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Abstract
Stromatolites are a uniquely coupled geo-biosphere system, which potentially records important paleoenvironmental and
biological information. Characterizing and distinguishing between the biological and physical factors that control stromatolite
morphogenesis, therefore, has important implications for the understanding of modern stromatolites and the interpretation of
ancient systems. This paper documents the occurrence and distribution of stromatolites with distinct growth morphologies in the
Highborne Cay reef system and other locations in Exuma Cays, Bahamas, and explores the relative contributions of physical and
biological environmental factors controlling stromatolite shape. Our observations suggest that macro-scale growth morphologies of
Exuma stromatolites are primarily controlled by accommodation space, hydrodynamics, and sedimentation patterns. The latter are
critical for the stromatolite ecosystem in that the suspended sediment provides grains for trapping and binding and thus stromatolite
accretion. Furthermore, sediment burial removes macroalgae, allowing the prokaryotic community to dominate. Changes in
sedimentation patterns and frequency allow for the colonization of stromatolites by macroalgae and boring macrofauna, which, in
time, destroy and degrade the stromatolite structure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Modern marine stromatolites are living examples of
one of the earth's oldest and most persistent widespread
ecosystems. Layered deposits of calcium carbonate
known as stromatolites first appeared in the geologic
record more than 3.4 billion years ago (Grotzinger and
Knoll, 1999; Hofmann et al., 1999). They are among the
most common and easily recognized features of
Precambrian carbonate platforms, forming mounds,
ridges, branching and columnar structures which
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dominate the fossil record for over 80% of Earth's
history (Monty, 1981; Walter, 1994). After nearly 100
years of research on the taxonomy, sedimentological
characteristics, and distribution of stromatolites through
time and space, the origin and significance of these
distinctive features is still a matter of debate. Little is
known about stromatolite formation, in particular the
relative roles of microbial versus physical environmental factors influencing stromatolite accretion.
Several factors are at the core of understanding
stromatolite morphogenesis and are involved in sustaining the controversy regarding stromatolites. Stromatolites are not the product of simple physical
sedimentation nor are they a purely biologic product
(Ginsburg, 1991). Therefore, depending on the author's
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perspective, there is a preferential use of definitions with
a stronger descriptive (Semikhatov et al., 1979) versus
more genetic component (Walter, 1976 modified after
Awramik and Margulis, 1974).
Sorting out the complex interactions and feedback
loops between ambient environmental and microbial
processes that produce stromatolites is key to their
interpretation. With respect to stromatolite morphogenesis, Grotzinger and Knoll (1999) noted that a proper
understanding must begin with analyses of the processes
that create lamination and asked the following questions: “Over what length and time scales do biological,
physical, and chemical processes operate?” Furthermore, “Do any of these processes–which might be
critical at microscopic scales–remain sensitive at larger
scales?”
Lamination is a characteristic feature of stromatolites
and individual laminae are their basic building blocks.
The formation of laminae is considered the result of
microbial interactions with little to no influence by the
physical environment (Gebelein, 1976b; Ginsburg,
1991; Trompette, 1982) (Fig. 1). Recent research on
modern marine Bahamian stromatolites indicates that
lamination is linked to cycling of microbial communi-

Fig. 1. Conceptual model illustrating traditional views of the relative
roles of microbial versus physical environmental influences on
stromatolite formation at micro (microbial community), meso
(lamination) and macro (shape, or morphology) scales. Previous
studies have shown that lamination results from a cycling of three
microbial communities: (I) a filamentous community, which traps and
bind sediment; (II) a heterotrophic biofilm community, which
precipitates microcrystalline aragonite; and (III) an endolithic
community, which forms cemented grain layers (Reid et al., 2000).
Note decreasing microbial influence and increasing physical environmental control in the progression from micro to meso- and macro-scale
features. Based on Trompette (1982) and Ginsburg (1991).

ties and microbial lithification (Reid et al., 2000;
Visscher et al., 2000). Filamentous cyanobacteria trap
and bind sediment, biofilms of heterotrophic bacteria
precipitate thin crusts of microcrystalline aragonite, and
endolithic coccoid cyanobacteria form cemented grain
layers. Each layer in the subsurface, the fossil part of the
stromatolite represents a former surface mat.
In contrast to the ‘bottom-up’ approach to stromatolite morphogenesis, which focuses on microscale
processes forming lamination, this paper takes a ‘topdown’ approach, focussing on the macroscale expression of growth: stromatolite morphology. With respect
to the geologic rock record, morphology, or shape, is
often the dominant preserved feature of stromatolites.
Consequently, morphology is central to stromatolite
classification, taxonomy, and biostratigraphy (Semikhatov and Raaben, 2000), and forms a basis for
interpretation of environmental depositional realm
irrespective of time and space. Furthermore, the field
of morphometrics uses morphology for statistical and
numerical modeling (Grotzinger and Rothman, 1996;
Hofmann, 1976; Zhang and Hofmann, 1982). In short,
stromatolite morphology plays a part in virtually every
paper that has been published on stromatolites.
Although most researchers speculate that physical
environmental factors are important controls of
stromatolite shape (e.g. (Gebelein, 1976b) (Fig. 1),
most studies lack identification and characterization of
these factors. Modern marine stromatolites offer an
opportunity to characterize the physical environment
acting on stromatolite growth and to define the role of
various factors determining morphology. Our goal is
to (1) document the occurrence of stromatolites with
distinct growth morphologies in relation to their
location in the Highborne Cay reef system and along
the margins of Exuma Sound and (2) explore the
relative contributions of physical environment and
macrobiology (here defined as macroalgae and
macrofauna) as controlling factors of macroscale
morphologies.
2. Modern marine stromatolites, Bahamas: a
Highborne Cay case study
Bahamian stromatolites are currently the only known
examples of stromatolites forming in open marine
environments (Dill et al., 1986; Dravis, 1983; Reid et
al., 1995). They develop along the margins of Exuma
Sound, where an extensive survey, mapping the distribution of these stromatolites, shows that they are ‘uncommonly common’ (Reid et al., 1995). They are found in
subtidal tidal channels, subtidal sandy embayments and
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intertidal beaches with water depths ranging from 0 to
10 m.
Living stromatolites at Highborne Cay, Exumas
provide an ideal case to study stromatolite growth
morphologies in their current environmental setting. On
Highborne Cay (76°49′W, 24°43′N), an island in the
northern Exuma Cays, a fringing reef built by microorganisms and coralline algae extends along the
windward, east-facing beach for ∼2.5 km (Fig. 2A).
The shelf, with average water depths of 10–20 m,
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extends seaward for 1–2 km before dropping off to
depths of up to 2 km in Exuma Sound.
Oceanographic conditions are characterized by
normal marine salinity, approximately 35‰, with seasurface temperatures ranging from 20 to 28 °C in winter
and summer, respectively. The water is saturated with
respect to both aragonite and calcite. Tides are diurnal
with a range of ∼1 m. The climate is dominated by the
trade winds, blowing on average 10–15 knots from a
southeast to easterly direction.

Fig. 2. Aerial overview of Highborne Cay (A). A fringing reef extends along the windward, east-facing beach for ∼2.5 km. (B and C) Detailed views
of Sites 1–7 in the south and Sites 8–10 to the north. Note differences in reef characteristics, in particular the relative extent of reef flat with respect to
the back reef lagoon at each site. Schematic cartoons illustrate the spatial distribution of columnar stromatolites and ridges.
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2.1. Highborne Cay reef system
Although the reef system extends along the entire
length of the east beach on Highborne Cay, it is best
developed in the southern to central part, which is the
focus of this study. For research purposes, this part of
the reef system is subdivided into sites, numbered
Site 1 in the south to Site 10 in the north (Fig. 2B
and C).
2.1.1. Reef description
The reef tract is distinctly zoned, comprising a reef
crest, reef flat, and back reef lagoon. Heads of the
branched coralline algae, Neogoniolithon strictum, are
the most prominent features along the reef crest. The
reef flat is a coralline algal platform dominantly
covered by macroalgae and microbial mats. Stromatolites are best developed along the shoreward edge of
the reef flat and in the back reef lagoon. Thrombolites
grow within the intertidal zone of the back reef
lagoon.
The reef system is widest in the southern part of the
beach, extending over 20–50 m with a maximum width
of 54 m within Site 2 (Fig. 2C). The reef crest retreats
shoreward at Site 3, resulting in a width of 25–35 m at
Sites 3 and 4, narrowing further to 10 m and less at Site 5
to 8. Although interrupted by cuts and channels, the
outer reef edge is continuously traceable from Site 1 to
6, whereas Sites 7 and 8 comprise a series of
discontinuous narrow reefs. Sites 9 and 10 are isolated
bean-shaped reefs with extensive open sand areas
between sites (Fig. 2B).
The relative widths of reef flat and back reef
lagoon at each site are variable. Sites 1 and 2 have the
widest platforms, yet in comparison, the platform in
northern Site 2 comprises nearly the entire reef,
whereas Site 1 contains a large ∼20 m wide back reef
lagoon. Water depth of Site 1 is at least 1 m at low
tide when the lagoon is devoid of sand. Equally, in
Sites 3–5, although much narrower and shallower
(∼80 cm), the back reef lagoon is on average wider
than the platform. In sites further north, the back reef
area is very narrow and barely exists in Site 8.
Isolated Sites 9 and 10 have distinct, albeit small and
shallow (b 50 cm) back reef areas. In summary, the
southern sites (1–5) have well-defined lagoonal areas,
with the largest and deepest lagoon at Site 1, whereas
the central sites (6–8) are characterized by narrow, if
any, back reef areas. Sites 9 and 10 represent an
intermediate setting.
Relief on the seaward edge of the reef crest is highly
variable, as sand waves move along and frequently over

the reef crest. When exposed, the fore reef area is
characterized by a smooth pavement and boulders, often
covered by a veneer of microbial mats. Intermittent
exposure along the fore reef in the southern sites (1 and
2) and most northern sites (9 and 10) indicate reef
thicknesses up to 2.5 m, decreasing to ∼1 m in the
central sites. Furthermore, the higher frequency and
amplitude of sand waves at Sites 3 to 8 result in a more
variable seaward relief when compared to the most
southern and northern sites.
2.1.1.1. Sediment and sediment dynamics. Sand bars
are commonly found a few meters seaward of the reef
crest. They are highly mobile and frequently move over
the reef crest and reef flat, through cuts and channels
from a NNE direction. Sediment dominantly consists of
ooids with sand-sized fragments of shells, benthic
foraminifera, encrusting foraminifera (Homotrema
rubrum), coralline algae, echinoderm and other unidentifiable bioclastic carbonate grains. The sediment is
well-sorted with average grain sizes of 270 μm; silt and
clay-sized particles and occasional shells or solitary
coral pieces comprise b 10% of the sediment (Reid et al.,
1999).
Due to general lower topography in the central and
northern sites, sand waves commonly move shoreward
over the reef crest and reef flat, filling the back reef
lagoon and also covering the reef flat, with only the
coralline algae heads sticking out of the sand. Sand also
moves oceanward, both over the crest as well as through
cuts and channels to either side. In contrast, at Sites 1
and 2, and to a lesser extent at Sites 3 and 4, sand
dominantly enters through the cuts and channels filling
the back reef area. Sand has not been observed to cover
reef flats or crests in the southern sites. Furthermore,
sand infilling the lagoon at Sites 1 and 2 stays longer in
comparison to other sites. Strong rip currents through
the cuts and channels during rough ocean conditions
suggest that the sand moves out through these passages;
detailed studies of sand movement are part of an
ongoing investigation.
2.1.1.2. Wave energy. Waves are highly dependent on
wind direction and strength, but large waves (N 1 m) are
rare unless generated by strong cold fronts and
occasional hurricanes. Waves dominantly break on the
reef crest and roll over the reef flat. Large extended
platforms appear to dissipate more of the wave energy
that narrow reef flat. Initial wave gauge data suggests
indeed that the central and northern sites are subject to
30–60% more wave energy compared to Site 1 (Eckman
and Andres, unpublished data).
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Fig. 3. Columnar structures and ridges – typical stromatolite growth morphologies found in the Highborne Cay reef system. (A) Group of columnar
stromatolites ∼40 cm high at Site 4. (B) Internal structure of columnar stromatolite. Regular lamination in lower 10 cm of columnar head is
interrupted or disrupted in upper part. Note abundant growth of macroalgae and presence of holes due to boring bivalves (white arrow) and
gastropods. Stromatolite nucleated on hard substrate (black arrow). (C) Stromatolite ridges typically develop in the shallow back reef area of Site 8,
with (D) typically regular internal lamination.

2.1.2. Stromatolite distribution and growth
morphologies
Stromatolites are found in the back reef lagoon at
all sites in depths of less than 1 m at low tide (Fig.
2). The internal lamination of these structures is
amongst the best developed of all Exuma stromatolites. The stromatolites exhibit two distinct growth
morphologies: ridges and columns (Fig. 3 and Table
1). Both growth morphologies nucleate on hard
substrates.

Stromatolite columns grow up to 40 cm high and
up to 50 cm in diameter and occur as isolated or
coalesced mounds (Fig. 3A). They are dominantly
found in the southern sites (1–4), with the largest and
most prominent columns (30 to 40 cm high) growing
at Site 1 (Fig. 3B). Columnar stromatolites at Sites 3
and 4 are slightly smaller in height (∼ 20 to 30 cm).
Small columnar heads of 10 to 15 cm grow in
channels cross-cutting the reef flat at Site 2 (Fig. 2C)
and the lagoonal area of Site 10. The columns show

Table 1
Schematic comparison of columnar structures vs. ridges at Highborne Cay, Bahamas
Columns

Ridges

Sites 1–4 southern beach

Sites 6–8 central beach

N50 cm

b30 cm

N30 cm
Occasional, but for longer periods of time

b20 cm
Frequent, but for shorter periods of time

Lower
Toppling of entire heads
Abundant and extensive dies off during burial
Common boring bivalves and gastropods

Higher
Spalding off of top surface and shallow burial
Common erosion by sand abrasion and shallow burial
Absent

Growth morphology

Location
Accommodation space
Water depth in black reef lagoon
Sediment dynamics
Average relief above
Sand burial with sand
Hydrodynamics
Relative wave energy
Storm/hurricane events
Macroalgae
Boring macrofauna
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no preferred orientation with respect to the beach or
incoming waves. Stromatolite surfaces are frequently
covered with various macroalgae, dominantly of the
genera Batophora and Chondria (Fig 3B). These
macroalgae resist the strong wave energy of storms
and were not eroded by hurricane Frances, with winds
of N 160 km/h (September 2004). Extensive burial
under a few centimeters of sand and over a 10 to 14
day period has been observed to kill Batophora, with
re-colonization occurring within days to weeks
following unburial. Clams, bivalves and gastropods
are commonly found in the upper part of columnar
structures, in holes they bored to seek shelter (Fig. 3B,
white arrow).
Internal lamination of the columnar stromatolites is
illustrated in the vertical section of a specimen (Fig. 3B).
This head shows continuous and regular lamination in
the lower 10 cm, followed by an interval with irregular
lamination in which at least two branches bud from a
common surface, back to more continuous lamination
and finally the formation of individual fingers or
branches. To date, we have no formal explanations as
to what causes or initiates branching, but speculate that
small irregularities are amplified as the stromatolite
grows upward.
Stromatolite ridges are dominantly found in the
shallow back reef areas of Sites 7 to 10 (Fig. 2B and C).
Average relief of the ridges range from 5 to 10 cm and
widths are 10 to 20 cm (Fig. 3C and D). In plan-view,
the ridges narrow and widen in a ‘boudinage’ fashion,
sometimes coalescing or branching. Long axis of the
ridges form parallel to the incoming waves, which is
reminiscent of the spur and groove structures in reefs.
Ridge-surfaces are smooth and typically devoid of
macro- or microalgae. Internal layering is sub-parallel to
the surface (Fig. 3D).
2.2. Controls of stromatolite growth morphologies
Reef characteristics as described above form the
basis to identify specific physical environmental factors
controlling stromatolite morphology. Ridges are best
developed in shallow water in the back reef lagoons of
narrow reef flats with low relief on the seaward platform
edge and frequency of stromatolite burial and unburial
on the order of days to weeks as observed at Site
8 (Table 1 and Fig. 4A, left arrows). In contrast,
columnar stromatolites are dominantly found in deeper
back reef lagoons, behind extensive reef flats, with
stromatolite burial and unburial on a yearly basis, lasting
for periods of months as exemplified at Site 1 (Table 1
and Fig. 4B, arrows). These observations suggest the

Fig. 4. Detailed aerial overviews of (A) Site 8 in comparison to (B) Site
1; these sites are characterized by ridge versus columnar morphologies,
respectively. At Site 8, ridge development occurs all along the
nearshore platform margin (upper left arrows). Note sediment-covered
southern area (lower left arrow) with sediment originating from
sandbars just ocean ward of the reef edge (right arrow). Arrows
indicate columnar stromatolite growth in the northern and southern
lagoon of Site 1.

importance of accommodation space, burial by sand,
and hydrodynamics as controls of stromatolite morphology (Fig 5).
Accommodation space is an important boundary
condition that defines the maximum potential growthheight of a stromatolite. In the case of the Highborne
Cay reef, the lower limit of accommodation space is the
depth of the back reef area with respect to the underlying
topography; the upper limit of accommodation space is
sea level. There is approximately 1 m of accommodation
space at Site 1, in contrast to approximately 30 cm at
Site 8. Although representing the maximum potential
height to which a stromatolite can grow, stromatolites do
not grow and fill up the accommodation space. Rather,
accommodation space limits the operative stromatoliteforming processes, i.e. sediment and hydrodynamics.
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Fig. 5. Conceptual model from Fig. 1 modified based on results from
this paper. Accommodation space, sediment, and hydrodynamics are
identified as key physical environmental factors controlling stromatolite formation on a macroscale. Macrobiology, in particular
colonizing macroalgae and boring macrofauna act upon the stromatolite ecosystem at times when physical environmental control
diminishes. Macrobiology influences and alters laminae formation
on a mesoscale, particularly in columnar stromatolites.

Observations at Highborne Cay suggest the importance of sediment and hydrodynamics in controlling
stromatolite height, distribution and morphology. Sedimentation is directly linked to the hydrodynamics of the
environment. The reef system modifies and changes
wave energy and flow, sediment movement and
transport, as well as the frequency of sedimentation
events.
Height and surface expression of the stromatolites are
the result of sediment movement and the frequency of
sediment burial. Low seaward platform relief combined
with a narrow reef flat offers little hindrance to a
shoreward prograding sand wave, as indicated at Site
8 (Fig. 4A, arrows). Thus, stromatolite development
here has to cope with frequent sand burial, as well as the
erosional forces of sand abrasion. As a result, ridges are
characterized by smooth surfaces devoid of macroalgae
and boring organisms.
In contrast to Site 8, sediment reaches the back reef
lagoon at Site 1 through cuts and channels on either side
of the platform, frequently filling the lagoon with sand
to a level that is 10–15 cm below the surfaces of the
columnar stromatolites. More energy and/or time are
required to move a sand body of given volume through a
defined cut or channel compared to the movement over a
narrow reef flat. Furthermore, due to the larger
accommodation space at Site 1, it would require an
order of magnitude larger amount of sand to fill the back
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reef area of Site 1 compared to Site 8. Nevertheless,
complete stromatolite burial at Site 1 does occur, albeit
less frequently (typically on a yearly basis–on the order
of months, whereas burial at the other sites can be days
or weeks) and indeed as this manuscript was submitted
in the spring of 2005, the back reef lagoon of Site 1 was
infilled and the stromatolites completely buried. Although accommodation space determines the maximum
possible growth height, field observations suggest that
the height of migrating sand waves–governs stromatolite height, i.e. smaller columns at Sites 3 and 4
correspond to an overall shallower sand depth. As
Highborne Cay stromatolites gain their height by
dominantly accreting sediment, they cannot outgrow
their source by more than a few centimeters.
Irrespective of the close proximity of the various
sites, the physical environment surrounding stromatolite
ridges in comparison to columns is subtly, yet distinctly
different. Ridge growth parallel to flow is largely the
result of the hydrodynamic regime. Incoming waves
break onto the reef crest and roll over the reef flat into
the back reef area. Wide reef crests and flats dissipate
more energy that narrow-rimmed ones. Furthermore,
water needs to flow back oceanward and observations
indicate that at Site 8 it dominantly flows back over the
reef flat whereas at Site 1 water returns via the openspaced area to the south. Ridge structures, with the long
axis of troughs and highs oriented perpendicular to the
beach, are the result of the hydrodynamic flow. Ridge
complexes such as at Site 8 are further characterized by
lateral growth. We speculate that lateral growth is
primarily the result of limited accommodation space.
Due the shallow environment, higher wave and
subsequent higher grain transportation velocities act
upon the stromatolite–water interface, which in turn
promotes lateral rather than vertical growth.
The discussion above illustrates the importance of the
physical environmental factors such as accommodation
space, sediment and hydrodynamics in controlling many
aspects of stromatolite morphology. It is difficult if not
impossible to determine a ranking order amongst these
three factors as they are intricately linked through
feedback loops. Furthermore, accommodation space
provides a passive boundary condition, whereas the
sediment and hydrodynamics represent active agents.
When the influence of the above discussed physical
environmental controlling factors diminish or cease
altogether, as the case during prolonged calm ocean
conditions, additional factors start influencing stromatolite growth morphology on a macroscale. The physical
environmental factors can explain to a large extent
height, distribution and gross shape, however, they only
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partly account for the following distinct characteristics:
(1) biotic surface cover, (2) branched or fingerlike
lamination and (3) the occurrence of boring macrofauna
– all features of columnar stromatolites. When burial
frequency decreases, macroalgae and boring macrofauna colonize stromatolites. This biological colonization obstructs and destroys lamination, thereby
influencing stromatolite morphology on a meso-scale
(Fig. 5).
Sand partially fills the back reef area of Site 1 on a
regular basis, yet there are extended periods of many
months between complete burial of columnar structures.
This allows not only for the ubiquitous and dense
growth of macro- and microalga, but also for the
invasion of boring macrofauna. Significant burial of
weeks to months is required for the eradication of those
organisms. The dominantly exposed part of the
columnar stromatolite offers shelter to boring organisms. Roots of macroalgae arguably obstruct continuous
lamination, and may be a reason for the branching or
fingerlike features observed in the upper part of many
columnar stromatolites (Fig. 3B). Macroborers, in
contrast, destroy existing lamination and promote the
weakening and destruction, if not demise of the
stromatolite. The relative lack of macroalgae and
macrobores on the ridges accounts for the undisturbed
smooth, continuous lamination in the ridge-forming
stromatolites. Biological imprinting by macroflora or
fauna can be responsible for alteration of lamination,
thereby affecting stromatolite growth at the mesoscale.
Although in this paper we focus on ‘top-down’
controls of stromatolite morphology, it is significant to
note that the physical environmental conditions operating at macro and meso scales are also optimal for
microscale growth processes. For example, with respect
to the cyanobacteria at the surface of the microbial mats,
sediment burial removes macroalgae, allowing the
prokaryotic community to dominate; in addition, and
wave action suspends sediment, providing grains for
trapping and binding. With respect to the Highborne
Cay setting we conclude that the physical environmental
boundary conditions are ‘just right’ with respect to
stromatolite formation on all scales. Slight variations
and relative changes of the physical environmental
factors within these ‘just right’ conditions produce the
two distinct stromatolites growth morphologies: columns and ridges.
3. Comparison with other Exuma stromatolites
Are the dominating physical and biological environmental controls identified at Highborne Cay

important in controlling stromatolites morphologies
throughout the Exuma Cays? How do observations
from Highborne Cay compare to subtidal stromatolites
found along the margins of Exuma Sound (Reid et al.,
1995)?
Columnar stromatolites are the most common
growth form in Exuma stromatolites found in a wide
range of settings ranging from tidal passes between
islands, open shelf-edge margin, sandy embayment,
and within fringing reefs (Reid et al., 1995). In
contrast, stromatolite ridges are not widespread,
occurring primarily in the fringing reef complexes of
Stocking Island and Highborne Cay. Observations at
Highborne Cay suggest that sediment and hydrodynamics are important controls on stromatolite distribution and morphology, whereas accommodation
space provides passive boundary conditions. However,
with respect to the Exuma stromatolites, tidal
channels, open-shelf setting and sandy embayments
provide sufficient accommodation space for the
growth of tall columnar stromatolites suggesting that,
in this case, it does not form the limiting controlling
factor.
Stromatolites in the Exuma Cays exhibit an impressive range of heights, from a few cm up to 2.5 m.
Each individual height can be linked to accommodation space and height of sediment. For instance,
columnar stromatolites at Lee Stocking Island are
not only of impressive mightiness (N2 m) but grow in
a 40 m wide tidal channel in ∼5 m water depth which
represents a very different environment compared to
Highborne Cay. Columns are loosely arranged in rows
perpendicular to strong tidal flow that exhibit
streamlined shapes that lean into the incoming tide
due to differential accretion rates. Giant stromatolites
are only found associated with up to 2.5-m-high sand
waves, which migrate through the channel and
periodically cover the stromatolites. As the sand
wave height diminishes in relief so do the stromatolites (Dill, 1991; Dill et al., 1986).
Abundant and diverse macroalgae colonize the
surfaces of columnar stromatolites at Lee Stocking
Island during times between unburial and re-burial by
sand waves. Sediment at the sides of the tidal channel
where the giant stromatolites form is stabilized by sea
grass (Thalassia sp.). Stromatolites in this area are
colonized not only by macroalgae, but also by sessile
fauna and flora such as encrusting sponges, coralline
algae; holes and crevices in the stromatolites are
inhabited by grazing fish, boring clams and sponges.
Dill (1991) termed them ‘degraded stromatolites’. These
observations support findings at Highborne Cay that
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sediment burial is an important controlling factor for
stromatolite survival.
The dominant physical factors controlling stromatolite morphology thus appear to be constant over large
spatial scales and a wide range of settings, as
documented in the Exuma Cays. Accommodation
space, sediment, and hydrodynamics account for
stromatolite distribution, height, and shape. Lower
frequencies in sediment supply and burial allow for
the colonization of stromatolites by macroalgae and
boring organisms, which, if given the time, will destruct
and degrade the stromatolite structure. Survival and
preservation of Exuma stromatolites is thus dependent
on frequent sediment burial.
4. Implications for the rock record
Observations from Highborne Cay and elsewhere in
Exuma Cays have implications for the study of
stromatolites in the rock record. Undoubtedly, large
columnar stromatolites are a good indicator for
sufficient accommodation space, whereas stromatolite
ridges may indicate shallow water. Furthermore, there is
surprisingly high lateral variability within small areas,
such as the Highborne Cay reef, in the wide range of
settings along the Exuma margin. This needs to be
considered when studying a two-dimensional setting,
i.e. cores or outcrop profiles.
For example, columnar stromatolites overlain by
ridges, from a sequence stratigraphic perspective, might
be interpreted as a deepening depositional realm followed
by a shallowing upward cycle corresponding to the
onset of ridges. On a small scale, this interpretation is
correct but as seen in the Highborne Cay example
both morphologies can develop in the same sea-level
cycle.
In Exuma stromatolites, macroalgae and bioerosion
are the primary agents responsible for disrupting
lamination. Furthermore, extensive exposure to macrobiological controls destroys stromatolite structures and
significantly decreases their preservation potential.
Noteworthy in this context is the fact that stromatolites
are not reported from the last interglacial, characterized
by a higher sea level compared to today (Hearty et al.,
1999), nor from any other Pleistocene strata in the
Bahamas. This leads to the question if stromatolites did
not form during this time or, if they developed in
settings equivalent to modern examples, but were not
preserved due to biologically controlled degradation.
With respect to the longer geologic record, macroalgae
may be as important as grazers (Garrett, 1970) in the
Phanerozoic decline of stromatolites.
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5. Summary
This paper has explored the relative contributions of
physical and biological environment as controlling
factors of stromatolite morphologies on a macroscale.
Based on detailed observations from Highborne Cay
and an overview along the Exuma margin we summarize the following:
Irrespective of setting, Exuma stromatolites form on
hard substrates. They exhibit two distinct growth
morphologies: ridges and columns. Columnar stromatolites are the most common morphology and
develop in a wide range of settings from tidal
channels, open shelf-edge margin, sandy embayment, to fringing reefs. Ridges develop mainly in
shallow back reef lagoons of fringing reef systems.
Accommodation space, sediment, and hydrodynamics have been identified as key physical environmental factors controlling stromatolite shape (Fig 5).
These three factors are intricately linked, and relative
changes in the dominance of one or the other result in
different growth morphologies. Columns rather than
ridges develop in environments with adequate
accommodation space. Columnar height is limited
by the height of sand waves. Ridges on the other
hand, form in areas limited by vertical accommodation space.
The three physical environmental factors above
explain to a large extent the distribution and growth
morphology of Exuma stromatolites. However, some
of the most conspicuous features are not explained by
this approach, in particular the surface colonization
by macroalgae and boring organisms inherent to
most columnar stromatolites. The physical environmental controlling factors govern within distinct
spatial and temporal arenas. Once the stromatolite
ecosystem is outside the boundaries of this arena, the
physical environment no longer dominates, and
stromatolite surfaces are rapidly colonized by
macroalgae.
These results have implications regarding questions
and concepts proposed by (Grotzinger and Knoll, 1999)
and introduced earlier: (1) Over what length and time
scales do physical, biological and chemical processes
operate and (2) A proper understanding of morphogenesis must begin with an analysis of the processes that
create lamination. With respect to the Exuma stromatolites, it appears that frequency with which physical
and biological events operate must be considered, in
addition to length and time scales of events. Burial
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frequency, for instance, determines if macroscale
stromatolite growth is purely controlled by the physical
environment or, as seen during low burial frequency, is
dominated, in part, by macrobiology. Lack of burial
leads to degradation and ultimate demise. Studies from
the modern also indicate the importance of a top-down
approach to complement bottom-up studies of stromatolite morphogenesis in deciphering the complex feedback loops that ultimately determine stromatolite shape.
In ancient stromatolites, direct evidence of microbial
populations, biogeochemical processes, and environmental conditions is lacking and must be inferred from
proxy records. Modern marine stromatolites, as currently developing on the margins of Exuma Sound, provide
an ideal environment for validating concepts and testing
hypotheses that will improve our understanding of
ancient counterparts.
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