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Behavioral biology of trace fossils

Roy E. Plotnick

Abstract—The potential of the ichnofossil record for exploring the evolution of behavior has never
been fully realized. Some of this is due to the nature of the trace fossil record itself. Equally
responsible is the separation of ichnology from the relevant areas of modern behavioral biology. The
two disciplines have virtually no concepts, methods, or literature in common. The study of animal
behavior and its evolution is thus bereft of the rich data and insights of ichnologists.

One potential pathway forward is for ichnologists to adopt and adapt the movement ecology
paradigm proposed several years ago by Ran Nathan and colleagues. This approach views movement
as resulting from interactions of the organism’s internal state, its movement abilities, and its sensory
capabilities with each other and with the external environment. These interactions produce a
movement path. The adoption of this paradigm would place trace fossil studies in a far wider
common context for the study of movement, while providing the dimension of the evolution of
movement behavior in deep time to neontological studies.

A second component of this integration would be for paleontologists to develop a taphonomy of
behavior that places in a phylogenetic context the range of possible behaviors that organisms can carry
out and assesses the potential of each of these behaviors in leaving a diagnostic trace. Parallel to other
taphonomic concepts, this approach assesses the preservation potential of particular behaviors;
behavioral fidelity is the extent to which trace fossils preserve these original behavioral signals.
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Introduction

The study of trace fossils is thriving. There
is a well-established journal (Ichnos), a fledg-
ling society, and a continuous stream of
edited volumes and monographs (Seilacher
2007; Miller 2007a; Buatois and Mangano
2011). Documentation of the trace fossil
record has become far more detailed and
environmental interpretations based on traces
have become increasingly sophisticated. Ich-
nofossils are critical evidence for the origins
of major groups and trophic relationships and
for constraining functional interpretations
based on preserved skeletal materials. Both
observational and experimental analyses of
trace formation have become increasingly
sophisticated.

Compared to other areas of paleontology,
however, the integration of ichnology with
evolutionary biology has noticeably lagged.
Ichnology and behavioral biology, which one
might expect to be closely tied, are largely
disconnected from each other (Miller 2007b).
Ichnological approaches to behavior and the
rich behavioral data potentially available
from trace fossil studies are effectively un-
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known outside of the paleontological com-
munity. At the same time, ichnologists rarely
use the language or concepts in common
usage by behavioral biologists. This discon-
nect may explain why ichnology has contrib-
uted correspondingly little to behavioral
biology, even though the evolutionary origins
of behaviors is a major topic of interest among
behavioral biologists.

The lack of integration of the two disci-
plines is evident from their respective litera-
ture. Ichnologists, in particular invertebrate
ichnologists, are predominantly geologically
trained paleontologists whose primary inter-
est is the environmental signals provided by
traces (Bromley 1996). Virtually all publica-
tions on invertebrate trace fossils appear in
geologically oriented journals and monographs.
The texts Trace Fossil Analysis (Seilacher 2007)
and Trace Fossils (Bromley 1996) contain no
references to the behavioral biology literature,
although the latter does extensively discuss
research on the biology of burrowing organ-
isms. Correspondingly, the existence of trace
fossils is scarcely mentioned in the literature of
behavioral biology. Standard textbooks do not
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mention them at all or only briefly (Drickamer
et al. 2001; Bolhuis and Giraldeau 2005; Alcock
2009). Searches using the keywords ““ichnofos-
sil” and ““trace fossil” in the journals Behavioral
Ecology and Evolution yielded no hits.

It is the goal of this paper to detail the
existing barriers to communication between
ichnologists and behavioral biologists and to
propose how some of these may be overcome.
I will describe how the recently proposed
““movement ecology paradigm’” (Nathan et al.
2008) can be expanded to include ichnofossils.
I will also outline a ““taphonomy of behavior,”
which focuses on the range of behaviors that
are potentially fossilizable and their phyloge-
netic context. The integration of ichnology
and behavioral biology, along with other
relevant areas such as functional morphology,
could lead to a ““paleobiology of behavior”
focusing on exploring the evolutionary histo-
ry of behavior in deep time.

The Gulf between Ichnology and Behavioral
Biology: Barriers to Communication

Conceptual Differences.—The two fields dif-
fer markedly in language, concepts, and
methods, even at the most fundamental
levels. Biological concepts of behavior focus
on the neurological and/or chemical respons-
es by organisms to an external or internal
stimulus and results of these responses. These
results may or may not include movement. In
contrast, the concept of behavior used among
paleontologists is broader and generally does
not include concepts of stimulus and re-
sponse. “Behavior” in the paleontological
literature has variously referred to aspects of
life mode, trophic level, functional morphol-
ogy, and biotic interactions, as well as topics
that fall more clearly into classic ethology
(Kitchell 1986; Lockley 1991; Novack-Gottshall
2007; Benton 2010; Boucot and Poinar 2010;
Bernardi and Avanzini 2011). Seilacher (1986,
p- 62) referred to behavior as “the rules, or
programs, underlying animal activities.” This
algorithmic concept has strongly influenced
subsequent behavioral interpretations of traces
(see below).

Ethology is the study of animal behavior,
with an emphasis on comparative aspects
(Lorenz 1981), although this term has largely
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fallen out of use in favor of “behavioral
biology” or ““animal behavior”” (Bolhuis and
Giraldeau 2005). Ichnologists use “‘ethology”
to refer to the study of behavior inferred from
preserved traces (Frey 1973). This concept
encompasses an analytical approach based on
a detailed examination of the morphology
and associated sedimentology of the pre-
served traces, along with morphological and
functional interpretations of putative trace-
makers. The result is a scenario with a
detailed reconstruction of the movement
pattern producing the trace. This method of
interpretation is embodied in Seilacher’s more
than half-century of publication on traces,
culminating in his 2007 book.

The conceptual foundation that unites the
diversity of disciplines constituting behavior-
al biology is the ““four problems,” or sets of
problems, originally posed by Tinbergen
(1963). The first set deals with internal
neurological and chemical processes and the
complex interactions of these processes with
each other and the external environment. The
second set examines ontogenetic changes in
behavior, including memory and learning.
These two categories encompass proximate
explanations or “hows” of behavior; e.g.,
what external stimulus will cause an animal
to start feeding, how this stimulus is per-
ceived by the animal, what internal neurobi-
ological or chemical changes occur as a result
of the stimulus, how an animal learn that a
particular stimulus corresponds to a resource,
and so on.

The other categories of research questions
focus more on ultimate causes or the “whys”
of behavior. The third set looks at the roles
played by behaviors in survival and repro-
duction; behaviors are treated as adaptations.
For instance, how does the ability to detect a
potential resource increase the fitness of a
species? The final group places behaviors in
their phylogenetic context, and attempts to
examine their historical origin; e.g., when did
the ability to detect the resource first arise?

Despite their central place in the canon of
behavioral biology, Tinbergen’s four ques-
tions have never been explicitly posed within
the trace fossil literature. Nor have behavioral
biologists turned to the ichnological record
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for insight into them, even in the context of
the evolutionary history of behavior. This is
especially unfortunate, given that ichnology
has a unique perspective on the evolutionary
origins of behaviors and on many of their
adaptive aspects.

It is true that these problems have been
implicitly addressed in some trace fossil stud-
ies. Drilling by predatory gastropods has
become a “model system” for the study of
predator-prey interactions over geologic time
(Kitchell 1986; Dietl and Kelley 2002; Huntley
and Kowalewski 2007, Walker 2007). This
research has been put into the context of prey
selectivity (Kitchell et al. 1981; Kitchell 1986;
Roopnarine and Beussink 1999) and optimal
foraging theory (Leighton 2002) and thus
focuses on the adaptive nature of behaviors,
the third of the fundamental questions.

Modern biologists can directly observe the
mechanisms of behaviors and their conse-
quences in the field and lab (Schick et al.
2008). In contrast, ichnologists are restricted
to just the results of behavior and even then
only when the behavior alters the properties
of a preexisting substrate (Bertling et al. 2006).
This has fundamentally affected how the two
disciplines classify behavior. Behavioral biol-
ogists tend to divide behaviors by their role in
the lives of the organisms, using categories
such as communication, foraging, site selec-
tion, reproductive behavior, parental care,
social behavior, and antipredator behavior
(Huntingford 2003; Alcock 2009).

These categories are rarely used by ichnol-
ogists, who instead tend to use the ““ethological
classification” of ichnofossils developed by
Seilacher (1953, 1964, 1967), which was the first
attempt to produce a trace fossil classification
relevant to behavior rather than morphology.
This scheme has been frequently reprinted
within reviews of ichnology (Ekdale et al. 1984;
Bromley 1996; Buatois and Mangano 2011), is
covered essentially verbatim in current intro-
ductory textbooks of paleontology, and re-
mains in common use (O'Brien et al. 2009).

These ethological categories are unknown
to behavioral biologists. They do not appear
in any animal behavior texts and a keyword
search reveals that they are used only by
paleontologists. They do not reflect any
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categorization of behavior in use by behav-
ioral biologists, nor do they map onto these
behavioral categories. Not only can disparate
forms carry out similar behaviors and thus
leave similar traces (Ekdale et al. 1984;
Gingras et al. 2008a), but different activities
can also leave similar trace morphologies.
Resting traces (cubichnia) can result from a
huge range of possible associated behaviors
(Martin and Rindsberg 2006). Ambush pred-
ators can produce a resting trace when
stalking prey, as can prey organisms that are
hiding from predators. A satiated predator
may also rest after feeding. Repichnia, or
crawling traces, refers to tracks and trails
made by movements between locations, in an
overall general direction, “wandering from
place to place” (Bromley 1996: p. 192). Loco-
motion in a single general direction can also
arise from a huge number of behavioral
causes (Dusenbery 1992; Koy and Plotnick
2007; Nathan et al. 2008), all of which are
purposeful.

Concepts from behavioral biology that are
used in ichnological research are often out-
dated. For example, models of tightly mean-
dering patterns (““guided meanders” or pas-
cichnia) assume that they represent an
adaptation for optimally harvesting a feeding
area. Seilacher (1967) proposed a modification
of a scheme first proposed by Richter (1928),
in which an animal obeys a behavioral
“program,” expressed as a set of “‘com-
mands.” These controls readily lend them-
selves to computer simulation (Raup and
Seilacher 1969; Papentin and Roéder 1975;
Hammer 1998; cf. Hayes 2003; Plotnick 2007).

The concept that the trace fossil producers
followed an optimal rigid program has had a
profound influence on subsequent interpreta-
tions of trace fossils (Crimes 1977). Crimes
and Droser (1992) repeatedly refer to forms
such as Nereites and Helminthoida as being
“very carefully programmed” or “closely
programmed.” Seilacher (1986) describes
some forms that do not match expected
patterns as being the result of the animal
making “mistakes’” or of having problems
executing the programs. There is an associat-
ed assumption that the more geometrically
complex the trace, the more sophisticated is
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the underlying program (Seilacher 1967, 1986;
Crimes and Droser 1992). This assumption
is important in some interpretations of the
evolution of trace morphology, and by exten-
sion behavior, over time (Seilacher 1986;
Ekdale and Lamond 2003).

The modern concept of taxes, in contrast,
focuses on orientation and turning of an
organism in response to a perceived external
stimulus field and does not include direction-
al locomotion itself; a taxis results in turns
that change the direction of locomotion
(Lorenz 1981). Dusenbery (1992) suggested
replacing the term ““taxis’”” with that of ““direct
guiding,” in which an organism obtains
information about the orientation of a stimu-
lus field and uses this information to deter-
mine the direction of a turn. This concept was
used in the trace fossil models of Plotnick
(2007), which assumed that organisms direct
guide and move in response to the direction
and intensity of chemical signals emitted by
resources.

Behavioral explanation based on the inter-
actions of reflexes and or/taxes are solidly in
the context of the “reflex theory” that
dominated behavioral biology in the first half
of the twentieth century. This theory has long
since been supplanted by new concepts
(Lorenz 1981) and is virtually absent from
modern texts. These explanations are strongly
rooted in a Cartesian concept of animal
behavior; i.e., viewing animals as machines
or automata (Mayr 1974; Krebs and Davies
1997). As discussed by Mayr (1974), these are
“closed programs’’; nothing can be inserted
through experience. In both Seilacher’s and
Plotnick’s models, there is no learning, not
even of the most basic kind. Recent research,
however, suggests that learning and memory
may actually be universal among all organ-
isms with nervous systems (Dukas 2009).
Neoichnological studies (Miller and Curran
2001) also support the idea of considerable
behavioral plasticity.

Methodological Differences.—The study of
animal behavior grew out of the long tradi-
tion of field observation in natural history.
Although still important, it has largely been
supplanted by experimental studies in both
the field and laboratory at hierarchical levels
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from molecules to whole organisms. The
majority of field studies focus on terrestrial
vertebrates, in particular bird and large
mammals, as well as on insects; laboratory
studies frequently look at a small number of
model organisms, such as stickleback fish,
mice, rats, and fruit flies. Behavioral research
into marine invertebrates or organisms that
burrow is rare (Bastardie et al. 2005).

Direct observations of behavior in extinct
organisms are, of course, forever unavailable to
paleontologists. But empirical observations
remain the foundation of neoichnology, the
actualistic study of the traces produced by
modern organisms (Schéfer 1973). Neoichno-
logical research can also be broadly divided
into field and lab studies, with by far most
being field based and observational. Many
field investigations examine traces in the
process of being produced; this involves direct
observations of animal movement and the
associated trace, leading to clear associations
between the movement pattern, the trace-
maker, and the trace (Gingras et al. 2008a;
Martin and Rindsberg 2007, Kumagai and
Farlow 2010). Related to this are field studies
in which the behavior is not directly observed,
but is inferred after the fact, usually from
independent evidence; the association between
the traces, its producers, and the traces is also
strong (Hasiotis and Mitchell 1993; Hasiotis
2002; Tschinkel 2003; Labandeira 2007).

Laboratory based studies are overall far less
common. Most of these are observational
investigations that focus on the processes of
trace formation and preservation (Milan and
Bromley 2006; Davis et al. 2007; Jackson et al.
2009; Halfen and Hasiotis 2010) or on the
rates and processes of bioturbation (Gingras
et al. 2008b). Others are attempts to tie trace
and tracemaker together (Vannier et al. 2010).
Even rarer are lab or field studies involving
manipulative treatments of variables poten-
tially controlling behavior and trace forma-
tion (Hembree 2009; Koy and Plotnick 2010).

Neoichnologists study a far wider range or
organisms, both ecologically and phylogenet-
ically, than most behavioral biologists. Most
studies of animal movement focus on terres-
trial vertebrates, such as large ungulates or
birds, that can be readily tracked. Studies on
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invertebrates have most commonly examined
insects, notably investigations of bee flight or
ant surface foraging. There are some investi-
gations of terrestrial vertebrate burrow for-
mation, looking at animals such naked mole
rats and gophers (Reichman and Seabloom
2002). Many of these are tied to the concept of
““ecosystem engineering,” the modification of
the physical environment by organisms and
its feedback to organisms (Hastings et al.
2007). The study of movement below the
surface, in particular of marine invertebrates,
is one area where neoichnology can make a
unique contribution to the study of animal
behavior.

The last of Tinbergen’s problem sets, that of
the evolution of behavior, is one that should
be a natural place for the interactions of
ichnologists and behavioral biologists. As is
the case with most other areas of comparative
biology, studies of the evolution of behavior
have become predominantly phylogenetic or
“tree based” (Lauder 1986; Harvey and Nee
1997). Ryan (2005), in a review of methods for
studying the evolution of behavior, empha-
sized the central importance of independent
phylogenetic information. The potential use
of ichnofossils for studying historical patterns
of behavior is absent from this literature.

The use of phylogenetic methods in ichnol-
ogy is hampered by the central conundrums
of ichnology: that except in rare cases, the
identity of the tracemaker is unknown and
that unrelated organisms can produce mor-
phologically similar traces. When such iden-
tifications are made they are typically phylo-
genetically broad, often to the phylum or class
or, at best, family level (Lockley and Gillette
1989; Braddy 2001). The only studies that I am
aware of that explicitly place trace fossils in a
phylogenetic context are of dinosaur foot-
prints (Olsen and Baird 1986; Carrano and
Wilson 2001), in which a particular combina-
tion of derived pedal features found in a
footprint or trackway can constrain the
identity of the producer. This approach is
quite distinct from the “behavioral cladistics
of trace fossils” proposed by Ekdale and
Lamond (2003), which views behavior sensu
Seilacher (1967), as the end-product of a
hierarchy of rules. If the trace can be produced

463

from a single postulated rule, then this is the
inferred primitive condition. If a second rule is
added to produce a different trace morpholo-
gy, this a derived condition and so on. In terms
of the tracemakers, the resulting “clades” are
massively polyphyletic.

Common approaches to document the
history of behavior as preserved in trace
fossils are non-phylogenetic and focus on
the “evolution”” of the traces themselves,
rather than that of the potential trace making
organisms. Numerous studies summarize the
number of described ichnotaxa through geo-
logical time. These papers differ widely in
methodology and temporal scope (Crimes
1974, 1992; Seilacher 1974, 1977; Frey and
Seilacher 1980; Crimes and Fedonkin 1994;
Orr 2001; Uchman 2004; Jensen et al. 2005;
Seilacher et al. 2005). A second approach has
been to follow trace fossil ““lineages” over time
and trace changes in their inferred behavioral
abilities, in particular within the context of
the optimization paradigm (Seilacher 1977,
1986; Frey and Seilacher 1980; cf. Crimes and
Fedonkin 1994).

Ichnofossils have also been used to date the
first appearances of the producing taxa and
thus of their associated behaviors. In some
cases these results have suggested consider-
able extension of known stratigraphic ranges
(Carrano and Wilson 2001; Niedzwiedzki
et al. 2009). The most controversial topic in
this area is identification of Precambrian
traces as dating the origin of mobile bilater-
ians (Bengtson and Rasmussen 2009).

Behavioral Interpretations of Trace Fossils:
One Way Forward

For ichnology to become integrated with
behavioral biology a common vocabulary
clearly is needed. First and foremost is to
use a concept of behavior that would gener-
ally exclude trophic relationships and life
modes, as well as strictly functional aspects.
Instead, behavior should be restricted to refer
to cases in which an external physical or
biological stimulus and an organism response
can be either demonstrated or reasonably
inferred. For instance, the burrows described
by Hembree (2010) can reasonably be tied to
aestivation, and thus a behavioral response to
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aridity. This concept is closer to that used in
biology in which ecology provides the context
for behavior (Krebs and Davies 1997) and
allows its adaptive value to be considered. In
this context, naticid gastropod predator-prey
relationships are biotic interactions and not
strictly behavior. What is behavior is evidence
for prey and site selectivity.

Second, categories of behavior should
likewise be as parallel as possible to those
used in behavioral biology. Trace fossils
should be discussed as evidence for feeding
mechanisms, mating, parental care, etc. The
prevailing ethological categories should be
abandoned (Miller 2007c). The ethological
categories are not behaviors; they are inter-
pretations of the morphology of sedimentary
imprints produced by a range of possible
behaviors carried out by a disparate range of
organisms.

Ichnologists also need to consider the “four
questions” as a framing context for their
discussions of behavior. One potential way
of doing this is to adopt some form of the
“movement ecology paradigm’” of Nathan
et al. (2008), which was proposed as a unified
conceptual framework for the study of mo-
tion. This framework has four components
(Fig. 1). Three of these are related to the
external properties of an individual organism,
whereas the fourth is external. For mobile
organisms, navigation capacities are the cogni-
tive and sensory traits that enable them to
obtain and process information about their
external environment, which they then use to
determine whether and where to move.
Motion capacities are their biomechanical
abilities to move, i.e., their abilities to swim,
crawl], fly, etc., separately or in combination;
this is the “how to move?” portion of the
paradigm. Internal states are the physiological
and/or psychological goals for moving, the
“why move?” component of the paradigm.
Internal states include proximate or ecological
motivations, such as searching for food,
avoiding a predator, or finding a mate, and
reflect ultimate evolutionary goals including
survival and reproduction. These goals are
time dependent and can co-occur or conflict
(Damschen et al. 2008). The three internal
factors interact dynamically with each other
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and with the external environment. The
external environment includes biotic aspects,
such as the presence of competitors, potential
mates, and predators, and abiotic aspects,
such as currents or the presence of obstacles.
These external aspects can be both spatially
and temporally complex.

The end result of these interactions is
movement and the corresponding movement
path. At its most basic level, the movement path
consists of a series of changing coordinates
over time that represent a series of steps
(coordinates changing between time intervals)
and stops (coordinates remains fixed). A series
of steps and stops associated with a particular
proximate goal or set of goals is a movement
phase. An organism foraging within a patch
(Koy and Plotnick 2007, 2010) is engaging in
one movement phase. If the organism then
leaves the patch, it has entered another
movement phase. The decision to leave the
patch is based on some combination of a
change in the external environment, such as
depletion of a resource or appearance of a
predator, the detection of that change, and the
internal state of the organism, such as the
extent to which it is satiated or feels threatened.

On uniformitarian grounds, the movement
ecology paradigm applies equally well to
fossil and living organisms and can be used
as a conceptual framework for ichnofossils. Its
application is dependent on our ability to
reconstruct its components in the fossil
record. Reconstructing the external factors
will rely on detailed paleoenvironmental
reconstructions, including both biotic and
abiotic aspects. The three internal controls
on movement can be inferred with different
degrees of certainty in fossil organisms and
will always be more general and indirect than
can be determined in living organisms.

In the best possible case, navigation capac-
ity can be estimated from the actual preser-
vation of sense organs, such as eyes, ears, and
antennae, in fossil forms, e.g., in Lagerstdtten
such as the Green River Formation or the
Burgess shale. Less direct is the inference of
soft-tissue sense organs on phylogenetic and
anatomical grounds. The presence of eyes
in dinosaurs and ichthyosaurs, for example,
can be inferred from the preservation of
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Ficure 1. Conceptual framework for motion paleoecology (based on Fig. 2 in Nathan et al. 2009), including potential
sources of paleontological evidence. Three components—motion capacity, navigation capacity, and internal state—
focus on the individual organism. These components dynamically interact with each other and the external biotic and
abiotic environment to produce a movement path. The internal state is the “why move”” component, which determines
if and why the organism is ready to move, such as hunger or the desire to mate. This can be assumed by comparison
with modern relatives or analogs and may occasionally be preserved as “frozen behavior.” Navigation capacity is
“where to move,” and reflects the organism’s sensory capabilities. Fossil sense organs and sensory abilities can be
directly observed or inferred from morphologic correlates or phylogeny. Motion capacity is “’how to move’” and reflects
the functional capabilities for movement, determined from morphologic analysis of both potential tracemakers and the
trace, as well as comparison with modern forms. The result of the interactions of the three factors with each other and
the external environment is the movement path, the potentially preserved burrow, track, trail, etc. Movement itself can
also alter the external environment, such as through bioturbation or resource depletion, as well as lead to changes in

the internal state.

osteological correlates (Witmer 1995; Motani
2005). Where there are no hard-tissue corre-
lates, the presence of sensory organs can be
inferred phylogenetically using parsimony;
for example, because modern Nautilus and
other living cephalopods possess eyes and
osphradia, we can assume that the fossil
cephalopods likely did also.

Motion capacity can also be indirectly
determined. This will mainly be a matter of
careful functional analysis of locomotory
abilities, often accompanied by actualistic
observations of movement. Functional studies
of vertebrate and arthropod gaits are already
well integrated with ichnology (Farlow et al.
2000; Minter and Braddy 2006; Sellers et al.

2009). Mechanisms for burrowing and boring
are also a form of motion capacity and are well
studied in many modern groups (Savazzi
1994).

Internal states, of course, will be unknown.
Nevertheless, it can be assumed that extinct
organisms responded to the same proximal
and ultimate goals as living organisms. One
available line of evidence for these is “frozen
behavior,” such as cases where a tracemaker is
found within its burrow or at the end of a trail
(Boucot and Poinar 2010; Hasiotis 2002). The
presence of an adult Oviraptor in apparent life
position above a clutch of eggs in a nest
strongly suggests the existence of parental care
in these dinosaurs (Norrell et al. 1995). These



466

cases can also act as tests of trace-tracemaker
associations predicted by other means.

What paleontologists have in abundance
are preserved movement paths. The move-
ment ecology paradigm can readily be adopt-
ed to discuss the movements of extinct
organisms and the nature of their preserved
trails, tracks, and borrows. Each movement
phase corresponds to some combination of
internal and external controls that is reflected
in a distinct movement pattern. Distinct
behaviors, in this context, consist of move-
ment phases, both steps and stops, and the
transitions between them. Careful morpho-
logic study of the preserved trace reveals the
relative, if not the absolute timing of move-
ments (Seilacher 2007). For example, a trilo-
bite that produces a resting trace (Rusophycus)
and then transitions into a directed locomo-
tion trace (Cruziana) has engaged in three
distinct behaviors.

Hagadorn et al. (2000) illustrated examples
of the Cambrian form Taphrhelminthopsis that
have both meandering and looping movement
phases. Alternating walking (Stiaria) and
jumping (Tonganoxichus) by Permian aptery-
gote insects was documented by Minter and
Braddy (2006), with the jumping possibly a
response to predator threat. Similarly, Lockley
(1991) indicated that behavioral changes in
dinosaurs are indicated by shifts in step and
stride patterns. Note that the movement phase
concept focuses on the actions that are taken,
which can be represented by traces, and not
the proximate purposes of the actions, which
are generally unknown.

A key activity in the study of organism
behavior is the mathematical description of
movement paths and attempts to compare
these paths with models of underlying behav-
iors, such as correlated random walks and
fractal Lévy flights (Turchin 1998; Benhamou
2004; Nathan et al. 2008; Koy and Plotnick 2010;
de Jager et al. 2011). Paths are usually recorded
as series of coordinate localities at discrete time
intervals and described using parameters such
step length, total or mean displacement,
velocity, turning angles, and headings.

Some of these methods and models can be
applied to the analysis of ancient paths, but
there are limitations, in particular for surface
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movement paths. The first of these is that
most are only short samples of the extended
path; it is relatively rare to be able to map a
large path (see Hagadorn et al. 2000). A more
important limitation is the lack of absolute
temporal data. In most cases, it is necessary to
assume that velocity within a path was
constant. The inferred steps are thus equal
length, rather than equal time divisions of the
path. This was the approach used by Kitchell
(1979), Hofmann (1990), and Hagadorn et al.
(2000). The choice of discretization interval
can directly affect the values of descriptive
metrics (Benhamou 2004). In rare cases, as in
the case of tetrapod tracks, it is theoretically
possible to estimate changes of relative speed
and perhaps use these as a proxy for time.
One available metric is the tortuosity of the
track (Benhamou 2004); the more tortuous a
path, the greater is its deviation from straight
line motion. The underlying assumption is
that a straight line represents an animal
efficiently moving toward a goal.

The movement ecology paradigm can also
be readily applied to trace types other than
locomotion traces, such as burrows. In this
case, the navigation capacity incorporates the
ability to detect the physical, chemical, and
biological properties of the surrounding sed-
iments and adjacent water column, which
constitute the external environment. These
external factors will often be well known. The
motion capacity includes the various methods
by which an organism burrows (Savazzi
1994). Internal states, while they have to be
assumed, obviously incorporate factors that
are relevant to a burrowing organism. The
resulting movement path is the burrow itself.
One major advantage is that the movement
path is relatively far more complete than it is
in the case of surface movement trails. There
also are existing metrics, such as that used by
Hembree and Hasiotis (2006).

Taphonomy and Systematics of Behavior.—
Behaviors are as much part of an organism’s
phenotype as are its tissues; they, too, die
with the organism. It is reasonable, therefore,
to discuss a taphonomy of behavior that can
be treated in the same way as other tapho-
nomic processes (Fig. 2). Taphonomy is used
in the sense here of Behrensmeyer and
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Modifying
Behaviors

Burial

Buried\ Piagenesis
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Studied
ichnofossils

Ichnofossils

FiGure 2. Taphonomy of behavior, showing the pathway from the biological signal of behavior to its ichnological
interpretation (based on Fig. 1in Behrensmeyer et al. 2000). Sizes of the ellipses indicate relative information retained at
each step. Individual organisms or groups of organisms are capable of a wide spectrum of behavior. Only a fraction of
these have the potential for modifying a substrate. Traces are produced when one of these behaviors actually modifies a
substrate. Only a fraction of these traces are buried (e.g., below the active layer) and many of these are modified
diagenetically to produce ichnofossils. These are then studied, often in situ, to reconstruct the original behavior.

Kidwell (1985) with the focus on how
biological information is preserved in the
fossil record. The original biological informa-
tion is the suite of behaviors that an organism
or group of organisms (i.e., a community)
carry out. A subset of these behaviors may
interact with a substrate. The interactions
with the substrate produce traces, which
represent a still smaller and modified subset
of that original signal. The traces are then
subject to sedimentological and diagenetic
processes which may destroy or further
modify it and the information it preserves.
The resulting ichnofossils are then collected

and examined and its residual behavioral
signal is interpreted. This process is a form of
assessing ascertainment bias, i.e., the extent to
which trace fossils are a sample of the range
of behaviors and the degree to which this
sample is biased.

Behavioral fidelity is the extent to which trace
fossils preserve original behavioral signals,
from either a single species or a group of
species. This is parallel to other concepts of
taphonomic fidelity (Behrensmeyer et al
2000). Savrda (2007) recognized ichnologic
fidelity, where high ichnologic fidelity implies
that most produced traces are preserved in
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the fossil record. The concept of behavioral
fidelity is somewhat broader, as it also
includes behaviors that are not trace-produc-
ing. Kitchell (1986) similarly demarcated
those aspects of the naticid predator-prey
interaction that are potentially retrievable
from the fossil record.

Assessing behavioral fidelity will necessar-
ily differ between taxa with and without
extant representatives. For organisms with
modern representatives, direct knowledge of
the behaviors exhibited by the group, as well
as its morphology, is available. The evalua-
tion of behavioral fidelity begins with the
identification of a target organism or organ-
isms, such as fiddler crabs (Uca). Within this
target group, the suite of behaviors should be
identified and described in a manner consis-
tent with the vocabulary used by behavioral
biologists, such as predator avoidance or
mating. The next steps are to establish which
of these behaviors involve interactions with
substrates and thus can leave a potentially
preservable trace, and whether the preserv-
able trace might contain features that are
diagnostic of the producing taxon, the behav-
ior, or both. In the case of Uca, sexual display
by claw waving is a mating behavior that will
not leave a trace; in contrast, the morpholog-
ically distinctive breeding burrows built by
some of these crabs (Christy 1982) is an aspect
of mating behavior that can be preserved. The
final step is to assess the preservation
potential of the trace once it forms and how
it may be modified by subsequent processes.

For organisms without modern representa-
tives, the suite of possible behaviors will have
to be predicted from their phylogenetic
context, as well as from functional analysis.
This is not a phylogeny of the traces them-
selves, but rather the phylogeny of potential
tracemakers. The aim is to identify those
regions of the phylogeny potentially associat-
ed with a range of behaviors and resultant
trace morphologies. This approach is an
extension of that used by Carrano and Wilson
(2001) and an adaptation of methods used
previously to infer soft-tissue morphology
and function, in particular the “extant phylo-
genetic bracket” of Witmer (1995; see also
Bryant and Russell 1992). It is also related to
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efforts to identify patterns of character evo-
lution, such as the nature of ancestral states
(Finarelli and Flynn 2006; Goldberg and Igic
2008). As a simple example, modern archo-
saurs (birds and crocodilians) have parental
care, usually accompanied by the building of
nests. Given that birds are the dinosaur in-
group and crocodilians are an out-group,
phylogenetic bracketing predicts the existence
of parental care and nesting in dinosaurs.
Both are now well established in dinosaurs
(Isles 2009).

The first step in this approach will be
finding an independently derived phylogeny
of both extant and extinct potential trace-
makers. Given the lack of possible specificity
of the trace producer, the taxonomic level will
probably not be more precise than that of the
family, perhaps even order or class. This
phylogeny will then be a framework on which
to map additional data sets. The first of these
are life habits and behavior, as documented
for extant organisms from actualistic studies.
The particular focus here would be to identify
those subsets of overall behavior that could
reasonably be predicted to be possessed by
the extinct form and have the potential of
being captured as traces. For example, Christy
(1987) summarized available information on
mating behavior in brachyuran crabs. Of his
eight categories of behavior, several are
directly associated with the use of burrows,
which can be morphologically distinctive.
Such behavioral information should provide
expanded context for studies of putative crab
burrows in the fossil record (Frey et al. 1984;
Curran and Martin 2003). Other well-known
cases would be nesting behavior by ants or
predation by naticid gastropods.

The second data set consists of the morphol-
ogy and function of characters that can
potentially interact with substrates. Examples
include the forms and movements of tetrapod
feet (Carrano and Wilson 2001), distal append-
ages of arthropods (Braddy 2001; Poschmann
and Braddy 2010), parapodia of annelids, or
jaw parts of insects (Labandeira 2007). The
primary information for this is neoichnologi-
cal, based on laboratory or field observations.
For extinct forms, this could be based on
functional reconstructions that are derived
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from biomechanics (Plotnick and Baumiller
2000), although this will be less reliable than
that directly observed in living forms. Com-
bined with the morphological data, these
functional interpretations constrain the nature
of the substrate modifications that an organism
is capable of, including detailed morphologic
features of the potential trace such as bio-
glyphs (engravings in burrow or boring walls
[Ekdale and De Gibert 2010]).

Additional pieces of neoichnological, sedi-
mentological, and paleontological informa-
tion enter at this point. The primary one is
whether the substrate modification can be
preserved, i.e. the ichnologic fidelity of
Savrda (2007). In sum, this methodology
predicts the occurrence in the fossil record
of particular trace morphologies on the basis
of our knowledge of the following:

* the phylogenetic relationships of potential
tracemakers, both living and extinct;

* the range of behaviors carried out by these
organisms;

e the subset of behaviors that are capable of
modifying a substrate;

 the morphology and function of the sub-
strate-modifying parts of these organisms,
as they reflect these behaviors; and

* the extent to which these modified sub-
strates can be preserved.

Much of this method is already implicit in
the work of some paleontologists or can be
readily applied to available analyses and
data. Ultimately, the aim is to limit behavioral
interpretations of traces to what is actually
testable given the available data. It allows the
making of probabilistic predictions of the
preservation potential of behaviors, akin to
taphonomic studies that focus on relative
preservation of body parts.

Of course, this method is fraught with
potential issues. Phylogenies of potential trace-
makers are often revised. The number of
organisms with fully documented behaviors is
small. Even for those organisms, very few have
been examined using neoichnology to see what
types of traces they are capable of producing.
Certain behaviors may be unique to extinct
organisms or are rampantly polyphyletic.
Finally, behaviors should show a strong “stem-
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ward slip,” similar to that identified by Samsom
et al. (2010) for chordate characters subject to
decomposition. In other words, the chances of
assigning a particular trace to a lower-level
taxonomic group or to a detailed behavior are
very small. We may never be able to say anything
more definitive for most ichnofossils than “trilo-
bite locomotion trail” or “theropod nest.”

Neoichnology and Models.—Implementing
this methodology will require expanded
attention to neoichnology, both empirical
and experimental. Of particular importance
is an expansion of the range of organisms
studied. Important steps have already been
taken in this direction through the work on
terrestrial arthropods by Hembree (2009) and
Halfen and Hasiotis (2010). Still, only a
fraction of potential tracemakers have been
examined in either field or laboratory set-
tings. Field and laboratory studies also need
to become better integrated, to determine the
extent that experimentally produced traces
match those found in nature. Experimental
work should also focus more on manipulation
of behavioral variables (Koy and Plotnick
2010). Experimental protocols need to be
developed in cooperation with behavioral
biologists, so that ichnologists don’t “reinvent
the wheel” in terms of concepts and methods.

Paired with new work in neoichnology
should be continued development of new
and more realistic models. Again, these
models should be developed in consultation
with behavioral biologists so they capture the
most relevant aspects of behavior and are
framed correctly. As succinctly summarized
by Krebs and Davies (1997), optimality
models of behavior have three basic compo-
nents: these are assumptions about what is
being maximized, what choices are available,
and what constraints exist. Ichnological mod-
els of behavior, which usually assume opti-
mality, need to identify these components
explicitly. Models also need to incorporate
learning, both long- and short-term. As
discussed earlier, current research suggests
that some capacity for learning and memory
may exist in the majority of animals with a
central nervous system. There is a demon-
strable need to get away from the pure taxis-
reflex conceptual model of behavior.
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One promising avenue is the use of various
evolutionary robotic, artificial life, and artifi-
cial intelligence models. These models often
incorporate learning, detection of stimuli at a
distance, and navigation (Floreano and Keller
2010). This work also dovetails with studies
based on the anatomy of real organisms, such
as dinosaurs (Sellers et al. 2009).

Final Comments

One area in which paleontological informa-
tion has yet to be integrated within the larger
body of evolutionary biology is the study of
behavior. Almost universally, behavioral bi-
ologists appear to be unaware of the wide-
spread occurrence, rich documentation, and
long history of study of the fossilized record
of behavior represented by trace fossils. At
the same time, paleontologists have generally
failed at bringing this information to the
attention of biologists and at utilizing the
conceptual frameworks of evolutionary be-
havioral biology. Even among paleobiolo-
gists, the behavioral record contained in trace
fossils is rarely discussed. Despite the intense
interest in biodiversity history, it has been
more than 30 years since the publication of
synoptic studies of the overall history of trace
diversity (Crimes 1974; Seilacher 1977). A Web
of Science topic search in Paleobiology reveals
that only three papers use ““ichnofossil” or
“trace fossil” and perhaps ten more use
“trace” when not referring to trace elements.

The aim of this paper has been to describe
a possible path towards a paleobiology of
behavior based on the trace fossil record. For
this to happen, ichnologists should initiate
research interactions with the large commu-
nity of behavioral biologists. This will require
that ichnologists learn the theoretical and
empirical framework of behavioral biology,
so that both communities’ observations and
interpretations use the same language and
concepts and reflect current understanding in
the two fields. At the same time, behavioral
biologists need to become aware of the vast
untapped data and concepts that ichnology
can provide their field. This is only way in
which ichnology can provide them the “deep
time” component of the evolution of behavior.
Finally, paleobiologists need to pay more
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attention to the fossil record of behavior and
find means to incorporate it into their data-
bases, analyses, and evolutionary models.
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