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Abstract

Burrowing by thalassinidean shrimp in modern tropical, shallow-subtidal to intertidal carbonate environments is
widespread and a powerful agent of bioturbation, particularly within sandy substrates. Deep and intense burrowing
by callianassids commonly occurs along the intertidal margins of hypersaline lagoons throughout the Bahamas, such
as Pigeon Creek on San Salvador Island, where the sediments of extensive sand flats are thoroughly bioturbated by
Glypturus acanthochirus. In addition to dominating the deep-tier infauna, G. acanthochirus is a true ecosystem
engineer, and its prodigious burrowing activity results in a highly mounded topography. On sand flats, individual
sediment cones commonly coalesce with time to form large composite mounds with surfaces stabilized by the
development of microbial mats. This unique, biogenetically produced topography sets the stage for colonization by
shallow-tier burrowers, particularly the upogebiid shrimp Upogebia vasquezi and several species of fiddler crabs.
Burrow systems of U. vasquezi are distinctive and complex. They typically consist of a pair of U-shaped burrows in
close proximity or criss-crossing, with knobs or short tunnels at their bases. The entire U-burrow pair is lined by a
thick, externally pelleted wall. Inside burrow diameters range from 0.2 to 1 cm, and burrow depths are 10^15 cm, in
contrast to the much deeper callianassid burrows. These complex upogebiid burrows also occur as trace fossils in late
Pleistocene lagoon-margin facies of the Grotto Beach Formation on San Salvador. Initially reported as fragmentary
burrow fills, whole burrow systems virtually identical to the modern upogebiid burrows recently have been found at
several localities. These fossil burrows are most abundant in beds lying immediately below a terra rossa paleosol that
marks the late Pleistocene^Holocene stratigraphic boundary, and the beds likely were deposited with sea-level
stillstand and regression associated with the onset of Wisconsinan glaciation. With their high potential for
preservation, these complex upogebiid trace fossils may prove useful as both paleoenvironmental and sea-level
position indicators in the study of Quaternary carbonate sequences throughout the Bahamas and other geologically
similar regions.
6 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sedimentary geologists and marine biologists
visiting the Bahamas and other similar areas in
the wider Caribbean and observing for the ¢rst
time tropical, intertidal and shallow-marine car-
bonate sedimentary environments soon will notice
the distinctive sediment cones, or ‘volcanoes’, and
adjacent funnel-shaped burrow openings that
commonly are numerous and large. This distinc-
tive topography is widespread on open to lightly
seagrass-covered, sandy bottoms of shelf, lagoon,
and lagoon-margin environments found through-
out the region. The sediment cones and funnels
are formed by the burrowing activity of callianas-
sid shrimp, fossorial thalassinidean crustaceans
that spend their entire lives in extensive, deep,
and complex burrow systems. The occurrence of
callianassids spans the globe, and, particularly in
tropical, shallow-marine carbonate settings, bio-
turbation by these callianassid ecosystem engi-
neers (in the sense of Jones et al., 1994) commonly
is the dominant process of modi¢cation of origi-
nal sedimentary fabrics of deposition (Tudhope
and Sco⁄n, 1984; Tedesco and Wanless, 1991;
Curran, 1994).
Pigeon Creek is a large, tidally in£uenced,

slightly hypersaline lagoon located in the south-
eastern corner of San Salvador Island (Fig. 1).
The intertidal margins of the lagoon support a
fringe of mangroves that commonly give way la-
goonward to extensive carbonate sand £ats. These
sand £ats have a distinctive topography of
mounds and craters formed by the callianassid
shrimp Glypturus acanthochirus. Secondary bur-
rowing by upogebiid shrimp and ¢ddler crabs oc-
curs on the large mounds.
The primary purpose of this paper is to de-

scribe and analyze the complex upogebiid bur-
rows and the relationships between burrowers
and burrow forms that occur on the mounded
sand £ats of Pigeon Creek. This is a prime exam-
ple of habitat control and benthic ecosystem re-
structuring by infaunal, trace-producing organ-
isms, as discussed by Miller (1998, 2002).
Emphasis is placed on the characteristics of the
various burrow types found within the mounds,
particularly the distinctive burrows of Upogebia

vasquezi. The manifestation of sand £ats in the
tropical carbonates rock record and the geologic
signi¢cance of fossil U. vasquezi burrows, partic-
ularly with respect to recognition of past sea-level
position, are important points that also will be
considered.
The ichnology of the Pigeon Creek sand £ats

was described initially by Curran (1994, 1997) and
Curran and Williams (1997). It was recognized
early on that the Upogebia vasquezi burrows
have high potential for fossilization. The discov-
ery of fossil U. vasquezi burrow ¢lls was reported
by Noble et al. (1995), and Martin (1999) de-
scribed more extensive occurrences of U. vasquezi
burrows in late Pleistocene strata on San Salva-
dor. More recently, new specimens have been
found, and the utility of this trace fossil for geo-
logical interpretation has expanded.
Specimens of all decapod taxa cited in this pa-

per were identi¢ed by the late Austin B. Williams
of the National Marine Fisheries Service, System-
atics Laboratory, U.S. National Museum of Nat-
ural History. Voucher specimens are catalogued
in the collections of the National Museum of Nat-
ural History (Smithsonian Institution), Washing-
ton, DC.

2. The geological setting: modern and ancient

2.1. The modern intertidal site ^ Pigeon Creek,
San Salvador Island

The study area for the modern burrows is a
large, lobate, intertidal sand £at located in the
south arm of Pigeon Creek (Fig. 1). This sand
£at borders the northwest side of this tidal lagoon
system. The site is inaccessible from the land, but
can be reached easily by boat from the dock area
located at the mouth of the south arm of Pigeon
Creek (distance of about 500 m). Normal tidal
range for this part of the lagoon averages about
0.6 m, and the sand £at is completely £ooded at
high tide. With fair weather conditions, the sand-
£at surface is emergent about 2 h before a pre-
dicted low tide. Salinity varies signi¢cantly within
the larger Pigeon Creek lagoon system (Mitchell,
1987), but the £ats normally are £ooded by water
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that is at, or just slightly above, the o¡shore sa-
linity (typically 36^37x).
The main channel of the south arm of Pigeon

Creek is underlain and con¢ned by late Pleisto-
cene limestone. Adjacent to the study area, the
channel is deep and has a swiftly moving, revers-
ing tidal current. Farther to the south, the lagoon
opens up considerably and shallows. Here the la-
goon is bounded to the east by Holocene beach
and dunal sediments of a strand plain as de-
scribed by Carney et al. (1993).
Extensive sand £ats also border much of the

north arm of Pigeon Creek, and they exhibit es-
sentially identical sedimentologic and ichnologic

characteristics to those in the study area. Parts
of these £ats can be reached easily at low tide
from the road near the localities marked Old
Place Settlement and Pigeon Cay on the topo-
graphic map of San Salvador.
Characteristics of the sediments, thickness of

the Holocene sediment package, topography,
and ecological zonation of the Pigeon Creek
sand-£at study area were reported in some detail
by Curran and Williams (1997). A brief summary
is presented here. Pigeon Creek sediments were
described by Mitchell (1987) and by Cummins et
al. (1995). Mitchell (1987) de¢ned 12 lithofacies
within the lagoon complex, based on di¡erences

Fig. 1. Location of San Salvador Island within the Bahama Archipelago. Inset map shows location of the modern sand-£at study
site on the south arm of Pigeon Creek. The fossil localities discussed herein are indicated by Xs; upper left X marks the Osprey
Lake locality and upper right X marks the Moonrock Pond locality. Lower X near Pigeon Creek indicates the North Pigeon
Creek Quarry locality. GRC denotes the location of the Gerace Research Center on the north coast of San Salvador.
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in mean grain size and dominant grain morpho-
types. The sand-£at study area lies in Mitchell’s
Halimeda sand lithofacies. Using essentially the
same criteria, Cummins et al. (1995) recognized
four lithofacies in the south arm of Pigeon Creek,
with the study area within their Halimeda-rich
‘packstone’ facies. Our sediment samples from
the sand £at were composed dominantly of very
¢ne to ¢ne carbonate sand, with the medium sand
and larger grain components consisting of peloids
and Halimeda, foraminifera, and mollusk frag-
ments. The dominant recognizable skeletal grains
were fragments of Halimeda, large foraminifera,
and cerithiid gastropods. The mud component
ranged from 6 10% to just over 20%, with an
average of about 10^12%. This sediment is highly
bioturbated. Can cores taken from the £at
showed no primary sedimentary structures what-
soever; the sediment has a homogeneous to mot-
tled appearance resulting from the intense bur-
rowing activity within the sand £at.
Thickness of the Holocene sediment package

overlying late Pleistocene bedrock was measured
at 10-m intervals across the sand-£at study area
using an expandable steel rod sediment probe.
The pro¢le revealed that sediment reaches a max-
imum thickness of nearly 4 m on the outer part of
the £at (Curran and Williams, 1997, ¢g. 3), more

than 100 m from the edge of the mangroves bor-
dering the sand £at. Presumably all of this car-
bonate sediment was generated and deposited
during the past 3000 years with the £ooding of
the inner San Salvador shelf during the Holocene
marine transgression (Boardman et al., 1989; Car-
ney et al., 1993).
The generalized topography and ecological zo-

nation of the Pigeon Creek sand £at is shown in
Fig. 2; a more detailed pro¢le was given by Cur-
ran and Williams (1997, ¢g. 3). The highly
mounded topography of the sand £at, as shown
in Fig. 3, results principally from the prodigious
burrowing activity of the callianassid shrimp
Glypturus acanthochirus. On a daily basis, these
shrimp expel sediment from their burrows, form-
ing sediment cones, or ‘volcanoes’, that can
achieve heights of greater than 30 cm. Sediment
enters the burrow systems from the sand-£at sur-
face through adjacent funnel-shaped burrow
openings. In several experiments, dyed sediment
was placed into what appeared to be active bur-
row funnels, and in all cases the dyed sediment
appeared on the surfaces of adjacent cones by the
next day. With time and continued burrowing ac-
tivity, closely spaced sediment cones tend to coa-
lesce, forming large mounds that become £attened
by tidal currents. Such mounds commonly grow

Fig. 2. Generalized pro¢le across the Pigeon Creek sand £at showing the intertidal zones and occurrence of the dominant shal-
low-tier burrows in the coalesced mounds generated by the deep-burrowing callianassid Glypturus acanthochirus. In the study
area, the sand £at is exposed at low tide for a distance of about 190 m from the edge of the red mangroves (proximal). The dis-
tal 40^50 m of the £at comprise the scoured zone discussed in the text.
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to greater than 1 m in diameter. Several distinc-
tive aspects of the carbonate sand-£at environ-
ment are that these mounds actually accrete in
this setting, are long-lived, and are not destroyed
by storm waves and currents, as would be the case
in shallow subtidal settings. Indeed, the surfaces
of the large mounds are stabilized by the develop-
ment of Schizothrix-dominated microbial mats
that tend to armor the surfaces of the mounds.
The result is the distinctive and surprisingly stable
topography of mounds and craters as seen in Fig.
3.
In the study area, the distal part of the sand

£at, beyond about 140 m from the proximal red
mangrove fringe, is noticeably £atter and has a

distinctly scoured appearance with fewer fresh
sediment cones. This scoured character of the dis-
tal part of the sand £at results from its close
proximity to the main channel of Pigeon Creek;
tidal currents and small waves a¡ect this area
daily. There continues to be a signi¢cant amount
of burrowing in this area, and the £at remains
covered by extensive microbial matting. In fact,
poorly lithi¢ed chips of mat sediment are com-
mon here. The burrow density distribution data
of Table 1 show that the shallow-tier burrows, as
discussed in Section 2.2, are less abundant on this
part of the £at.
A general zonation for the occurrence of the

most common species of £ora and fauna found

Fig. 3. View at low tide of the characteristic mound and crater topography of the sand £at bordering the south arm of Pigeon
Creek; looking east, straight across the study area toward the main channel of the lagoon.

Table 1
Comparison of the density of occurrence of the di¡erent types of shallow-tier burrows on surfaces of coalesced mounds in the
well-mounded section of the Pigeon Creek sand-£at study area versus the scoured, distal section of the sand £at beyond 140 m
(modi¢ed from Curran and Williams, 1997)

Well-mounded area Scoured area

Upogebia vasquezi Uca major Small Uca spp. Upogebia vasquezi Uca major Small Uca spp.

4.8 0.8 4.5 3.3 0.7 3.6
burrows per m2 burrows per m2

n=24 m2 quadrats n=24 m2 quadrats
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on the sand £at was given by Curran and Wil-
liams (1997, ¢g. 3). The £at is sparsely covered by
the seagrasses Thalassia testudinum and Halodule
wrightii, except for the barren, scoured area. Pre-
sumably owing to desiccation, these seagrasses are
excluded from the mound surfaces and are con-
¢ned to the craters and small channel areas, which
are ponded at low tide. Several species of calcar-
eous green algae also grow in these ponded areas.
In addition to the burrowing decapod species,
small cerithiid gastropods are abundant grazers
on the coalesced mound surfaces, and some shal-
low-burrowing bivalves are present as well.

2.2. Occurrence and localities of the late
Pleistocene upogebiid trace fossils

The upogebiid trace fossils are preserved in
muddy calcarenites (packstones) of the Grotto
Beach Formation (late Pleistocene), following
the stratigraphic nomenclature of Carew and
Mylroie (1995). The most abundant occurrences
of the fossil burrows are immediately below the
terra rossa paleosol that marks the late Pleisto-
cene^Holocene stratigraphic boundary on San
Salvador, along the Gerace Research Center (for-
merly the Bahamian Field Station) Nature Trail
in the northeastern part of San Salvador (Fig. 1).
With reference to the map in the Nature Trail
Field Guide of Godfrey et al. (1994), fossil bur-
row ¢lls have been found in some abundance
along the northern and eastern edge of Moonrock
Pond and along the trail between Oyster Pond
and Osprey Lake. Another, less proli¢c, locality
for the fossil burrows is the North Pigeon Creek
Quarry (Fig. 1), near the shoreline of the north
arm of Pigeon Creek. Further details for all of
these localities are given in Martin (1999).

3. The modern decapod burrowers, burrow
characteristics, and interrelationships

3.1. The callianassid Glypturus acanthochirus
Stimpson, 1866 and its burrows

The deep-tier, sediment cone- and mound-form-
ing burrower of the Pigeon Creek sand £at is the

large callianassid shrimp Glypturus acanthochirus.
Fig. 4 illustrates the distinctive part of a burrow
cast and a specimen of G. acanthochirus. This cal-
lianassid is di⁄cult to capture, but success was
achieved using a yabby pump. All specimens ob-
tained from the sand £at proper were identi¢ed as
G. acanthochirus. However, it is likely that more
than one species of callianassid resides along the
distal edge of the £at and in the Pigeon Creek
tidal channel. In addition to G. acanthochirus,
specimens of Neocallichirus rathbunae and an un-
identi¢ed species were recovered from this area,
indicating that the zonation of callianassid species
within the whole of Pigeon Creek may be quite
complex.
The presence of sediment cones is not su⁄cient

evidence for identi¢cation of any given callianas-
sid species. For example, in Grahams Harbour, at
the north end of San Salvador, large sediment
cones are common, but specimens of Glypturus
acanthochirus have not been recovered. Here the
large sediment cones are made by di¡erent callia-
nassid species (Curran, 1997). Given that no ¢rm
identi¢cation of callianassids is possible without
capture of live specimens and that such capture
is di⁄cult, there is very little ¢rm information
about the distribution patterns of callianassids in
tropical, shallow-marine environments. Complex
distribution patterns also were reported by Dwor-
schak and Ott (1993) for tropical callianassids in
the mangrove-channel and back-reef environ-
ments of Belize.

Glypturus acanthochirus is widespread in the
shallow marine carbonate environments of the
Bahamas and Caribbean, and it is thought to be
primarily a deposit feeder (Gri⁄s and Suchanek,
1991; Dworschak and Ott, 1993). Seagrass found
in chambers deep within its extensive and complex
burrow system has led to speculation that the
shrimps also do some ‘gardening’ and graze on
the microbe-rich surfaces of the decaying seagrass
blades (Bromley, 1996). Regardless, it is clear that
G. acanthochirus shrimp process or otherwise ma-
nipulate considerable amounts of sediment.
Coarser material appears to be moved into the
deep tunnels and thus represents a signi¢cant ac-
tivity of the shrimps (Tedesco and Wanless, 1991;
Dworschak and Ott, 1993).
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Using resin casts, Dworschak and Ott (1993)
described in some detail the complex burrow mor-
phology of Glypturus acanthochirus from Belize.
Shafts extend down from funnel-shaped (incur-
rent) openings. Typically, at 30^50 cm beneath
the surface, the central shaft begins to spiral,
and tunnels radiate outward. This pattern contin-
ues downward for the length of the burrow sys-
tems, which commonly go to depths greater than
1 m. Indeed, Dworschak and Ott (1993) traced
one burrow to a depth of 1.6 m. Resin casts vir-
tually identical in form to those of Dworschak
and Ott (1993) have been made by the senior au-
thor from burrows on the Pigeon Creek £ats.
Casts of burrows generically attributed to Callia-
nassa were ¢gured by Shinn (1968) from Florida
and the Bahamas and by Tedesco and Wanless
(1991, and Fig. 4A herein) from Florida and the
Caicos Platform, British West Indies. Given the
identical morphologic form to the Pigeon Creek
burrows made by G. acanthochirus, it is most
likely that these ¢gured generic Callianassa bur-
rows were constructed by G. acanthochirus. Dwor-
schak and Ott (1993, p. 287) share this conclu-
sion. Excellent diagrams of the complex G.
acanthochirus burrow form are given in Shinn
(1968) and Bromley (1996).
Shinn (1968) and Dworschak and Ott (1993)

reported that callianassid burrow cones do not
maintain a free connection to the underlying bur-
row system, although the excurrent holes at the
tops of cones commonly are open and surrounded
by fecal pellets. This conforms to our observa-
tions; presumably the excurrent openings become
passively blocked with sediment that is easily ex-
pelled by the out£ow current generated by the
shrimps. The burrows are lined, with a smooth
interior surface and pelleted exterior. Such bur-
rows should be readily preservable as fossils,
and would be assigned to the ichnogenus Ophio-
morpha. Although Ophiomorpha is widespread in
late Pleistocene subtidal calcarenites of the Baha-
mas (Curran and White, 1991; Curran, 1994), the
spiral form of the Glypturus acanthochirus burrow
has not yet been reported as a fossil.
Shinn (1968), Tedesco and Wanless (1991), and

Dworschak and Ott (1993) all found that burrow
chambers deep within the burrow system of Glyp-

turus acanthochirus commonly serve as reposito-
ries for shell and rubble material that enters the
burrow system through the funnel openings. Te-
desco and Wanless (1991) demonstrated that this
in¢lling process is highly important in changing
the original fabric of the underlying sedimentary
deposits and results in a distinctive ichnofabric.
Deep cores have not been taken across the Pigeon
Creek sand £at, but it seems likely that at least
some coarse-sediment trapping is taking place at
depth within the G. acanthochirus burrow systems

A

B

Fig. 4. (A) Resin cast of part of a presumed Glypturus acan-
thochirus burrow from the Turks and Caicos (photo courtesy
of Lenore Tedesco; see Tedesco and Wanless, 1991). This
burrow form is virtually identical to those made by G. acan-
thochirus in the Pigeon Creek study area. (B) Mature speci-
men of the callianassid shrimp G. acanthochirus, collected
from the Pigeon Creek sand £at.
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present there. Abundant cerithiid gastropod shells
and other mollusk shells and shell fragments are
available on the sand £at for transport into bur-
row funnels, although the amount of shelly debris
present on the Pigeon Creek surface appears to be
less than is the case for the areas studied by Te-
desco and Wanless (1991).

3.2. The upogebiid Upogebia vasquezi Ngoc-Ho,
1989 and its burrows

The coalesced mounds initiated by the burrow-
ing activity of the callianassid Glypturus acantho-
chirus and stabilized by the development of micro-
bial mats present an ideal habitat on the Pigeon
Creek sand £at for colonization by shallow-tier
burrowers that require a stable, relatively ¢rm
substrate. These stabilized softground surfaces
typically bear numerous burrow openings that
are £ush with the surface, in contrast to the
funneled callianassid burrow openings located
mostly in the ponded areas between mounds.
These are the burrow openings of upogebiid and
ocypodid (in this case ¢ddler crabs, genus Uca)
decapods that form permanent and semi-perma-

nent dwelling structures across the sand £at. Their
generalized pattern of occurrence is shown in
Fig. 3, and abundance data are presented in
Table 1.
Numerous small burrow openings (0.2^0.6 cm)

occur on the stabilized mound surfaces; some of
these burrow openings appear to be paired,
whereas others are obviously single. The paired
openings, sometimes surrounded by recently ex-
pelled, small, cylindrical fecal pellets, are upoge-
biid burrows. In contrast, the single openings
commonly are surrounded by larger sand pellets
that are the feeding and excavation (larger still)
pellets of small ¢ddler crabs, Uca spp., discussed
in Section 3.3.
Closer investigation of the paired openings

(V2^3 cm apart) reveals that they typically
have another pair close by, typically at distances
of 2^5 cm. Lines connecting the four openings
normally make a roughly rectangular outline on
the surface. By digging with a trowel, a hard bur-
row structure (semi-lithi¢ed burrow wall, as in
Fig. 5) will be encountered just beneath the sur-
face and typically will extend to depths of 10^15
cm. These are the burrows of Upogebia vasquezi,

Fig. 5. Exterior view of a Upogebia vasquezi burrow extracted from a can core taken from a coalesced-mound surface in the Pi-
geon Creek study area. Note the knobby character of the outer burrow wall.
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and the burrow-maker can be easily captured by
carefully breaking apart the burrow.
The entire Upogebia vasquezi burrow system

can be collected by taking a can core with an
open-ended one-gallon paint-thinner can, or
equivalent. In the lab and with the core extracted,
the burrow can be isolated by carefully washing
the core with a gentle stream of water to remove
the surrounding sediment. What is revealed is the
very ¢rm lining of a surprisingly large and ulti-
mately complex burrow system. With care, the
entire burrow system can be exposed (Fig. 5). If
allowed to air-dry, the burrow wall will become
quite hard.
Burrow casts made with polyester resin reveal

that the Upogebia vasquezi burrow system consists
of a pair of U-shaped burrows in very close prox-
imity to each other and commonly criss-crossing
(Fig. 6). The burrow openings for many, if not
most, upogebiid species are constricted (Bromley,
1996, ¢gs. 4.29^4.30; Astall et al., 1997; Coelho et
al., 2000), and this is the case with U. vasquezi. Its
burrow openings normally narrow to an inside
diameter of 0.5 cm or less, but the burrows ex-
pand to a very consistent inside diameter of 0.6^1
cm just below the openings. Constriction of the
burrow openings is not apparent in the resin cast
shown in Fig. 6 because funnel-shaped openings
to the burrow must be cut from the sediment to
facilitate entry of resin into the burrow when
making a cast. Knob-like swellings or short tun-
nels of several centimeters in length and with the
same inside diameter as the burrow shaft usually
are present at the bases of the U-forms (Figs. 6
and 7).
This U-shaped burrow with knobs or short tun-

nels at the base of the U-form is common for
upogebiid burrows, which typically have U- to
Y-shaped burrows (Nickell and Atkinson, 1995),
as illustrated by Bromley (1996) for several di¡er-
ent species of Upogebia. Asgaard et al. (1997) de-
scribed modern Upogebia mediterranea burrows
from ¢rmground deposits present along the coast
of Rhodes, Greece. Their U-shaped morphology
and general size are similar to that of the U. vas-
quezi burrows, but U. mediterranea burrows com-
monly are crowded and interconnect to produce
intricate networks.

More recently, upogebiid burrows have been
described from shallow subtidal areas along the
southeastern Brazilian coast by Coelho et al.
(2000) and from a tidal £at in Tokyo Bay, central
Japan, by Kinoshita (2002). The discussions in
these papers suggest that a Y-shaped burrow
form is the more common morphology for upo-
gebiids, with the shaft of the Y (or I-part of Ki-
noshita) sometimes extending to considerable
depth and very possibly facilitating deposit-feed-
ing behavior. In the case of Upogebia major as
described by Kinoshita (2002), the I-part (shaft)
may extend to depths of more than 2.5 m beneath
the tidal-£at surface.
The unique aspects of the Upogebia vasquezi

burrow system are the seemingly obligatory dou-
ble-U form, and the incredibly thick lining of ag-
glutinated ¢ne to very ¢ne carbonate sand and
mud that surrounds the entire double-U. Both
U-forms are completely encased in the lining
(Fig. 5). Single wall thickness typically is 1^1.5

Fig. 6. Resin cast of a Upogebia vasquezi burrow from the
Pigeon Creek study area showing distinctive double-U form
and short tunnels at bases of the U-form.
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cm, and the wall surrounding the double-U com-
monly reaches a total thickness of 3^5 cm. The
inside surfaces of the burrow walls are polished
smooth by the shrimps, but the outside surface of
the entire burrow system is knobby and rough
(Fig. 5), owing to the presence of very coarse
pellets with diameters of about 1 cm. These are
real pellets ; in fresh burrows individual pellets can
be removed from the lining, and they are quite
¢rm and made of the same ¢ne to very ¢ne
sand and mud that characterizes the wall. Given
that U. vasquezi shrimp typically are only 2.5^3
cm in total length, it is remarkable that they can
form such large pellets and construct such thick
walls.
The sediment compaction/compression style of

burrow formation with knobby exteriors is com-
mon to the burrowing upogebiids (Bromley,
1996). However, the large pellets and thick, well-
agglutinated walls of the Upogebia vasquezi bur-
rows appear to be unique to this species. Obvi-
ously these burrows have high potential for fos-
silization, and their occurrence as fossils and
geologic implications will be discussed below.

Although only recognized and described as a
new taxon in 1989, specimens of Upogebia vasque-
zi have been reported from a wide geographic
range throughout the Caribbean, Bahamas, and
beyond (Williams, 1993). Unfortunately, the pre-
cise environmental setting for many of the occur-
rences remains uncertain. Most reports indicate
an intertidal habitat, but more information on
the environmental preference of this species is
needed.
The burrows of some, if not most, upogebiid

species typically contain only one individual per
burrow (Coelho et al., 2000; Kinoshita, 2002).
For Upogebia vasquezi, each U-form bears only
one occupant, but the double-U structure of
each burrow system contains two shrimps. Sex
was determined for shrimps carefully extracted
from 12 complete burrow systems sampled with
can cores. In 11 of the 12 samples, the burrow
system contained one male and one female
shrimp. It is likely that a shrimp was lost in the
washing process of the twelfth burrow system,
where only one shrimp was recovered.
Virtually nothing is known about the functions

Fig. 7. Resin cast of a modern U-form of a Upogebia vasquezi burrow surrounded by lithi¢ed, morphologically similar, burrow-
¢ll segments collected from Grotto Beach Formation (late Pleistocene) exposures near Moonrock Pond on San Salvador, as de-
scribed in the text.
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of the complex burrows of Upogebia vasquezi be-
yond the information reported here. The burrow
system clearly seems to represent an obligatory
pairing of male and female shrimps, with a coop-
erative e¡ort in construction of the burrow,
although there are apparently no interconnections
between the U-forms. The constricted nature of
the burrow openings indicates that the shrimps
do not commonly emerge from their burrows.
Upogebia vasquezi is presumed to be a suspension
feeder, as are most upogebiids (Kinoshita, 2002).
The short tunnels at the bases of the U-forms
were open and appeared clean in all Pigeon Creek
samples investigated by the senior author, so these
tunnels do not seem to function as repositories for
seagrass or other debris, as is the case for several
species discussed by Bromley (1996). Indeed, little
if any sediment debris was found anywhere within
these burrow systems. The interior surfaces of the
burrow walls are highly polished, and the shrimp
seem to be meticulous housekeepers.
In comparison with the burrows of other upo-

gebiid species ¢gured by Nickell and Atkinson
(1995), Bromley (1996), Asgaard et al. (1997), As-
tall et al. (1997), Coelho et al. (2000), Kinoshita
(2002) and in earlier reports, Upogebia vasquezi
burrow systems are compact, highly modular en-
tities. The presence of these burrow modules in
the shallow tier adds real heterogeneity to the
distribution of infauna on the Pigeon Creek
sand £at.
With their burrows extending to great depth,

Glypturus acanthochirus most likely is commonly
subjected to and tolerant of hypoxic and reducing
conditions. By contrast, with its compact, thick-
walled and fairly shallow burrows (typically to 15
cm or less), Upogebia vasquezi is much more in-
sulated from surrounding pore-water conditions.
Thompson and Pritchard (1969) found that the
deep-burrowing deposit feeder Callianassa califor-
niensis (now Neotrypaea californiensis) was more
tolerant to hypoxic and reducing conditions
whereas the shallow-tier, suspension-feeding Upo-
gebia pugettensis was well insulated in its burrows
and had a higher metabolic rate. This comparison
also may well apply for G. acanthochirus and U.
vasquezi.
In addition to the above, there are other out-

standing questions about Upogebia vasquezi and
its burrows, including: (1) What is the mating
strategy for individuals of this species? The burrow
tubes have no obvious interconnection. (2) What
is the burrow construction strategy of the appar-
ently obligatory male^female pair? (3) What are
the energetics for what would seem to be prodi-
gious mucus production required to agglutinate
the large pellets that form the thick burrow walls?
(4) What is the function of the short tunnels at the
bases of the U-forms; are they turnarounds, po-
tential gardening areas, or other? Further re-
search to answer these questions is required, but
clearly the U. vasquezi burrows are complex.
Their architecture is ‘deliberate’ as de¢ned by
Miller (1998), with their burrows restructuring
habitat and producing spatial heterogeneity across
the sand-£at environment.

3.3. Fiddler crabs, Uca major (Herbst, 1782) and
Uca spp., and their burrows

Also present on the stabilized surfaces of the
coalesced mounds are larger burrow openings up
to 3^4 cm in diameter. These burrow openings
can be distinguished from callianassid burrow
openings in that they are £ush with the substrate
surface and do not have the characteristic funnel
form, enter the substrate obliquely as opposed to
near vertical, and commonly exhibit radiating
scratch marks and feeding and excavation pellets
typical of ¢ddler crabs. These obliquely oriented
burrows are constructed by Uca major, a moder-
ately large ¢ddler crab.
This species has a wide geographic range

throughout the tropical western North Atlantic
and Caribbean, but it is thought to be uncommon
in most areas (Crane, 1975). Such is not the case
on the Pigeon Creek sand £ats, where a substan-
tial Uca major population exists (Table 1). These
dwelling burrows are unlined, have diameters of
2^5 cm, and extend obliquely into the mound
substrate following a gently meandering, some-
what irregular course for distances of up to 50
cm or more. Burrows end with a bulbous turn-
around where the crab commonly is encountered
(Fig. 8).
Fiddler crab burrows typically are ephemeral,
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but the burrows of adult Uca major ¢ddlers are
lengthy, well-formed, and at least semi-perma-
nent, although actual duration of individual bur-
row occupation has not been determined. These
unlined dwelling burrows are not truly complex in
form and have a much lower potential for preser-
vation than the thick-lined burrows of Upogebia
vasquezi. However, the Uca burrows do add sig-
ni¢cantly to the synecological complexity of the
sand-£at mounds.
Shallow-tier ¢ddler crab burrows likely would

be destroyed by the bioturbation of deeper-tier
burrowers with a build-up of sediment during lat-
eral accretion or marine transgression. However,
the burrow walls are su⁄ciently coherent so that
if ¢lled and lithi¢ed, there would be a distinct
boundary between the wall of the burrow and
the in¢lling material. With this scenario, Uca ma-
jor burrows could be preserved with sea-level re-
gression. However, to date trace fossils of this
form have not been reported from the rock record
of the Bahamas.
As mentioned earlier and indicated in Table 1,

there are numerous small ¢ddler crabs residing on

the stabilized mound surfaces of the Pigeon Creek
sand £ats. These microbe-rich surfaces are pro-
ductive grazing grounds for ¢ddlers. The small
¢ddlers are active in making simple, unlined bur-
rows, with small openings, typically less than 1 cm
in diameter, that extend nearly vertically to ob-
liquely for relatively short distances into the sub-
strate. The burrow forms are generally similar to
those described for Uca pugilator, the sand ¢ddler
common along the Atlantic coast of the USA
(Allen and Curran, 1974).
Rigorous speci¢c identi¢cation of these ¢ddlers

has not been attempted. They may represent a
mixture of Uca major juveniles and mature Uca
leptodactyla Rathbun, Uca rapax (Smith), and
one or more unidenti¢ed ¢ddlers. Uca leptodacty-
la and U. rapax have been identi¢ed from areas
along the margins of Pigeon Creek, but specimens
have not been collected from the sand £at proper.
The preservation potential for these small ¢ddler
burrows is low, because they are unlined and
would be easily destroyed by callianassid biotur-
bation, and such burrows have not been reported
as trace fossils in Bahamian rocks.

Fig. 8. Resin cast of a Uca major burrow from a coalesced mound surface in the Pigeon Creek study area.
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3.4. Interrelationships between the burrowers and
their burrows

The deep-tier callianassid Glypturus acanthochi-
rus quali¢es as a true ecosystem engineer in the
sense of Jones et al. (1994). Its prodigious bur-
rowing activity moves signi¢cant quantities of
sediment to the surfaces of tropical carbonate
sand £ats, such as found along the margins of
Pigeon Creek. The close spacing of sediment
cones formed by excurrent £ows from within the
burrow systems combined with the action of tidal
currents and the sediment-stabilizing e¡ects of the
development of microbial mats results in a dis-
tinctive and unique topography of mounds and
craters (Fig. 3). In essence, the habitat has been
restructured by activity that Miller (1998, 2002)
cited as characteristic of complex marine trace-
forming organisms.
With development of this Glypturus-generated

intertidal topography, the stage is set for coloni-
zation by shallow-tier burrowers, in this case Upo-
gebia vasquezi and the Uca species. The result is
what Bromley (1996) termed ‘neutral commensal-
ism’, in the sense that the presence of the shallow-
tier burrowers o¡ers no real bene¢t to the callia-
nassids. However, the slightly ¢rmer substrates of
the coalesced burrow mounds in this softground
setting are critical and life-supporting for the shal-
low-tier burrowers. Upogebia vasquezi shrimps
are not facile burrowers; rather they invest a
great amount of energy toward construction of
their elaborate, permanent, and modular domi-
ciles.
To a lesser extent, the ¢ddler crabs follow the

same pattern, although they are much more able
burrowers. The ¢ddlers do, however, depend on
the emergent and stabilized mound surfaces as
their grazing pastures. It is interesting to note
that the Pigeon Creek relationships are precisely
the reverse of that ¢gured by Bromley (1996, ¢g.
5.1) where the shallow-tier burrowers are depen-
dent on the depressions created by the callianassid
Neotrypaea californiensis. In the Pigeon Creek
example, the dependence of the shallow-tier
burrowers is on the intertidal burrow mound
‘islands’, not standing-water ponds as with
N. californiensis and its shallow-tier dependents.

4. The fossil upogebiid shrimp burrows

The initial discovery of upogebiid burrow trace
fossils in the Bahamas was in the form of lithi¢ed
burrow ¢lls from the lagoon-margin facies of the
Grotto Beach Formation (late Pleistocene) on San
Salvador, as reported by Noble et al. (1995). The
form of these fossil burrow ¢lls was so similar to
resin casts of the modern Upogebia vasquezi bur-
rows, particularly with respect to the tunnel junc-
ture points along the burrow U-form (Fig. 7), that
a upogebiid origin for the burrow ¢lls seemed
highly probable. However, it was not until the
discovery of more morphologically varied trace
fossil material by the junior author and his stu-
dents that full con¢rmation of the match could be
made. Essentially complete fossil U. vasquezi bur-
rows as shown in Fig. 9 were found on ground-
surface exposures of the Grotto Beach Formation
in certain areas of the Gerace Research Center
Nature Trail, along with the common occurrence
of irregular-shaped segments of burrow walls
(Fig. 10). The more complete trace fossil speci-
mens exhibited at least some of the following
characteristics : (1) vertically oriented U-shaped
burrows that in some cases show criss-crossed
double-U structure with short tunnels branching

Fig. 9. In situ fossil Upogebia vasquezi burrow, Grotto Beach
Formation, in exposures near Osprey Lake on San Salvador,
as described in the text.
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from the basal part of the U-form; (2) burrow
fragments with paired openings, mostly 2^4 cm
apart ; (3) other pairs 1^5 cm away from these
openings; (4) burrow openings of 0.2^1 cm diam-
eter; (5) segments with substantial burrow walls,
2^5 cm thick, some with evident nodose, irregu-
larly pelleted exteriors; (6) burrow depths of as
much as 11 cm; and (7) preservation through ce-
mentation of ¢ne-grained carbonate (sand and
mud) sediment.
Fig. 11 presents views of a composite specimen

where the shaft of a callianassid burrow has an in
situ Upogebia vasquezi burrow preserved in very
close proximity to it. Based on the Pigeon Creek
¢ndings, our interpretation is that this specimen
represents fossilized burrowing at the uppermost
surface of a coalesced callianassid mound. Now
that these upogebiid trace fossils have been docu-
mented, we predict that future discoveries will oc-
cur with increasing frequency, and we suggest that
such trace fossils likely are widespread in Quater-
nary lagoon-margin facies throughout the Baha-
mas and in other geologically similar areas. With

collection of more and somewhat better preserved
specimens, the establishment of a new ichnotaxon
for these distinctive upogebiid trace fossils would
seem to be warranted.

5. Geological signi¢cance

Facies representing deposition in sand-£at and
lagoonal environments are widespread in the rock
record of the Bahamas (Mitchell, 1987), including
San Salvador (Hagey and Mylroie, 1995; Noble et
al., 1995). Clearly bioturbation by callianassids is
a major sedimentologic process in such environ-
ments, as shown by the Pigeon Creek example
described herein and by the work of Tedesco
and Wanless (1991) and others.
Bioturbation by the deep-tier callianassids

would destroy burrows of the shallow tier under
conditions of sand-£at and lagoonal sediment
build-up that typically would occur with marine
transgression. However, the shallow-tier burrows,
particularly the thick-lined burrows of Upogebia

Fig. 10. Fragments of fossil Upogebia vasquezi burrows collected from the Grotto Beach Formation near Osprey Lake. Note the
very thick, well-cemented burrow walls with smooth interior surfaces and the complexity of structure characteristic of this trace
fossil.
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vasquezi, do have excellent potential for fossiliza-
tion, particularly under conditions of sea-level
stillstand and regression. The upogebiid trace fos-
sils occur in late Pleistocene rocks of the Grotto
Beach Formation and lie stratigraphically imme-
diately below a terra rossa paleosol that formed
during Wisconsinan time with a lowered eustatic
sea level (Martin, 1999). On San Salvador, this
paleosol marks the late Pleistocene^Holocene
stratigraphic boundary (Carew and Mylroie,
1995). Based on the sediment characteristics, fossil
molluscan fauna, and the upogebiid trace fossils,
the sediments of this facies of the Grotto Beach
Formation very probably were deposited on a
sand £at similar to the modern £ats at Pigeon
Creek. Furthermore, given that U. vasquezi, the
presumed maker of the Pleistocene trace fossils,
requires the substrate stability of large intertidal
callianassid mounds and thus had a narrow, in-
tertidal range of occurrence, the trace fossils can
be used as markers of former sea-level position, in
this case at or very close to the last interglacial
sea-level highstand. The occurrence of similar upo-
gebiid trace fossils in other areas of the Bahamas

and beyond has the potential to be highly useful
in interpreting the sea-level history of the Quater-
nary tropical carbonate rocks containing them, as
well as enabling more re¢ned paleoenvironmental
interpretations.

6. Conclusions

The burrowers and burrow interrelationships
described herein for the tropical carbonate sand
£ats at Pigeon Creek on San Salvador Island, Ba-
hamas are a prime marine example of organism
ecosystem engineering and habitat modi¢cation or
restructuring by the activities of trace-producing
organisms. The deep burrows and prodigious bur-
rowing activity of the callianassid Glypturus acan-
thochirus set the stage by creating a unique inter-
tidal topography of large, coalesced mounds and
ponded craters.
The surfaces of these large mounds are stabi-

lized by microbial mats and colonized by the up-
ogebiid Upogebia vasquezi and several species of
¢ddler crabs. Stabilized mound surfaces are vital

A B
Fig. 11. Composite specimen of trace fossils collected in situ from an exposure surface of the Grotto Beach Formation near Os-
prey Lake. (A) Lower arrow marks the lithi¢ed ¢ll of a callianassid burrow shaft (presumably formed by Glypturus acanthochirus)
and upper arrow points to the outer surface of a near-complete Upogebia vasquezi burrow. (B) Same specimen as in A rotated
90‡. Specimen is being held at base of the callianassid burrow shaft, with the U. vasquezi burrow at the top; basal extent of the
U. vasquezi burrow is marked by the dashed line.
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to the life success of the shallow-tier burrowers,
and the synecological relationship is one of depen-
dence on the activity of Glypturus acanthochirus in
the sense of neutral commensalism. The U. vas-
quezi burrows are complex, and their very thick
walls and commonly criss-crossing, double U-
structure is unique among previously described
upogebiid burrows. Much remains to be learned
about the precise functions of these burrows, but
their ¢rm-walled construction grants them high
potential for fossilization.
Fossil upogebiid burrows occur in lagoon-mar-

gin facies of the late Pleistocene Grotto Beach
Formation on San Salvador Island, and they are
common at some localities. These trace fossils are
morphologically virtually identical to those made
by modern Upogebia vasquezi on the Pigeon
Creek sand £ats. This represents the ¢rst de-
scribed occurrence of upogebiid trace fossils in
ancient tropical carbonate rocks. The trace fossils
very likely were produced by U. vasquezi shrimp
in an environmental setting analogous to that of
the modern Pigeon Creek.
The upogebiid trace fossils are most abundant

in beds lying directly below a terra rossa paleosol
horizon that marks the late Pleistocene^Holocene
stratigraphic boundary. This suggests that these
beds represent an intertidal sand £at that formed
during glacio-eustatic sea-level highstand, fol-
lowed by regression associated with the onset of
late Pleistocene glaciation. With their high preser-
vation potential, these distinctive upogebiid trace
fossils have real promise for use as both paleoen-
vironmental and sea-level position indicators
throughout the Bahamas and in other geologically
similar areas.
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