spiral tunnel and
terminal chamber.  The terminal chamber is slightly
wider in diameter than the spiraled tunnel.  The
position of the chamber is directly under or away
from the direction of the burrow opening.  The burrow
entrance is distinctively crescent shaped with the
terminations of the crescent pointing upwards (Figures
6C, D).  The morphology of the opening indicates the
upward, ready position of the scorpion’s chelae as it
exits the burrow.

Although scorpion burrows have not been described
from the geologic record, their terrestrial body-fossil
record occurs at least as early as the Carboniferous
(Petrunkevitch 1953), and possibly the Silurian
(Kjellesvig-Waering 1986).  Scorpion burrow
morphology is so distinct that it should be easy to
identify the presence of scorpion burrows in the rock
record.

Scorpion burrow casts can be displayed alongside the
trace fossil Gyrolithes (e.g., Pemberton et al. 1992)
or Xenohelix (Mansfield 1927), described from
various marine deposits.  The purpose of this exhibit
would be to illustrate the subtle, but significant,
difference in morphology between these types of
spiral burrows that would indicate the difference in
anatomy of the constructors that made them, as well
as the environments they occur in.

Skink burrow

Skink (Squamata: Scincidae) burrows are composed
of a main tunnel that slopes downward gently between
15o and 30o from horizontal (Figures 7A, B).  The
main tunnel may have one or more branches which
form nearly identical, parallel tunnels.  An inverted,
flattened U-shaped cross section to these tunnels is
produced by a weak to robust, longitudinal, medial
groove on the floor.  Several upward branching tunnels
are used to evade predators and begin from the main
tunnels.  These escape tunnels are composed of short
tunnel segments connected to each other and
switchback on them in an upward direction, forming
a crude pseudospiral.  The burrow entrance is
delineated by a dome shape with a flat floor and
arched ceiling.  In some cases the flattened, inverted
U-shape of the tunnel can be seen.

Small and large diameter burrows of the Lower
Triassic Fremouw Formation, Antarctica (Figures
7C, D), have similar burrow morphologies to those of
modern skinks, which were used to help interpret the
burrows as constructed by tetrapods (Hasiotis et al.
2004).  The larger diameter burrows were interpreted
as tetrapod in origin; however, the smaller diameter
burrows were interpreted as being excavated by
crayfish (Miller et al. 2001).  The reinterpretation of
these small diameter Triassic burrows was based on
several key morphological features found in skink
burrows.  The overall architecture is not much different
from the Triassic burrows, including the inverted U-
shape of the cross-section.  The Antarctic burrows
are also similar to therapsid burrows described from
Permian and Triassic continental rocks of the
southwestern part of the Karoo basin in South Africa
(Smith 1987, Groenewald et al. 2001).  The
longitudinal median groove in the modern skink and
ancient burrows was produced by the sprawling stance
of the lizard, and the locomotion of the front and rear
limbs on either of the body that formed the groove.
The longitudinal scratches on the outside of the
burrow and along the median groove were produced
by the predominantly lateral digging motion used by
these lizards.

Figure 6.  Scorpion burrows.  (A-B) Cast of a modern
scorpion burrow from the Simpson Desert about 80
km south of Alice Springs, Northern Territory,
Australia; cast is 550 mm tall.  (C-D) Crescent-
shaped entrance of a scorpion burrow (C) prior to
pouring the fiberglass into the burrow and excavation
of a cast (D); lens cap is 50 mm wide.
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The exhibit of skink burrows could be complemented
with late Palaeozoic or early Mesozoic vertebrate
burrows with similar cross-sectional morphology
(Smith 1987, Groenewald et al. 2001).  To make such
an exhibit interactive, spiral burrows constructed by

late Palaeozoic mammal-like reptiles of South Africa,
with a cross-sectional morphology similar to that of
skink and other lizard burrows, could be used and the
question asked, “How or why are these burrows
different?”  One answer could be that the spiral
morphology of the Palaeozoic burrows from South
Africa indicates a mammalian burrow constructor.

Wolf spider

Wolf spider (Araneae: Lycosidae) burrow casts are
relatively simple in morphology, composed of a
vertical shaft and a slightly expanded termination
that serves as a chamber (Figures 8A, B).  The burrow
entrance is circular and may contain an enclosure
made of sediment woven with strands of silk or may
be lined with an elevated rim of silk (Figures 8C, D).
Similar burrows have been identified from Pleistocene
aeolian deposits in the Bahamas (Curran and White
1991, Curran 1992) and from Jurassic aeolian deposits
in South Africa (Hasiotis and Bumby unpublished
data).

Figure 7.  Skink burrows.  (A-B) Cast of a modern
skink burrow from the Simpson Desert about 80 km
south of Alice Springs, Northern Territory, Australia;
cast is 330 mm tall.  (C-D) Inverted U-shaped groove
in the floor of a modern skink burrow (C) compared
to that of a burrow interpreted as vertebrate in origin
(D) from the Triassic Fremouw Formation, Collinson
Ridge, Antarctica.  Burrow in (C) is 40 mm wide, lens
cap in (D) is 62 mm wide.

Figure 8.  Wolf spider burrows.  (A-B) Cast of a
modern wolf spider burrow from the Simpson Desert
about 80 km south of Alice Springs, Northern
Territory, Australia; cast is 220 mm tall.  (C-D) Wolf
spider burrow entrances from the Umbum Creek near
Lake Eyre, Australia.  Chimney of a wolf spider
burrow held in place by silk that can be seen at the
entrance (C); a wolf spider burrow enclosure similar
to a door composed sediment bound by abundant
strands of silk (D).   Lens cap in (C) is 60 mm tall and
250 mm tall in (D)
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These types of burrows were used by spiders for
dwelling, feeding and reproducing.  The spiders
ambushed prey from the opening of their burrows or
would hunt at night and return to their burrows before
dawn.  The burrows were also used to raise the
offspring, where the mother and her brood would be
safe until the young spiders were old enough to leave
the burrow (e.g., Chinery 1993).  Such a burrow had
multiple purposes despite its simple architecture.

An exhibit of spider burrows could contain casts of
several types of modern spider burrows and Cainozoic
trace fossils interpreted to have been constructed by
spiders (e.g., Curran and White 1991, Curran 1992).
This exhibit could be complemented with an aquarium
containing a trap door spider or a burrowing tarantula
or wolf spider.  Live specimens would allow the
public to see how spiders construct and maintain their
burrows as well as hunt for such prey as crickets and
grasshoppers.

Solitary wasp nest

A solitary wasp (Aculeata: Sphecidae) burrow is
simple, composed of a gently sloping, subhorizontal
tunnel terminating in an elliptical chamber (Figures
9A, B).  Spiders, caterpillars and other insects are
found typically within such chambers as food stores
for an egg laid by the female wasp.  The egg will hatch
into a larva that will feed on its food supply.  The
larva will eventually pupate by spinning a cocoon of
silk around itself within the chamber (Figure 9C).  An
adult wasp will emerge from the nest once pupation
is complete; however, in many cases the larva or the
pupa will die and the cycle will not be completed.

The trace fossil record of burrows and nests attributed
to these organisms is poor, and is mostly limited to
cocoons interpreted as those constructed by wasp
larvae (e.g., Bown et al. 1997, Hasiotis 2002, 2003).
A cocoon constructed by a wasp larva is the only
likely part of the nest to be preserved because it is
constructed with organic material.  The nest is merely
excavated in loose to firm soil and not reinforced by
any other materials.  Trace fossils of cocoons have
been described from Mesozoic and Cainozoic
continental deposits in the southwestern United States
(Figures 9D, E).  The best preserved cocoons show a
pattern of silk on the outside and exit holes produced
by the adult wasp or by a smaller parasitoid wasp,
whose egg was laid on the prey as it was placed into
the nest by the female wasp.

An exhibit could contain casts of several types of
modern solitary wasp nests and cocoons, and
Mesozoic and Cainozoic ichnofossils of cocoons
interpreted to have been constructed by wasps.  This
exhibit could be complemented with casts of many

types of solitary wasp nests as well as the actual nests
of more social advanced wasps (Sphecidae and
Vespidae), which have a variety of shapes and sizes.
Live exhibits of wasps that build large nests are not
advisable because of their aggressive nature (e.g.,
Evans and Eberhard 1970).

Figure 9.  Wasp burrows and cocoons.  (A-B) Cast of
a modern wasp burrow from Argentina; cast is 105
mm tall.  (C) Cocoon from a solitary wasp burrow
from the Neales River area near Lake Eyre, Australia;
lens cap is 35 mm tall.  (D-E) Trace fossils interpreted
as wasp cocoons from the Triassic Chinle Formation,
Arizona (D), and the Palaeogene Claron Formation,
Utah (E); scale in each photograph is in mm.
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Summary

One of the most interesting things that can be done
with continental trace fossils in museum exhibits is to
display them alongside casts of modern traces that
represent homologs or analogues to these ancient
behaviours.  Side-by-side displays of modern and
ancient traces educate the public about how
ichnologists, palaeobiologists and sedimentologists
study and interpret the significance of trace fossils
with respect to behaviour, organism anatomy,
phylogeny, environment and ecology.  These types of
exhibits will help the public understand that modern
organisms and their behaviours have counterparts in
rocks preserved as body fossils and trace fossils, and
that those fossils are used to interpret the evolutionary
history of organisms and their behaviour through
geologic time.
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