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Abstract

The use of trace fossils as paleoenvironmental indicators is based on empirically-derived and tested links between
environmental conditions, behavior, and trace fossil morphology. Four approaches were used to assess how faithfully
and at what resolution trace fossils, as mirrors of behavior, reflect environmental change: (1) comparing the abundance
and morphology of Ophiomorpha nodosa in tidal channel-margin and tidal channel-axis facies (Miocene, Delaware);
(2) determining the range of morphology of O. nodosa produced under unchanging environmental conditions (within
the channel-margin facies); (3) evaluating the behavioral response of the modern burrowing thalassinidean, Neotrypaea
californiensis, in Mugu Lagoon, California to an environmental perturbation, namely the burial of layers of glass
plates; and (4) assessing how ancient producers of Ophiomorpha dealt with obstacles presented by dense shell and
coral accumulations (Miocene, Maryland; Pleistocene, Bahamas). Comparison of Ophiomorpha nodosa in channel-
margin versus channel-axis facies indicated that O. nodosa was significantly more abundant in the channel-margin
facies. However, there was no significant difference in burrow characteristics (exterior or interior diameter, wall
thickness) between the facies. As recorded by O. nodosa, its thalassinidean producer did not modify its behavior in
response to conditions in the tidal channel axis. Rather, the tracemakers tended to avoid the channel axis, as indicated
by the reduced abundance of O. nodosa. In contrast, O. nodosa within the channel-margin facies was highly variable in
degree of pelletization of the burrow wall, in burrow fill and definition of the burrow margin, and in architecture of the
burrow system. Variation in O. nodosa found within the channel-margin facies reflected behavioral flexibility in the
absence of environmental change. Modern burrowing shrimp adapt to barriers (layers of glass plates) implanted within
the substrate. They alter the geometry and depth of their burrow systems; they may even share shafts that penetrate the
barrier. Meters thick Miocene shell beds (Maryland) in which the shells are not densely packed contain Ophiomorpha
and Thalassinoides; the producing thalassinideans were able to penetrate and move through the shell bed. Similarly,
Pleistocene thalassinideans maneuvered around coral rubble in Bahamian fossil coral reefs. However, Miocene deci-
meter-thick shell beds that are densely packed and well sorted are not penetrated by thalassinidean burrows, implying
that thalassinidean behavioral flexibility was not sufficient to penetrate densely packed shell beds. Likewise, in the
Bahamian reefal settings, Ophiomorpha producers formed extensive maze systems immediately above impenetrable
lithified surfaces in the reefal sefjuence. Behavior of thalassinidean shrimp is neither tightly constrained nor highly
programmed, and there is no indication that this has changed since Miocene time. Small changes in morphology of
traces produced by thalassinideans cannot be used to identify subtle changes in environmental conditions. Shrimp vary
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behavior apparently “whimsically”, as well as in response to environmental change. If this is true of animals other than
thalassinideans, the challenge to the ichnologist is to distinguish between “background” and “environmentally trig-
gered” behavioral variation as recorded in the trace fossil record. © 2001 Elsevier Science Ltd All rights reserved.

Keywords: Ophiomorpha; thalassinidean shrimp; behavior; Miocene; Pleistocene; trace fossils

1. Introduction

The use of trace fossils for answering sedimento-
logic and/or paleobiologic questions is predicated
upon linkages between environmental conditions,
animal behavior, and morphology of the traces
produced by the animals. For any set of environmental
parameters, there also are certain optimal animal
behaviors. Changes in environmental conditions
cause changes in animal behavior that are reflected
in shifts in various attributes of the traces produced.
The application of these principles suggests that
variation in trace fossils reflects environmental
changes and implies that the type of environmental
change can be inferred from careful evaluation of
the morphological change in the traces.

The validity of these principles has been upheld by
empirical testing. However, in spite of their useful-
ness, particularly in elucidating depositional condi-
tions (e.g. Seilacher, 1967; Crimes and Harper,
1970, 1977; Frey, 1975; Ekdale et al., 1984; Curran,
1985; Maples and West, 1992; Bromley, 1996),
important questions about the causal relationships
between environmental, behavioral, and (trace)
morphological change remain unanswered. These
questions include, but are not limited to: (1) How
much behavioral and morphological variation occurs
in the absence of change in environmental conditions?
With only minimal change, what is the range in beha-
vior within individual tracemaker species, and how is
this recorded in trace morphology?; (2) What triggers
behavioral change in modern animals? Do animals
respond to changes in food supply or sediment consis-
tency by altering their behavior — alterations that
would be reflected in trace morphology?; (3) Are
there criteria for distinguishing between “background
variation” in behavior and trace morphology and
behavior/trace-morphological change caused by
environmental parameter changes?

This paper reports on attempts to answer some of
these questions (Table 1). We focus on the modern

thalassinidean shrimp Neotrypaea californiensis
(formerly Callianassa californiensis) in  Mugu
Lagoon, California, and the thalassinidean-produced
trace fossil Ophiomorpha nodosa from Miocene
deposits of the US Atlantic Coastal Plain and late
Pleistocene reefal deposits in the Bahamas. First,
characteristics of Miocene Ophiomorpha nodosa
formed under slightly different estuarine environmen-
tal conditions — channel margin versus channel axis -
are compared. Second, the amount of variation in O.
nodosa from within these channel-margin deposits is
assessed. Third, the behavioral response (and change
in trace morphology) of modern Neotrypaea califor-
niensis to environmental disturbance is documented.
The perturbation consists of burying a layer of artifi-
cial shells, thus simulating the natural occurrence of
shell concentrations in sediment inhabited by these
infaunal, deep-tier thalassinideans. Finally, the ability
of the Miocene and Pleistocene callianassid producers
of O. nodosa to deal with environmental (substrate)
disruption caused by accumulations of shells and
coral rubble is documented.

2. Comparison of Ophiomorpha nodosa produced
under different paleoenvironmental conditions

2.1. Geological setting

Ophiomorpha nodosa occurred in both tidal
channel-axis and tidal channel-margin deposits of a
5 m thick section of the Miocene Calvert Formation
that was temporarily exposed near Smyrna, Delaware,
in 1994 during excavation related to a wetlands reme-
diation project (Fig. 1; Benson, 1998; Miller et al.,
1998; Ramsey, 1998). O. nodosa is common in facies
of similar age and character on the US Atlantic and
Gulf coastal plains and elsewhere (e.g. Patel and
Shringarpure, 1990; de Gibert et al., 1998). Both the
channel-axis and channel-margin deposits consisted
of fine- to medium-grained sand. Sets of large-scale
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Fig. 1. Stratigraphic section of the Calvert Formation (Lower
Miocene) formerly exposed at a wetlands remediation site, Smyrna,
Delaware. Sequence recorded tidal channel deposition (Ramsey,
1998; Miller et al., 1998); both channel-margin and channel-axis
deposits were present.

trough cross-stratification 10-20 cm thick and 1.00-
1.25 m wide dominated the channel axis facies, and
troughs commonly were lined with clay rip-up clasts.
In contrast, the predominant bedding in the channel-
margin facies was ripple cross-lamination and flaser
bedding; clay drapes were common (Miller et al.,
1998). Features of the channel-margin facies (ripple
cross-stratification, abundance of clay drapes) reflect
lower flow regime conditions than those of the chan-
nel-axis facies (large scale trough cross-stratification,
concentrations of clay rip-up clasts, absence of clay
drapes) that indicate higher flow regime conditions.

2.2. Trace fossil abundance

Cursory comparison of the number of Ophiomor-
pha nodosa in the channel margin versus channel-axis
facies suggested that specimens of O. nodosa were
more abundant in the channel-margin deposits. This
observation was tested by counting the number of
burrows in eleven 1 m” grids on vertical exposures
of both the channel margin and channel-axis deposits.
(A burrow was defined as an isolated segment of O.
nodosa.) Mean burrow density in the channel margin
was 16.5 versus 0.36 m ~~ in the channel-axis deposits.

This difference was statistically significant (A F-test
showed variances to be inhomogencous so a Student’s
t-test modified for inhomogeneity of variances was
used: r=5.81;, df =11; p <0.05, Dixon and
Massey, 1969).

2.3. Morphological variation

The morphological characteristics of Ophiomorpha
nodosa best revealed by the Miocene channel deposits
at the Smyrna, Delaware site were interior and
exterior burrow diameter and burrow-wall thickness.
Characteristics of the Ophiomorpha burrow wall are
known to change with changes in substrate and flow
conditions (Frey et al., 1978; Bromley, 1996). We
predicted that: (1) burrow walls would be thicker in
the (higher energy) channel axis deposits; and (2)
burrow diameters would be larger in the channel
margin facies, as a result of marginalization of juve-
niles to other, less desirable habitats or slower growth
because of resource scarcity. One of us (Miller)
observed in Mugu Lagoon, California, restriction of
juveniles of Neotrypaea californiensis (less than 1.5
cm in length) to the uppermost subtidal zone of a tidal
channel that contained few adults. This zone was
lower than the lower intertidal zone heavily populated
by adult N. californiensis (169 m ", Miller, 1977).
We assessed differences in size and thickness of the
burrow walls between O. nodosa in the channel-
margin and channel-axis facies. Neither of these
predictions was substantiated. There was no signifi-
cant difference in specimens of O. nodosa in channel-
axis (CA) versus channel-margin (CM) environments
when the following characteristics are compared:
mean exterior diameter (CA, mena=292cm; n =
14; CM, mean=240cm; n = 126; t = 0.162; df =
100; p < 0.01); mean interior diameter (CA,
mean= 149 cm; n=7; CM, mean = 1.68 cm; n =
97; t = 0.913; df = 100; p < 0.01) or burrow thick-
ness (CA, mean = 0.63 cm; n = 7; CM, mean = 0.76
cm; n=97; t =0.162; df = 100; p < 0.01; Dixon
and Massey, 1969).

2.4. Interpretation

The producer of Ophiomorpha nodosa preferred
inhabiting sands at the margins of the tidal or estuarine
channel rather than those in the axis of the channel.
Similarly, the modern Neotrypaea californiensis was



M.F. Miller, H.A. Curran / Palaeogeography, Palaeoclimatology, Palaeoecology 166 (2001) 219-236 223

more abundant along margins of tidal channels in Mugu
Lagoon, California, than in the center of the channel
(Miller and Myrick, 1992). During high tidal flow in
the channel, some sand carried in the bed load fell into
open burrow shafts (Miller, personal observation). The
shrimp largely expel this sand from their burrows, but
this is energetically expensive. As the cost of maintain-
ing a burrow toward the center of the channel rises with
increased avalanching of sand into the burrow, the
number of burrow openings, a proxy for number of
shrimp, decreases. This interpretation for the producer
of O. nodosa throughout the Cenozoic is supported by
observed greater abundance of O. nodosa in sandy
facies deposited under lower energy conditions than
very high energy conditions (Carter, 1978; Pollard et
al., 1993).

The small number of Ophiomorpha nodosa speci-
mens in the channel-axis precluded comparison of the
architecture of the burrow systems in channel-axis
and channel-margin deposits. Based on previous
work, one would predict more shafts in the higher
energy channel-axis deposits, and more three-dimen-
sional boxworks and mazes in the channel-margin
deposits (Frey et al., 1978; Anderson and Droser,
1998). However, in this example from the Miocene
strata of Delaware, instead of changing behavior in
the channel axis, as would be reflected by an
approximately equal number (~97) of O. nodosa as
in the channel-margin deposits, but predominantly
shafts versus tunnels, the Ophiomorpha producers
responded to the higher energy environment by avoid-
ing it, resulting in very few specimens (n = 14) in the
channel-axis deposits.

Likewise, there was no observed change in morphol-
ogy of the burrow wall for Delaware Miocene traces in
sands deposited in the channel margin versus those
deposited in the channel axis. The burrow wall was
not thicker in sands deposited under higher energy
conditions, implying that the behavior controlling the
thickness of the burrow wall did not alter with change in
energy conditions. Similarly, the lack of difference in
the burrow diameters (internal or external) in specimens
of the channel-margin sands versus the channel-axis
sands indicated that there was no significant difference
in size between the two populations of callianassids.
This suggests that the producers of Ophiomorpha
nodosa did not relegate juveniles to less preferred habi-
tats. It also implies that food and other resources

Fig. 2. Specimen of Ophiomorpha nodosa preserved in full relief.
Note brick-like arrangement of pellets at top of shaft. Pellet arrange-
ment becomes less regular downward. Miocene of Delaware; scale
bar =2 cm.

required for growth were available equally in both the
channel-axis and channel-margin habitats. In sum,
comparison of O. nodosa in deposits from the center
versus margins of this Miocene tidal channel yielded
no clear linkages between environmental differences
and changes in optimal behavior and trace morphology.

3. Variation in Ophiomorpha nodosa in the absence
of environmental change

3.1. Description of variation

To determine how much behavioral variation



224 M.F. Miller, HA. Curran / Palaeogeography, Palaeoclimatology, Palaeoecology 166 (2001) 219-236

Fig. 3. Variable pelleting within Ophiomorpha nodosa. Tunnels in center of photo are well pelleted, whereas tunnel indicated by straight arrow
lacks pelleting. Note close stacking of tunnels, two of which merge laterally into an unpelleted, vertically-oriented disorganized zone or poorly
defined shaft with reworked fill. Curved arrow points to lower left margin of this zone. Some or all of the burrow components visible here
probably belonged to the same three-dimensional burrow system (e.g. same specimen of O. nodosa). Miocene of Delaware; ruler is 2.5 cm

wide.

occurs in the absence of environmental change, we
assessed morphological variation in Ophiomorpha
nodosa within the channel-margin environment of
the Miocene sandbody (Table 1; Fig. 1). Characteris-
tics evaluated include: (1) arrangement and packing of
pellets; (2) distinctiveness of the burrow wall or
margin and burrow fill; and (3) architecture of the
burrow system.

The arrangement and packing of pellets in Ophio-
morpha nodosa in the channel-margin deposits is
highly variable. In some specimens, pellets are nearly
brick-like in their uniformity and arrangement (Fig. 2).
In others, the pellets are less carefully arranged or
patchily distributed; some segments of tunnels lack
pellets altogether (Fig. 3).

Whereas Ophiomorpha nodosa typically consists of
pelleted tunnels and shafts that are either empty or
passively filled (Frey et al., 1978; Fig. 4), the clarity
and definition of burrow walls and nature of burrow

fill vary widely in O. nodosa from the Miocene tidal-
channel margin deposits. Here well-pelleted, discre-
tely-lined segments merge into zones of disrupted
sediment with scattered pellets (Fig. 5). Other
burrows, including some connected to disrupted
zones (Fig. 6), have meniscate filling indicating either
active rather than passive fill, or reburrowing.

The arrangement of tunnels and shafts of the
burrow systems in the channel-margin deposits
also was variable and not readily described as
comprising either boxworks or mazes in the sense
of Frey et al. (1978) (Fig. 4). As counted on the
vertical exposure of the channel-margin deposits,
tunnels outnumbered shafts by a ratio of 3:I.
Many of the tunnels appeared to be isolated tubes.
In rare cases, specimens branched, creating an over-
all inverted “Y” form (Miller et al., 1998). In other
specimens, stacked tunnels (perhaps part of mazes)
merged into central unlined vertical zones of
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Fig. 4. Empty and passively filled shafts and tunnels of Ophiomorpha nodosa; some (not all) are indicated by arrows. Widely spaced tunnels
and shafts are not organized into identifiable boxworks or mazes. Miocene of Delaware; scale has centimeter divisions.

Fig. 5. Discrete, pelleted shaft changing upward into a tunnel (white arrow points to pelleted margin) and disorganized zone with swirled
sediment and scattered pellets. Miocene of Delaware; scale bar = 1.5 cm.
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Fig. 6. Pelleted shaft of Ophiomorpha nodosa exhibiting meniscate fill with pellets and suggesting reoccupation of the burrow after its
initial construction. Shaft merges both upward and downward into disorganized zones with scattered pellets. Miocene of Delaware; scale

bar=1cm.

disrupted sediment or shafts merged into horizontal
zones of disrupted sediment (Fig. 3). Although we
could not identify a shared three-dimensional archi-
tecture, it was clear that branching, interpenetration,
and horizontal extension from vertical elements, as
well as merging of disrupted zones with isolated,
well-lined and pelleted tunnels and shafts were all
common in occurrence.

3.2. Discussion

Ophiomorpha nodosa within the estuarine channel-
margin deposits varied both in characteristics of the
burrow wall and in architecture of the burrow system

(Table 2). In the Delaware channel-margin deposits,
the variation occurred within a sand body deposited
under a single set of environmental conditions, so
variations in burrow wall and overall architecture
cannot be interpreted as responses to changing envir-
onmental conditions. The changes from pelleted
burrows to “disorganized zones” imply that the produ-
cer left the confines of the burrow to move freely
within the substrate. Because the thickness and
definition of burrow walls change markedly within
individual burrow systems, we interpret the variations
as resulting from behavioral plasticity intrinsic to the
tracemaking organism. The only other possibility is
that such variations are caused by environmental
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Table 2

Variations in Ophiomorpha nodosa observed in this study, with behavioral and environmental interpretations. Overall, there is little observed

ditference other than in abundance between facies (environments), and considerable variation within a single facies (environment)

Within or between environments

Observation

Behavioral or environmental
interpretation

Between: Comparison of O.
nodosa in channel-axis and
channel-margin facies

Within channel-margin facies

Within channel-margin facies

No significant variation in O. nodosa
tunnel diameter or wall thickness between
facies. O. nodosa more abundant in
channel margin facies. Abundance too low
in channel axis facies to compare
architecture of burrow systems

Density and arrangement of pellets is
highly variable

Burrows grade from open tunnels/shafts
with well-defined walls to burrows with
meniscate fill and low density of pellets, to
poorly defined disorganized zones with

Tracemakers did not respond to
differences in environmental conditions
by change in behavior. Did respond by
avoiding higher energy channel-axis
environment

Behavior controlling pellet construction
and arrangement is variable, not highly
programmed

Burrow construction ranges from
meticulous to haphazard. Producers move
outside of in addition to within burrows.
Burrows are re-occupied and modified

227

scattered pellets
Within channel-margin facies

Tunnels outnumber shafts 3:1. Isolated
shafts and tunnels are most common;
closely stacked tunnels and associated

Boxworks and mazes (Frey et al., 1978)
are not recognizable. Burrow architecture
highly variable in style within this facies

shafts and disorganized zones are also

€ommon

changes not decipherable from the stratigraphic
record.

In contrast, previous workers have attributed varia-
tions in burrow morphology to behavioral responses
to changing environmental conditions. Published
observed morphological variants, in both burrow
morphology and burrow-system architecture, and
their interpretations are summarized in Table 3.
None of the previously described morphological
variations of Ophiomorpha nodosa (Table 3) were
encountered in this study. Morphological variations
that were observed (Table 2) occurred within the
channel-margin deposits that do not record significant
environment change.

Previous studies have concluded that the orienta-
tion and burrow architecture of Ophiomorpha nodosa
can be used to distinguish deposits of relatively low
energy regimes from those of higher energy environ-
ments, particularly those with variable rates of sedi-
mentation (Frey et al., 1978; Anderson and Droser,
1998). However, these studies also underscore
0. nodosa’s architectural variability. The predomi-
nant burrow architecture of O. nodosa in the Miocene
tidal-channel margin deposits could not be determined
with confidence. The observed 3:1 ratio of tunnels to

shafts suggests a three-dimensional architecture with
more horizontal components than vertical compo-
nents (e.g. mazes or boxworks). However, tunnels
may be over-represented because they are more likely
than shafts to be intersected by the vertical plane of
the outcrop. Only one specimen displayed branching
linking it to a boxwork structure, and, although groups
of vertically closely spaced tunnels were common,
they were not clearly organized into maze structures.

Studies of the burrow architecture and behavior of
modern thalassinidean shrimp have led to classifica-
tions that link architecture to feeding mode (e.g. Grif-
fis and Suchanek, 1991; see summary in Bromley,
1996; Griffis and Chavez, 1988 for alternative
views). The ability to infer feeding behavior from
burrow architecture would be a boon for paleo-
ecologic interpretations. However, the lack of a
consistently identifiable, recurring three-dimensional
structure in Ophiomorpha nodosa within the Miocene
channel-margin deposits suggests that within-habitat
variability may preclude reliable linkage between
architecture of the burrow system and feeding habit.
This variability may also reflect behavioral and
trophic plasticity, as has been documented in recent
studies of modern thalassinideans (e.g. Nickell and
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Table 3

Summary of variations in Ophiomorpha nodosa and related trace fossils reported in the literature and the behavioral or environmental
interpretations. These variations were not observed in this study

Observation

Behavioral or environmental interpretation

Source

Well-pelleted tunnel roots, smooth
floors

Variation in thickness and pelletization
of wall corresponding to depth beneath
sediment—water interface (SWI) and to
inferred original sediment cohesiveness
(e.g. in heterolithic sequence, sands
originally less cohesive than mud)
Older parts of burrows pelleted; newer
portions are thinner walled and may lack
pellets

Apertural necks branch off from shaft at
different levels

Domination by mazes or boxworks (not
shafts) in sands overlying impenetrable
layers

Gyrolithes present in association with
Ophiomorpha

Teichichnus present in association with
Ophiomorpha

Shafts dominate in high-energy
environments, mazes and boxworks in
lower-energy environments

Response to greater need for reinforcement of
roof wall than rest of burrow

Shrimp produced thicker-walled and more
highly pelleted burrows in less cohesive versus
more cohesive sediments

Producer of this burrow form was a deposit
feeder that used pelleted older section of
burrow as dwelling; other portion of burrow
system was used for deposit feeding

Shrimp re-establishes contact with SWI after
erosional or depositional events

Adjustment of depth of burrowing and burrow
architecture where deep burrowing is blocked

Different ichnogenera reflect behavioral
change of single type of tracemaker in response
to change from sand to interbedded sand and
mud

Single producer for both trace fossils;
Teichichnus produced in response to
adjustment of burrow relative to SWI
Burrows are deeper in intertidal zones. Higher
sedimentation rates promote formation of
shafts versus tunnels

Frey et al., 1978

Ager and Wallace, 1970;
Kennedy and Sellwood, 1970;
Bromley and Frey, 1974; Kern
and Warme, 1974

Asgaard and Bromley, 1974

Frey et al., 1978

Frey et al., 1978; Fiirsich, 1974

Hester and Pryor, 1972

Hester and Pryor, 1972

Frey et al., 1978; Anderson and
Droser, 1998

Atkinson, 1995; Nickell et al., 1998). Extensive beha-
vioral plasticity has led some to question the validity
of attempts to classify modern thalassinidean burrow
systems (Bishop and Bishop, 1992; Rowden and
Jones, 1995). Increasing understanding of thalassini-
dean behavior (Stamhuis et al., 1996), of the variety of
food resources used by thalassinideans (Murphy and
Kremer, 1992; Schlacher and Wooldridge, 1996;
Boon et al., 1997; Stamhuis et al., 1998), and of the
mechanism for mucous secretion for burrow construc-
tion (Dworschak, 1998) support the suggestion that
future efforts to classify burrows should focus on
burrow wall characteristics or individual components
of the burrow system. These reflect functioning of the
animals more faithfully than does architecture of the
burrow system (Swinbanks and Luternauer, 1987;
Nickell and Atkinson, 1995). Wall characteristics
also have been found to be less variable than burrow
architecture in fossil burrows (O. rodosa; Frey et al.,

1978). However, the wide variation in burrow-margin
characteristics documented herein demonstrate plasti-
city in wall-building behavior, although it may be less
than variation in the behavior controlling burrow-
system architecture.

4. Behavioral response of Neotrypaea californiensis
to environmental perturbation

4.1. Approach

Studies of the burrowing of modern thalassinidean
shrimp have established that the burrow systems vary
widely, even within a single species (Rowden and
Jones, 1995). Experiments were conducted to docu-
ment how modern burrowing shrimp would respond
to environmental change and how this change would
be reflected in burrow morphology. The plan was to
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bury shells in layers within sandflats densely popu-
lated by Neotrypaea californiensis (formerly Callia-
nassa californiensis; see Manning and Felder, 1991).
Sandflats between the upper margins of the tidal chan-
nel and the lower marsh of Mugu Lagoon, California
(located at Point Mugu Naval Air Station) have had
mean densities of shrimp of 169 m~? and mean densi-
ties of burrow openings of 385 m~* (Miller, 1977,
1984; Miller and Myrick, 1992). However, in
response to the US Navy’s request to reduce negative
environmental impact, layers of glass plates (2 cm X
2 cm X 1 mm) were substituted for layers of natural
shells. Layers of glass plates were implanted 10—
15 cm beneath the sediment surface. After 12 months
many burrow openings had appeared at the sediment
surface above the glass plates, implying that N. cali-
forniensis had burrowed through or around the layers.
At that time, to determine whether the shrimp could
burrow around an impenetrable layer, a 0.25 m” piece
of screen-door netting was buried 10-15 cm below
the sediment surface. After 13 months from the initia-
tion of the experiment, the plots were revisited and the
number of burrow openings at the surface counted.
The quantitative data in this experiment involve the
re-establishment of burrow openings (Miller et al.,
1990; Miller, 1991) and are not discussed here. To
determine whether the shrimp were living above the
layers of glass plates or circumvented or penetrated
the glass layers, epoxy resin casts were made of seven
burrow systems, including two in control plots with no
glass layers. A resin cast was also made of a burrow
system above the screen netting. As in other studies of
the morphology of thalassinidean burrow system
morphology (e.g. Griffis and Chavez, 1988), casting
of a sufficiently large number of burrows for a
quantitative sample was precluded by the potentially
large negative environmental impact on the shrimp
population and sandflat ecosystem.

4.2. Results

Comparison of resin casts of burrows made in
control plots (no glass plates), in those with glass
plates, and in the screen-netting plot demonstrated
the behavioral flexibility of Neotrypaea californien-
sis. N. californiensis typically produces deep Y-
shaped burrows (e.g. Griffis and Chavez, 1988), and
this is the morphology of the burrows in the control

plots (Fig. 7A). In contrast, the five burrow systems
casted in plots with layers of glass plates have densely
packed burrs above the glass layers (Fig. 7B). In each
cast, a few burrows extend below the layers of glass
plates (Fig. 7B), indicating that the shrimp could
penetrate the layer of glass. However, shrimp activity,
as reflected by burrow density, was concentrated
above the glass plates, and no burrows extended
around the layer of glass plates. The resin cast of a
burrow system in the screen-netting plot showed that
the shrimp encountered the screen netting as it moved
downward, burrowed to the margin of the netting, and
constructed a burrow extending downward from the
edge of the netting. This indicates that, when
confronted with an impenetrable layer, as opposed
to potentially movable glass plates, the shrimp
circumvented the obstacle.

4.3. Discussion

Neotrypaea californiensis alters its behavior to deal
with environmental perturbations, at least those
presenting barriers to its preferred deep-burrowing
habit. Previous work has documented that Callichirus
major (formerly Callianassa major) restricts its
burrow to shallow depths (<30 c¢cm) in areas where a
thin veneer of sand overlies consolidated muds or
shell layers that are difficult to penetrate; in otherwise
suitable habitats, Callichirus major is absent from
some areas that are underlain by relict muds (Lunz,
1937, in Frey et al., 1978). Restriction to a thin zone
just beneath the sediment-water interface presumably
increases the chance of predation, in the case of
Neotrypaea californiensis, by shorebirds and fish
(M.F.M., personal observation; Posey, 1986).

Resin casts of burrows in experimental plots with
layers of glass plates indicate that N. californiensis
actively investigated the layers to find a means to
penetrate the barriers and establish burrows at the
preferred depth. The resin cast in the screen-netting
plot demonstrated that the shrimp located the edge
and burrowed downward. When confronted with
glass plates, the shrimp either found a sufficiently
large gap to burrow through or created one by moving
a glass plate laterally. Altering depth of burrowing
and burrow morphology reflects behavioral plasticity.
Finding a way around the barrier indicates more
sophisticated  behavioral  flexibility, allowing
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Fig. 7. Epoxy resin casts of modern burrows of Neotrypaea californiensis (formerly Callianassa californiensis) from Mugu Lagoon, California.
(A) Predominantly vertical burrow systems formed in the absence of a barrier created by a layer of glass plates. (B) Burrow system developed in
the presence of a solid layer of glass plates. Arrow points to level of that layer. Note the abundance of burrows above the layer. A few shrimp

actually moved the glass plates to penetrate the barrier.

N. californiensis to overcome the barrier rather than
simply to adapt to it.

S. Behavioral response of producers of Miocene
and Pleistocene thalassinidean burrows to
bioclastic obstacles

5.1. Geologic setting

The response of thalassinidean burrowers to within-
sediment obstacles was evaluated by assessing the
abundance of burrows and the behavior of the
producers in shell accumulations (Miocene,
Maryland) and in coral reef rubble (Pleistocene,
Bahamas) (Table 1). In these deposits, Ophiomorpha
is the most common thalasinidean-produced trace

fossil. However, in the Miocene of Maryland, other
trace fossils produced by thalassinideans, including
Thalassinoides (without pelleted burrow walls) and
Gyrolithes (with spiral form and without pelleted
walls) are present, although less abundant.

In the Upper Miocene of Maryland, we focused
on two shell beds: the Boston Cliffs shell bed in
the Choptank Formation and an unnamed, thin
shell accumulation in the Little Cove Point
Member of the St. Mary’s Formation, here called
the “Turritella” shell bed (Kidwell, 1989). The
Boston Cliffs is a thick (up to 3.6 m), laterally
extensive  shell-supported  shell accumulation
(Kidwell, 1989). Like other thick shell beds of
the Miocene succession in Maryland, the Boston
Cliffs is interpreted as a condensed transgressive
lag deposit that formed on an open marine shelf
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(Kidwell, 1989). The complex internal stratigra-
phy, dense packing of shells, faunal composition,
and other characteristics indicate that the shell
layer records slow accumulation with repeated
episodes of erosion, winnowing, and reworking.
The lower part of the Boston Cliffs probably
was subjected to “dynamic bypassing” (Kidwell
and Aigner, 1985; Kidwell, 1989) characterized
by alternation of periods when sand blanketed
the shells and periods of winnowing and rework-
ing. The periods of sand deposition probably
provided colonization windows for infaunal
animals (Pollard et al., 1993), including the thalas-
sinidean producers of Ophiomorpha nodosa and
Thalassinoides. Shell packing in the Boston Cliffs
is dense-loose in the terminology of Kidwell and
Holland (1991); there is a significant amount of
sand matrix between the shells. Shells are poorly
sorted; they range from 4 mm to over 250 mm in
longest dimension.

In contrast, the “Turritella” shell bed in the St.
Mary’s Formation is thin (10-25cm thick) and
composed primarily of turritellid gastropod shells.
These shells are small, mostly 1-2cm in longest
dimension, and well sorted. They exhibit the
“dense” packing of Kidwell and Holland (1991),
with very little sand matrix between the shells. The
internal stratigraphy of the “Turritella” bed is simple;
it reflects a limited number of depositional and
winnowing events rather than the complex history of
the thick Boston Cliffs shell bed.

Ophiomorpha also is a widespread and common
trace fossil constituent of shallow subtidal, shelly
to reefal Pleistocene calcarenites throughout the
Bahamas (Curran and White, 1991; Curran,
1994). For this study, we focused on the occur-
rence of Ophiomorpha in facies of the late Pleis-
tocene coral reefs at Cockburn Town on San
Salvador Island and at Devil’s Point on Great
Inagua Island. A significant point here is that the
Ophiomorpha tracemaker organisms were not
excluded from or deterred by substrates consisting
of large chunks of coral rubble. Indeed, some of
the most robust Ophiomorpha burrow systems that
either of us have ever seen occur in the coral
rubblestone facies of the Devil’s Point coral reef
on Great Inagua Island (White and Curran, 1995;
Wilson et al., 1998).

5.2. Approach

For the Maryland Miocene study, the type of pack-
ing (Kidwell and Holland, 1991), and size and sorting
of the shells was evaluated at 1 m intervals (n = 30)
along the vertical exposure of the St. Mary’s Forma-
tion that contained the “Turritella” bed. Ichnofabric
indices (Droser and Bottjer, 1986) of the superjacent
and subjacent layers were noted, and the number of
burrows present in a 0.0625 m” vertical section of the
shell bed counted. Fallen blocks of the Boston Cliffs
shell bed were examined in vertical and horizontal
(bedding plane) sections. Type of packing was
evaluated on vertical surfaces and observations
(0.0625 m* n = 418) of shell size and sorting and
number of thalassinidean burrows were made on
bedding planes. In the Bahamian Pleistocene reefal
deposits, the occurrences of Ophiomorpha in the
various facies of the reef complex were carefully
noted, described, and photographed.

5.3. Results

Thalassinidean-produced burrows, including Ophio-
morpha and Thalassinoides, were present but not abun-
dant within the Boston Cliffs shell bed. In the 418
bedding-plane observations, 42 thalassinidean burrows
were noted. The burrows wind around large shell frag-
ments; the thalassinidean producers were actively
avoiding the largest shell particles (Fig. 8).

In contrast, the thinner “Turritella” bed contained
no Ophiomorpha or Thalassinoides. Gyrolithes, the
spiraled thalassinidean-produced trace (Frey et al.,
1978; Dworschak and Rodrigues, 1997), is common
both above and below the “Turritella” bed (Christian-
sen and Curran, 1995).

The lithified late Pleistocene reef rubble of Bahamian
fossil coral reefs commonly contains Ophiomorpha,
indicating that the tracemakers could successfully
cope with large pieces of coral while forming robust
and extensive burrow systems within the rubble
substrate. One of the best examples is within the rubble-
stone facies of the upper part of the Devil’s Point coral
reef on Great Inagua (Fig. 9; Wilson et al., 1998). This
setting also provides a clear example of the behavioral
response of the Ophiomorpha producers to an impene-
trable surface, in this case a lithified erosion surface that
formed within the reef sequence prior to the deposition
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Fig. 8. White arrow points to a large burrow made by a thalassinidean that moved around shells within meters-thick shell accumulation. A
complex history of shell accumulation (Kidwell, 1989) combined with relatively loose packing of shells allowed animal to colonize and move
through the shell-rich layer. Boston Cliffs shell bed, Miocene of Maryland.

of overlying rubblestone beds. When the Ophiomorpha 5.4. Discussion

producers encountered the lithified surface, they imme-

diately began to tunnel along this surface, forming Like their modern counterparts, the thalassinidean
complex maze patterns (Fig. 10). producers of Miocene and Pleistocene Ophiomorpha

Fig. 9. Robust Ophiomorpha specimens in Pleistocene coral rubblestone, Devil’s Point reef, Great Inagua, Bahamas. White arrows point to
fragments of acroporid corals; black arrows point to segments of Ophiomorpha burrows. Note that the burrow at left is anchored to the chunk of

caral
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Fig. 10. Ophiomorpha maze formed when the tracemakers encountered an impenetrable lithified surface within the Pleistocene coral reef

sequence. Devil’s Point reef, Great Inagua, Bahamas.

were capable of adjusting their behavior to circum-
vent barriers. Just as the behavioral flexibility of
Neotrypaea californiensis went beyond altering the
depth of burrowing to going around or through the
barrier, so too the Miocene and Pleistocene Ophio-
morpha producers made opportunistic choices when
confronted with immovable objects.

Episodes of low shell input and sand accumulation
provided opportunities for burrowers, including
thalassinideans, to colonize the Boston Cliffs shell
bed as it was accumulating. The combination of
poorly sorted shells, large shell size, and dense/loose
(versus dense) packing allowed the burrowers to move
between shells within the shell bed. In contrast, the
thinner “Turritella” bed presented an impenetrable
barrier to thalassinidean burrowers. They apparently
could not deal with the dense packing of uniformly
sized shells and the paucity of interstitial sand. Rapid
deposition of the shell bed without periods of
winnowing and sand deposition prohibited coloniza-
tion by thalassinidean burrowers during shell-bed
accumulation, which would have facilitated “loosen-
ing” of the shells by burrowing activity.

The Pleistocene coral-reef rubble consists of abun-
dant and large chunks of coral with a variable amount
of shelly, carbonate sand matrix. Although this
mixture presented a complex substrate that commonly
was sand-poor, the thalassinidean producers of Ophio-
morpha were capable of moving around coral chunks
and maximizing use of the available ecospace. The
impressive aspect of this reefal occurrence is how
common the large-diameter (typically up to 5 cm or
more in outside diameter) and very thick-walled
burrows of Ophiomorpha are in this setting. In addi-
tion, considerable behavioral plasticity is in evidence.
Given that matrix material within the coral rubble
layers commonly is minimal, the vertical to oblique
segments of the burrow systems frequently are
anchored to the surfaces of the coral chunks, provid-
ing direct support for these large burrow systems.

In addition, barriers in the form of large and flat
coral chunks usually elicited tunneling behavior from
the Ophiomorpha producers. As described earlier (see
also Wilson et al., 1998), the ultimate transition to
tunneling behavior occurred when the burrowers
formed extensive maze systems over the lithified
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erosion surface within the reefal sequence in the
Devil’s Point reef on Great Inagua.

The junior author has had much experience with
modern coral reefs in the Bahamas and wider Carib-
bean. In conducting taphonomic studies of modern
coral reef rubble using scuba gear, many likely thalas-
sinidean burrow holes entering the rubble substrate
have been observed. However, sediment mounds
and fecal pellet accumulations typical of the burrow-
ing activities of thalassinideans normally are not
present owing to the generally high-energy settings
of these substrates and the redistribution of surface
sediment by wave action. Interestingly, it is the fossil
occurrences that have revealed the true extent of
thalassinidean activity and burrowing within the
coral-reef setting.

6. Conclusions

Although the role of physical environmental para-
meters in controlling optimal burrowing organism
behavior and, thus, the morphology of the traces
they produce has been well documented for marine
settings, it is not clear how closely behavior and trace
morphology are linked to environmental conditions
on a smaller scale. In this study, questions designed
to elucidate the effects of subtle environmental change
on behavior and trace morphology, to evaluate the
amount of behavioral variation in the absence of
environmental change, and to assess the behavioral
flexibility of modern and ancient thalassinidean
shrimp yielded the following information.

1. Miocene producers of Ophiomorpha nodosa
preferred the margins of tidal channels to the chan-
nel axis. As reflected in trace abundance and
morphology, the tracemakers responded to the
higher energy channel-axis conditions by avoiding
this environment rather than by altering behavior.

2. Traces produced within the channel-margin facies
vary widely, in wall structure, burrow fill, and
burrow-system architecture. The tracemakers
were inconsistent in pelleting their burrow walls,
and they made frequent forays outside of their
pelleted burrows where they disrupted the sedi-
ment without constructing burrows. No common
burrow architectural style was identifiable within

the apparently homogeneous channel-margin
facies.

3. When their habitat is altered by the introduction of
a nearly impenetrable layer within the substrate,
modern thalassinidean shrimp respond by modify-
ing the burrow architecture to create more burrows
at shallow depths beneath the sediment surface, or
by finding a way around or through the barrier.

4. Miocene and Pleistocene thalassinideans burrowed
around shells and coral rubble, unless the skeletal
debris was well-sorted and densely packed, result-
ing in an impenetrable barrier.

Although constructing a neatly pelleted burrow (i.e.
the classic form of the trace fossil Ophiomorpha
nodosa) requires complex, rigid behavior, thalassini-
deans, including makers of O. nodosa, are and were
behaviorally flexible, producing variable burrows.
Absence of significant morphological difference in
O. nodosa produced in two different environmental
regimes (channel margin versus channel axis,
Miocene of Delaware), in concert with wide within-
facies variation in Ophiomorpha nodosa, indicate that
differing physical parameters do not necessarily trig-
ger changes in behavior that are reflected in trace
fossil morphology. The ability of modern, Miocene,
and Pleisotocene thalassinideans to cope with obsta-
cles within the substrate reflects remarkable beha-
vioral opportunism. Thalassinidean behavior is
complex, variable, and not necessarily intimately
linked to environmental conditions. Given the possi-
bility that thalassinidean behavior may mirror that of
other infaunal, tracemaking animals, care should be
taken in attributing morphological variation in traces
to variations in environmental regime.

Acknowledgements

This work was supported by the NSF #EAR 89-
16682 to Miller. We thank the Point Mugu Naval
Air Station for access to Mugu Lagoon, and the
Delaware Geological Survey, particularly Kelvin
Ramsey, for logistical support and helpful
discussions. Roger Griffis provided help with resin
casting and generated thought-provoking discussion
of thalassinidean burrowing behavior. We also thank
Jennifer Christiansen, Patricia Drake, Cara Fritz,



M.F. Miller, HA. Curran / Palaeogeography, Palaeoclimatology, Palaeoecology 166 (2001) 219-236 235

Heather Kelly, and Lynn Myrick for assistance in the
field. Charles Savrda and Sally Walker made helpful
comments on an earlier draft of this manuscript. We
are grateful to William Miller, III, Sally Walker, and
Buck Ward, the organizers of the symposium on
Cenozoic Paleobiology where this paper originally
was presented, and to William Miller, III for his
patience and care in organizing and editing the papers
of this volume.

References

Ager, D.V., Wallace, P, 1970. The distribution and significance of
trace fossils in the uppermost Jurassic rocks of the Boulonnais,
northern France. In: Crimes, T.P., Harper, J.D. (Eds.), Trace
Fossils. Seel House Press, Liverpool, pp. 1-18.

Anderson, B.G., Droser, M.L., 1998. Ichnofabrics and geometric
configurations of Ophiomorpha within a sequence stratigraphic
framework: an example from the Upper Cretaceous of the US
western interior. Sedimentology 45, 379-396.

Asgaard, U., Bromley, R.G., 1974. Sporofossiler fra den Mellem
Miocene transgressionin Soby-Fasterhot omradet. Geological
Survey of Denmark, vol. 73, pp. 11-19.

Benson, R.N., (Ed.), 1998. Geology and Paleontology of the
Lower Miocene Pollack Farm Fossil Site, Delaware, Delaware
Geological Survey Spec. Publ. 21, 191 pp.

Bishop, F.A., Bishop, E.C., 1992. Distribution of ghost shrimp;
North Beach, St. Catherines Island, Georgia. Am. Mus.
Novitates 3042, 1-17.

Boon, P.I, Bird, F.L., Bunn, S.E., 1997. The diet of the intertidal
callianassid shrimps Biffarius arenosus and Trypea australiensis
(Decapoda: Thalassinidea) in western Port (southern Australia),
determined with multiple stable-isotope analyses. Mar.
Freshwater Res. 48, 503-511.

Bromley, R.G., 1996. Trace Fossils: Biology, Taphonomy and
Applications. 2nd ed. Chapman and Hall, London, 361 pp.
Bromley, R.G., Frey, R.-W., 1974. Redescription of the trace fossil
Gyrolithes and taxonomic evaluation of Thalassinoides,
Ophiomorpha and Spongeliomorpha. Bull. Geol. Soc. Denmark

23, 311-325.

Carter, C.H., 1978. A regressive barrier and barrier-protected
deposit: depositional environments and geographic setting of
the late Tertiary Cohasey Sand. J. Sediment. Petrol. 48,
933-950.

Christiansen, J.C., Curran, H.A., 1995. The trace fossil Gyrolithes:
unwinding the spiral enigma in the St. Mary’s Formation
(Miocene) of Maryland. Abstracts with Programs, Geological
Society of America, vol. 27, pp. 35-36.

Crimes, T.P., Harper, J.D. (Eds.), 1970. Trace Fossils Seel House
Press, Liverpool, 547 pp.

Crimes, T.P., Harper, J.D. (Eds.), 1977. Trace Fossils 2 Seel House
Press, Liverpool, 351 pp.

Curran, HA., (Ed.), 1985. Biogenic Structures: Their Use in

Interpreting Depositional Environments. Soc. Econ. Paleontol.
Mineral., Spec. Publ. 35, 347 pp.

Curran, H.A., 1994. The palaeobiology of ichnocoenoses in
Quaternary, Bahamian-style carbonate environments: the
modern to fossil transition. In: Donovan, S.K. (Ed.), The
Palaeobiology of Trace Fossils. Wiley, Chichester, pp. 83—104.

Curran, H.A., White, B., 1991. Trace fossils of shallow subtidal to
dunal ichnofacies in Bahamian Quaternary carbonates. Palaios
6, 498-510.

Dixon, W.J., Massey Jr., F.J., 1969. Introduction to Statistical
Analysis. McGraw Hill, New York, 638 pp.

Droser, M.L., Bottjer, D.J., 1986. A semiquantitative classification
of ichnofabric. J. Sediment. Petrol. 56, 558—569.

Dworschak, P.C., 1998. The role of tegumental glands in burrow
construction by two Mediterranean callianassid shrimp.
Senckenbergiana Maritima 28, 143-149.

Dworschak, P.C., Rodrigues, S.D.A., 1997. A modemn analogue for
the trace fossils Gyrolithes: burrows of the thalassinidean
shrimp Axianassa australis. Lethaia 30, 41-52.

Ekdale, A.A., Bromley, R.G., Pemberton, S.G., 1984. Ichnology:
Trace Fossils in Sedimentology and Stratigraphy. Soc. Econ
Paleontol. Mineral., Short Course No. 15, 319 pp.

Frey, R.W_, 1975. The Study of Trace Fossils. Springer, New York,
562 pp.

Frey, RW., Howard, J.D., Pryor, W.A., 1978. Ophiomorpha: its
morphologic, taxonomic, and environmental significance.
Palaecogeogr., Palaeoclimatol., Palacoecol. 23, 199-229.

Fiirsich, F.T., 1974. Corallian (Upper Jurassic) trace fossils from
England and Normandy. Sttugarter Beitr. Naturk. 13, 1-52.

de Gibert, I.M., da Silva, C.M., Cachao, M., 1998. Ichnofabrica de
OphiomophalConichnus en el Mioceno Inferior de Cristo Rei
(Almada, Portugal): implicaciones paleoambientales. Rev.
Espan. Paleontol. 13, 251-259.

Griffis, R.B., Chavez, F.L., 1988. The effect of sediment type on
burrows of Callianassa californiensis Dana and Callianassa
gigas Dana. J. Exp. Mar. Biol. Ecol. 117, 239-254.

Griffis, R.B., Suchanek, T.H., 1991. A model of burrow architecture
and trophic modes in thalassinidean shrimp (Decapoda:
Thalassinidea). Mar. Ecol. Prog. Ser. 79, 171-183.

Hester, N.C., Pryor, W.A., 1972. Blade-shaped crustacean burrows
of Eocenc age: a composite form of Ophiomorpha. Geol. Soc.
Am. Bull. 83, 677-688.

Kennedy, W.J., Sellwood, B.W., 1970. Ophiomorpha nodosa
Lundgren, a marine indicator from the Sparnacian of southeast
England. Geol. Assoc. Proc. 81, 99-110.

Kern, I1.P., Warme, JE., 1974. Trace fossils and bathymetry of
the Upper Cretaceous Point Loma Formation, San Diego,
California. Geol. Soc. Am. Bull. 85, 893-900.

Kidwell, S.M., 1989. Stratigraphic condensation of marine trans-
gressive records: origin of major shell deposits in the Miocene
of Maryland. J. Geol. 97, 1-24.

Kidwell, S.M., Aigner, T., 1985. Sedimentary dynamics of shell
beds: implications for ecologic and evolutionary patterns. In:
Bayer, U., Seilacher, A. (Eds.), Sedimentary and Evolutionary
Cycles. Springer, Berlin, pp. 383-395.

Kidwell, S.M., Holland, S.M., 1991. Field description of coarse
bioclastic rocks. Palaios 6, 426-434.



M.F. Miller, HA. Curran / Palaeogeography, Palaeoclimatology, Palaeoecology 166 (2001) 219-236

G.R., Jr. 1937. Notes on Callianassa major Say, Charleston
. Carolina) Museum Leaflet, vol. 10 pp. 3-15.
ing, R.B., Felder, D.L., 1991. Revision of the American
Ulianassidae (Crustacea: Decapoda: Thalassinidea). Proc.
ol. Soc. Wash. 104, 764-792.
s, C.G., West, RR., 1992. Trace fossils. Paleontological
ciety, Short Courses in Paleontology No. 5, 238 pp.
, M.F., 1977. Utility of trace fossils in paleoenvironmental
erpretation: the distribution of biogenic structures in three
>dern and ancient nearshore environments, PhD thesis,
iiversity of California, Los Angeles, 372 pp.
, MLF., 1984. Bioturbation in intertidal quartz-rich sands: a
>dern example and paleoecologic implications. J. Geol. 92,
1-216.
,» M.F.,, 1991. Active infaunal shrimp burrow through and
sund shell layers: taphonomic inhibition is negligible.
sstracts with Programs, Geol. Soc. Am., vol. 23, p. 344.
o M.F., Myrick, J.L., 1992. Population fluctuations and
stributional controls of Callianassa californiensis: effect on
2 sedimentary record. Palaios 7, 621-625.
v M., Curran, H.A.,, Myrick, JL., 1990. A test for
>honomic inhibition: do shell layers inhibit the burrowing of
llianassid shrimp? Abstracts with Programs, Geol. Soc. Am.,
L 22, p. 83.
, M.F., Curran, H.A., Martino, R.L, 1998. Ophiomorpha
dosa in estuarine sands of the Lower Miocene Calvert
yrmation at the Pollack Farm site, Delaware. In: Benson,
N. (Ed.), Geology and Paleontology of the Lower Miocene
llack Farm Fossil Site, Delaware. Delaware Geol. Surv. Spec.
ibl. 21, pp. 41-46.
1y, R.C., Kremer, J.N., 1992. Benthic community metabolism
d the role of deposit-feeding callianassid shrimp. J. Mar. Res.
1, 321-340.
11, L.A., Atkinson, R.J.A., 1995. Functional morphology of
rrows and tropic modes of three thalassinidean shrimp
ecies, and a new approach to the classification of thalassini-
an burrow morphology. Mar. Ecol. Prog. Ser. 128, 181-197.
1, L.A., Atkinson, R.J.A., Pinn, E.H., 1998. Morphology
thalassinidean (Crustacea: Decapoda) mouthparts and
reiopods in relation to feeding, ecology and grooming.
Nat. Hist. 32, 733-761.
S.J., Shringarpure, D.M., 1990. Oligocene—Miocene states

and trace fossil characteristics in western Kutch, Gujarat
State. Geol. Soc. India Mem. 16, 97-109.

Pollard, J.E., Goldring, R., Buck, S.G., 1993. Ichnofabrics con-
taining Ophiomorpha: significance in shallow-water facies
interpretation. J. Geol. Soc. Lond. 150, 149-164.

Posey, M.H., 1986. Predation on a burrowing shrimp: distribution
and community consequences. J. Exp. Mar. Biol. Ecol. 103,
143-162.

Ramsey, K.W., 1998. Depositional environments and stratigraphy
of the Pollack Farm Site. In: Benson, R.N. (Ed.), Geology and
Paleontology of the Lower Miocene Pollack Farm Fossil Site,
Delaware, Delaware Geol. Surv. Spec. Publ. 21, pp. 27-40.

Rowden, A.A., Jones, M.B., 1995. The burrow structure of the mud
shrimp Callianassa subterranea (Decapoda: Thalassinidea)
from the North Sea. J. Nat. Hist. 29, 1155-1165.

Schlacher, T.A., Wooldridge, T.H., 1996. Origin and trophic impor-
tance of detritus: evidence from stable isotopes in the benthos of
a small, temperate estuary. Oecologia 106, 382-388.

Seilacher, A., 1967. Bathymetry of trace fossils. Mar. Geol. 5,
413-428.

Stamhuis, E.J., Videler, J.I., De Wilde, P.A.-W.J., 1998. Optimal
foraging in the thalassinidean shrimp Callianassa subterranea.
J. Exp. Mar. Biol. Ecol. 228, 197-208.

Stamhuis, E.J., Reede, D.T., Van Etten, Y., De Wiljes, J.J.. Videler,
J.J., 1996. Behavior and time allocation of the burrowing shrimp
Callianassa subterranea (Decapoda: Thalassinidea). J. Exp.
Mar. Biol. Ecol. 204, 225-239.

Swinbanks, D.D., Luternauer, J.L., 1987. Burrow distribution of the
thalassinidean shrimp on a Fraser Delta tidal flat, British Colum-
bia (Canada). J. Paleontol. 61, 315-332.

Warme, J.E., 1971. Paleoecological aspects of a modern coastal
lagoon, University of California Publication in the Geol. Sci.,
vol. 87, 110 pp.

White, B., Curran, H.A., 1995, Entombment and preservation of
Sangamonian coral reefs during glacioeustatic sea-level fall,
Great Inagua Island, Bahamas. In: Curran, H.A., White, B.
(Eds.), Terrestrial and Shallow Marine Geology of the Bahamas
and Bermuda, Geol. Soc. Am. Spec. Paper 300, pp. 51-61.

Wilson, M.A., Curran, H.A., White, B., 1998. Paleontological
evidence of a brief global sea-level event during the last
interglacial. Lethaia 31, 241-250.



	Behavioral Plasticity of Modern and Cenozoic Burrowing Thalassinidean Shrimp
	Recommended Citation

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18

