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ABSTRACT

Microbialites are the most abundant macrofossils of the Precambrian. Decline in microbialite abundance
and diversity during the terminal Proterozoic and early Phanerozoic has historically been attributed to the
concurrent radiation of complex metazoans. Similarly, the apparent resurgence of microbialites in the wake
of Paleozoic and Mesozoic mass extinctions is frequently linked to drastic declines in metazoan diversity
and abundance. However, it has become increasing clear that microbialites are relatively common in certain
modern shallow, normal marine carbonate environments—foremost the Bahamas. For the first time, we
present data, collected from the Exuma Cays, the Bahamas, systematically characterizing the relationship
between framework-building cyanobacteria, microbialite fabrics, and microbialite-associated metazoan
abundance and diversity. We document the coexistence of diverse microbialite and infaunal metazoan com-
munities and demonstrate that the predominant control upon both microbialite fabric and metazoan
community structure is microbial mat type. These findings necessitate that we rethink prevalent interpreta-
tions of microbialite—metazoan interactions and imply that microbialites are not passive recipients of meta-
zoan-mediated alteration. Additionally, this work provides support for the theory that certain Precambrian
microbialites may have been havens of early complex metazoan life, rather than bereft of metazoans, as

has been traditionally envisaged.
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INTRODUCTION

Precambrian carbonates, in contrast to the majority of
the Phanerozoic record, are characterized by prolific,
widespread, and morphologically diverse microbially
mediated carbonate buildups—microbialites (Grotzinger &
Knoll, 1999; Riding, 2011). From the late
Mesoproterozoic or early Neoproterozoic (Walter & Heys,
1985; Grotzinger, 1990; Awramik & Sprinkle, 1999;
Riding, 2006) through the ecarliest Paleozoic (Awramik,
1971), microbialites began to decline in diversity and abun-
dance. This decline has been most commonly attributed to
the radiation of burrowing and grazing metazoans (Garrett,

1970; Awramik, 1971; Walter & Heys, 1985). Similarly,
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resurgences in microbialites in the wake of major Phanero-
zoic extinction events have been linked to concomitant
declines in metazoan populations (e.g., Weidlich ez al.,
2003; Sheehan & Harris, 2004; Mata & Bottjer, 2012).
These ideas have fostered the commonly invoked model of
microbialite-metazoan mutual exclusion (e.g., Garrett,
1970). In contrast to this traditional model, alternative
hypotheses linking Proterozoic—Paleozoic  stromatolite
decline and the relative abundance of microbialites in the
Phanerozoic to fluctuations in carbonate saturation state
(Grotzinger, 1990; Riding & Liang, 2005), or substrate
competition and evolution (Pratt, 1982; Farmer, 1992;
Planavsky & Ginsburg, 2009) have also been proposed.
Continued exploration of the relationship between the
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microbialite, metazoan body fossil, bioturbation, framework
construction and carbonate chemistry records, and the
development of alternative models has greatly expanded our
understanding of the temporal and spatial significance of
microbialite formation. However, the classic and most
widely cited (e.g., Sheechan & Harris, 2004; Elser et al.,
2005; Mata & Bottjer, 2012; Pawlowska ez al., 2013) view
has remained one of metazoan-mediated exclusion. Studies
of modern microbialites have also been crucial in shaping
our view of the microbialite record. However, detailed
investigations of the effect of metazoans upon microbialite
accretion in modern, open marine systems have been con-
spicuously lacking.

To improve understanding of microbialite-metazoan
interactions, we have investigated the diversity and abun-
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dance of metazoans associated with microbialites on the
Bahama Bank. In the past few decades, exploratory work in
the Bahamas has revealed the persistence of microbialites
in the open marine settings of Eleuthera Bight (Dravis,
1983) and offshore of the Exuma Cays (Dill ez al., 1986;
Reid ez al., 1995), two of the few modern, normal marine
environments in which they are widespread. Not surpris-
ingly, there has been extensive work on Bahamian micro-
bial carbonates, from which have emerged new insights
into the processes involved in microbialite formation and
novel aspects of marine microbial mat communities. For
instance, recent studies of Bahamian microbialites
(e.g., Dill, 1991; Reid et al., 1995, 2000, 2011; Shapiro
et al., 1995; Visscher et al., 2000; Foster et al., 2009,
Planavsky & Ginsburg, 2009; Stolz et al., 2009; Myshrall

580000m E
2864000m N
\

1

Cat Island

Long Island

50 km

2482

Fig. 1 Sample collection localities: Highborne Cay (upper arrow), Little Darby Island (middle arrow), and Lee Stocking Island (lower arrow). Dark gray fill rep-
resents land; light gray fill represents shallow water of the Great Bahama Bank; medium gray fill represents deeper water of the Atlantic Ocean. Modified

from Reid et al., 1995.
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et al., 2010; Khodadad & Foster, 2012; Bernhard et al.,
2013) have elucidated the diversity, lithification mecha-
nisms and early diagenetic alteration of modern subtidal
and intertidal microbialites and their associated lithifying
microbial mat communities. However, only limited atten-
tion has been paid to the nature of Bahamian microbialite—
metazoan interactions; ecarlier work has largely been
confined to brief notation of associated fauna, reported in
the context of larger sedimentological, diagenetic, and
molecular studies (Dill, 1991; Shapiro ez al., 1995, Planav-
sky & Ginsburg, 2009; Khodadad & Foster, 2012).
Elsewhere, more in-depth studies of modern microbial—
metazoan interactions (e.g., Farmer, 1992 and references
therein; Konishi et al, 2001; Garcia-Pichel et al., 2004;

Fig. 2 Microbialite-forming cyanobacteria from the Exumas. (A) Schizothrix
gebeleinii from Highborne Cay (from ‘Type 1' mat, as defined by Reid
et al., 2000). (B) Microcoleus chthonoplastes from Highborne Cay [from
‘Type 3" mat (cf. Reid et al., 2000)]. (C) Dichothrix sp. from Highborne
Cay, colonial tuft on surface sediment. (D) Phormidium sp. from Little
Darby Island. Scale = 10 pm.

Fig. 3 Mat Type A microbialites of the
Exumas. (A) Field photograph of Mat Type A
microbialites, Highborne Cay. (B) Mesofabric
of Mat Type A microbialites, Highborne Cay.
(C,D) Microfabric of Mat Type A microbialites,
Little Darby Island, with line drawing (D)
accentuating laminae formed by Schizothrix
mats [orange (‘S")] and micritized horizons
[gray (‘'m")]. Algal turf-encrusted tennis ball is
approximately 7 cm in diameter (A); scale (B)
=1cm; (C,D) =1 mm.
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Elser ez al., 2005; Dinger et al, 2006; Gingras et al.,
2011) have been limited to freshwater or hypersaline sys-
tems, where the metazoan infauna (hereafter referred to as
‘infauna’) is typically composed largely of insect larvae, lim-
iting their applicability as analogs for ancient marine micro-
bialites. Moreover, these studies mostly (with the notable
exception of Konishi er al, 2001; Garcia-Pichel et al.,
2004; Dinger et al., 2006) concern unlithifying microbial
mats, unlike the Bahamian and recorded ancient systems,
where microbial mats undergo early lithification (e.g.,
Planavsky ez al., 2009) to form microbialites. In this light,
we have undertaken a systematic taxonomic and ecological
examination of infaunal metazoan communities of various
microbialite types in the Exuma Cays of the Bahamas, with
the object of characterizing the relationship between
microbial mat types and metazoan communities.

REGIONAL SETTING

Microbialites thrive in the Exuma Cays, situated on the east-
ern margin of the Great Bahama Bank (Fig. 1) in waters of
normal marine salinity [35-38%, (Dravis, 1983; Dill ez al.,
1986; Droxler et al., 1988; Reid & Browne, 1991; Pinck-
ney et al., 1995; Steneck et al., 1997; Hickey et al., 2000;
Serafy et al., 2003; Lapointe et al., 2004)] at the interface
between the Bahamian carbonate platform and the Atlantic
(Dill, 1991). Microbialites occur commonly in subtidal
(channels or sandy embayments) and intertidal settings
throughout the Exumas (Reid et 2/, 1995). Bahamian mi-
crobialites exhibit considerable diversity in physical, chemi-
cal, and biotic microenvironments, notably degree and
duration of exposure, sediment stress, framework construc-

tion (i.e., fabric), and macroalgal and metazoan coloniza-
tion (Reid ez al., 1995; Shapiro et al., 1995).
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Fig. 4 Mat Type B microbialites. (A) Field
photograph of Mat Type B microbialites, Little
Darby Island. (B) Mesofabric of Mat Type B
microbialites, Lee Stocking Island. (C,D)
Microfabric of Mat Type B microbialites,
Little Darby Island, with line drawing (D)
accentuating laminae formed by Schizothrix
[orange ('S")] and Microcoleus [green (‘M")]
mats and micritized horizons [gray (‘m’)].
Railroad tie for scale (A); scale (B) =1 cm; (C,

D)=1 mm.

Fig. 5 Mat Type C microbialites. (A) Field
photograph of Mat Type C microbialites,
Highborne Cay. (B) Mesofabric of Mat Type C
microbialites, Highborne Cay. (C,D)
Microfabric of Mat Type C microbialites,
Highborne Cay, with line drawing accentuating
different generations [green (‘D4') and beige
(‘Dy"), respectively]l of Dichothrix growth.
Water depth (A) is approximately 0.5 m. Scale

Our sampling focused on four microbial mat types,

demarcated by composition of the framework-building
cyanobacterial community (Figs 2—6). Lithifying microbial
mats associated with microbialite construction contain
highly diverse populations of archaea, bacteria, and eukary-
otes (e.g., Littler et al., 2005; Foster et al., 2009; Stolz
et al., 2009; Reid et al., 2011). However, for purposes of
this study, we avoided mats containing abundant eukary-
otic components (e.g., diatoms, rhodophytes, green algae)
and focused instead upon prokaryote-dominated mats con-
taining cyanobacterial framework-building taxa. Mat Type
A (Fig. 3) consists of well-laminated mats dominated by
the oscillatoriacean cyanobacterium  Schizothrix (Fig. 2A).
Type B mats (Fig. 4), which form a continuum with Type
A mats and are also well laminated, consist predominantly

(B)=1cm; (C,D)=1 mm.

of  Schizothrix and the oscillatoriacean — Microcolens
(Fig. 2B). Type C mats (Fig. 5), which are characterized
by a clotted fabric, are dominated by the nostocalean cya-
nobacterium Dichothrix (Fig. 2C). Type D mats (Fig. 6)
are well laminated and dominated by the oscillatoriacean
Phormidium (Fig. 2D).

At Highborne Cay, both stromatolitic and thrombolitic
microbialites (Mat Types A and C) occur in the intertidal
zone, shoreward of a coralline algal ridge-fringing reef
complex (Reid ez al., 1995). The thrombolites selected for
this study, which occur as laterally continuous swaths
slightly shoreward and in very close (<1 m) proximity to
the similarly linearly distributed stromatolites, are charac-
terized by a Dichothrix-dominated framework (Planavsky
et al., 2009; Myshrall ez al, 2010) (Mat Type C). The
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Fig. 6 Mat Type D microbialites. (A) Field
photograph of Mat Type D microbialites (see
arrows), Little Darby Island. (B) Mesofabric of
Mat Type D microbialites, Little Darby Island.
(C,D) Microfabric of Mat Type D microbialites,
Little Darby Island, with line drawing
accentuating Phormidium mat [orange (‘P')]
and micritized laminae (black lines). Scale (B) =
1 cm; (C,D) =1 mm.

framework of the Highborne Cay stromatolites, in
contrast, is dominated by Schizothrix mats (Reid et al.,
2000) (Mat Type A). For all Highborne Cay samples
collected, mean grain diameters fall within the range of
fine-grained sand (mean grain diameter = 208 pm). At
Little Darby Island, stromatolitic microbialites are actively
accreting in the subtidal zone (0.5-2 m water depth) of a
north-northeast-exposed sandy embayment, flanked by
mobile, rippled peloidal sands (Reid ez al., 1995, 2011).
The framework of these microbialites is dominated by
cither Schizothrix (Mat Type A) or Schizothrix and
Microcolens (Mat Type B); microbialites characterized by
these two mat types occur in immediate proximity to one
another. Microbial mats are also growing on submerged
Pleistocene hardgrounds at the margin of a subtidal
channel and peritidal-lagoonal sand flats (fluctuating from
exposed to approximately 0.75 m depth, according to
strength of the tide) in waters of normal (36-389,) salinity
along the northwestern exposure of Little Darby Island.
These channel margin-peritidal mats are dominated by Pho-
rmidinm (Mat Type D). Little Darby Island microbialite
samples are characterized by fine-grained sand (mean grain
diameter = 193 pm). Type D mats appear to be largely
composed of silt- to subsilt-sized precipitate floating in an
organic matrix; only identifiable sand grains were included
in grain size analysis. In Adderly Channel along the wes-
tern exposure of Lee Stocking Island, stromatolites associ-
ated with Mat Types A and B (Schizothrix- and Schizothrix
plus  Microcolens-dominated, respectively) are actively
accreting within <1 m of one another in a high-energy
subtidal channel. Lee Stocking Island samples are charac-
terized by fine- to medium-grained sand (mean grain
diameter = 259 pm). Agents of active erosion of mats and
microbialites, such as sponges, are observed at Little Darby
Island and Lee Stocking Island; holothurians are observed

© 2013 John Wiley & Sons Ltd
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Fig. 7 Taxon-general faunal densities for Mat Types A-D. Total faunal
abundance (i.e., number of individuals recorded) for each sample was nor-
malized to volume of sediment processed. Averages were compiled by mat

type.

at Lee Stocking Island; gastropods are observed at Little
Darby Island (peritidal flats and channel margin), and graz-
ing fish are observed at all localities.

METHODS

Samples were collected for faunal analysis from microbia-
lites at Highborne Cay, Lee Stocking Island, and Little
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Darby Island (Fig. 1) during September 2006, July 2010,
October 2011, and December 2012. Data from the 2006
field season (Fig. 7, Fig. S1, Table S2) were collected at a
higher taxonomic level than data of subsequent field sea-
sons. Microbialites occurring at these localities have been
extensively studied (e.g., Dill, 1991; Reid et al, 1995,
2000, 2011). We extracted samples from the unlithified
and partially lithified (i.e., in the initial stages of lithifica-
tion) upper portions of each microbialite, from the surface
to 2-3 cm depth. The entirety of each sample (apart from
a replicate reserved for mat type and microbial community
analysis) was processed, and standard techniques (e.g.,
Higgins & Thiel, 1988) were used to assess metazoan
abundance and diversity. Microbialite samples were gently
crushed, and all living (intact and capable of movement)
metazoan macro- and meiofauna (hereafter referred to as
‘fauna’) were extracted by hand at 10x magnification under
a stereo microscope and taxonomically identified to the
lowest level possible. Taxon-specific and total abundances
for each microbialite sample were normalized to sediment
volume. Following extraction of fauna from the sediment
and mat matrix, a 10% magnesium chloride solution was
used as a relaxant and a 10% buffered formalin solution
(transferred after 24 h to 70% ethanol) was used as a
preservative to allow for further taxonomic work.

Sedimentology, cyanobacterial framework, and algal
community were also observed at various scales
(10x-100x) and recorded for each specimen. Cyanobacte-
ria were identified by morphological criteria as previously
described (Golubic & Browne, 1996; Stolz et al., 2009).
Schizothrix gebeleinii has 1.5-pm-diameter filaments with
cells forming a trichome 4-8 um in length (Fig. 2A). The
filaments produce copious exopolysaccharides (EPS), form-
ing a network of single and bundled (two to three tric-
homes in a common sheath) filaments. Microcoleus
chthonoplastes filaments are characteristically bundled with
up to 10-15 trichomes in a copious sheath and are charac-
terized by tapered terminal cells (Fig. 2B). The cells are
5 pm in diameter and 10-15 pm in length within each fila-
ment. Dichothrix sp. exhibits morphological complexity
with false branching, tapering filaments with a basal het-
erocyst, and copious sheath (Fig. 2C). The Phormidium
sp. observed in gelatinous nodules at Little Darby Island is
a filamentous cyanobacterium with individual cells 1 pm in
diameter and 4-5 pum or longer in length (Fig. 2D). The
trichomes are sheathed in a thin film of EPS. We identified
the predominant and framework-constructing cyanobacte-
ria in each sample; other cyanobacteria (e.g., the endolithic
cyanobacterium Solentia sp.) may have also been present.

A portion of each sediment sample was retained and
homogenized (powdered) to measure total organic carbon
(TOC) concentration. TOC contents were determined by
the difference between total carbon by combustion (at
1450 °C) and total inorganic carbon by acidification using
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Fig. 8 Total organic carbon (TOC) and faunal density. Data organized by
mat type.

an ELTRA carbon-sulfur determinator at the University of
California, Riverside. Reproducibility, based on multiple
analyses of an in-house standard, was determined to be
within 0.15 weight percent. Additionally, given that Schizo-
thrix has been previously reported to produce aplysiatoxins
(Mankiewicz et al., 2003), three samples of Type A mats
were collected (December 2012) to scan for aplysiatoxins
and debromoaplysiatoxins by LC/MS/MS using a Thermo
Finnigan Surveyor HPLC system coupled to a Thermo
Finnigan LCQ Advantage MSn ion-trap mass spectrometer
at Greenwater Laboratories, Palatka, FL. Grain sizes were
determined from measurement of maximum grain diame-
ters using IMAGE] software. For each sample, 20-300 grains
were measured. Means were found to vary by <5% after the
first 20 grains were measured. Sample-specific, site-specific
and locality-specific mean grain diameters and standard
deviations were calculated.

RESULTS

General (total) taxon abundance plotted against volume of
processed sediment of each sample (Fig. 7) reveals that, of
the four microbialite types (Mat Types A, B, C, and D),
Mat Type A stromatolites are characterized by the lowest
faunal densities (average density = 0.28 individuals cm ™).
In contrast, microbialites of Mat Types B, C, and D,
although exhibiting a strong degree of heterogeneity, are
all characterized by higher average faunal densities (Type B:
2.74; Type C: 1.34; Type D: 14.33 individuals cm %) than
Mat Type A. Interestingly, microbialite-hosted infaunal
densities were higher than those characterizing the imme-
diately surrounding unbound sediments (e.g., average den-
sity of unbound sediments at Little Darby subtidal

© 2013 John Wiley & Sons Ltd
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Fig. 9 Relative faunal abundances associated with Mat Types A-D at High-
borne Cay, Little Darby Island, and Lee Stocking Island.

embayment = 0.059 individuals cm3). Variations in the
density of microbialite-hosted infauna do not appear to
correlate with either total organic carbon (TOC) values
(Fig. 8) or grain size (Table S1). Likewise, no correlation
was observed with sediment volume (Fig. 7, Fig. S1), con-
firming that the scale of sampling was sufficient. Aplysia-
toxin and debromoaplysiatoxin concentrations were below
detection limits (0.5 and 0.1 pg kg ', respectively) in
organics extracted from Type A (Schizothrix-dominated)
mats.

The Schizothrix-dominated Type A microbialites are char-
acterized by lower infaunal diversity (Figs 9-11; Table S2).
Harpactacoida (Copepoda), Nematoda, and polychetous
Annelida, with very minor (<0.015 individuals cm?) con-
tributions from Ostracoda and Sipuncula, were the only
taxonomic groups detected in the Type A microbialites.
Mat Type B microbialites, however, contained Gastropoda;
Mytilidae (Bivalvia); Decapoda (Malacostraca); Cypridinidae
(Ostracoda); Harpactacoida; Gammaridea (Amphipoda:
Malacostraca); Tanaidacea, Cumacea, and Stomatopoda
(Malacostraca); Amphinomidae (Annelida), Nereididae
(Annelida), and Serpulidaec and Sabellariidae (Sabellida:
Annelida); Nematoda; Sipuncula; and Nemertea. Type C
microbialites were also characterized by high infaunal diver-
sity, predominantly Mytilidaec (Bivalvia), Amphinomidae
(Annelida), Phyllodocidae (Annelida), and Nematoda, with
moderately high densities of Sipuncula and Crustacea (e.g.,
Harpactacoida, Gammaridea, Stomatopoda, Decapoda) and
low densities of Gastropoda. Type D microbialites, how-
ever, although characterized by the highest sampled faunal
densities, yielded lower diversity assemblages, consisting
predominantly of polychetous Annelida (especially Sabellar-
iidae), as well as Nematoda, Harpactacoida, and Sipuncula.

Of the taxonomic groups observed in Bahamian micro-
bialites of Mat Types A-D, many fall into the size category

© 2013 John Wiley & Sons Ltd
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of meiofauna (organisms able to pass through a 1000-pm
and retained by a 63-pm sieve) (e.g., Giere, 2009)
(Fig. 11). However, individuals of many of these taxa, such
as the mytilid bivalves, as well as mobile fauna such as
many polychetes, gastropods, sipunculans, ostracods,
cumaceans, and amphipods commonly attain macrofaunal
(>1000 pm) status (Fig. 11) and are therefore capable of a
burrowing rather than interstitial lifestyle. Moreover, even
among the meiofaunal sensu stricto (diameter <1000 pm)
organisms (e.g., polychetes, nemerteans, tanaidacean crus-
taceans), lengths well in excess of 1000 pm were com-
monly observed (Fig. 11). Therefore, certain of the
observed microbialite infauna, notably the larger polychetes
and ostracods (cf. Cullen, 1973) are capable of disturbing
the surrounding sand grains. Homogenized fine-grained
sand incubated with microbialite-extracted meiofauna
showed strong signs of metazoan-mediated fabric distur-
bance after 24 h (Fig. S2). However, no correlation
between organism size and microbialite mesostructure (see

Shapiro, 2000) was observed; potential burrowers were

observed in stromatolitic as well as thrombolitic
microbialites.
DISCUSSION

Our census of infaunal metazoan assemblages in Bahamian
microbialites suggests that cyanobacterial mat type exer-
cises the greatest control upon microbialite-metazoan
community development. The data collected at Highborne
Cay, Little Darby Island, and Lee Stocking Island indicate
that modern marine microbialites, both subtidal and inter-
tidal, coexist with diverse metazoan communities. In spite
of active biotic erosion (by endolithic algae, sponges, and
grazing fish) and being situated in a physically erosive envi-
ronment, these microbialites persist and in fact actively
accrete (Dill, 1991; Shapiro et al.,, 1995). The presence of
dense and diverse infaunal metazoan communities in
certain laminated microbialites indicates that microbialite
mesofabric  does not significantly influence faunal
community dynamics. Additionally, lack of correlation with
total organic carbon content, grain size or other physical
(e.g., degree of
exposure, energy regime, ventilation) indicates that none

or chemical environmental factors
of these factors is likely to be responsible for variation in
infaunal density and diversity. The diversity and density of
meiofauna in unlithified sediments are typically strongly
correlated to grain size (and thus interstitial volume) (e.g.,
Guzman et al., 1987; Giere, 2009; Cerrano et al., 2010),
as well as to the availability of organic matter. The
apparent lack of correlation between infaunal density, grain
size (Table S1), and TOC (Fig. 8) is therefore surprising
and suggests that additional factors are responsible for the
observed differences in faunal distribution. Variation in the
microbial mat framework-building community is the most
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strongly expressed covariant and therefore the most
probable controlling mechanism in the structuring of
microbialite-hosted infaunal communities.

The importance of framework-building cyanobacterial
communities is demonstrated at Highborne Cay, where
Dichothrix-dominated (Mat Type C) microbialites host
markedly more abundant and diverse metazoan
communities than do Schizothrix-dominated (Mat Type A)
microbialites. As at Highborne Cay microbialites of both
mat types occur in immediate proximity (<1 m) to one
another, in a high-energy (and thus well ventilated)
environment, variation in benthic sulfide concentration is
probably an insignificant factor in infaunal community devel-
opment. Previous studies have demonstrated that certain
metazoans are in fact often tolerant of periodic high sulfide
levels (e.g., Fenchel & Riedl, 1970; Rhoads & Morse, 1971;
Gingras et al., 2011). However, the lack of typical members
of the thiobios and prominent presence of arthropods in the
studied faunal assemblages suggest that neither the presence
of metazoans in Type B, C, and D mats nor the rarity of
metazoans in Type A mats is likely to be sulfide-mediated.
Type D (Phormidinm-dominated) mats, which occur in the
lowest energy setting of the study localities, are morphologi-
cally similar to sulfidic and thiobios-hosting Phormidinm
corium nodules described from Bermuda (Westphalen,
1993). Therefore, this mat type is the likeliest candidate to
host a sulfide-tolerant infaunal community, but even these
mats are populated by dense and diverse infaunal assem-
blages lacking most typical thiobiotic fauna.

The proximity of fauna-poor Type A and fauna-rich
Type C microbialites at Highborne likewise eliminates
degree of exposure and faunal recruitment as likely
selective factors. The same relationship is displayed at Little
Darby and Lee Stocking Islands, where fauna-poor Type A

and fauna-rich Type B microbialites occur in immediate
proximity to one another. Therefore, it seems most likely
that faunal differences can be attributed to differences in
mat type, that is, different ensembles of cyanobacterial
builders  and
create

framework associated  heterotrophic

communities distinctive microbial meso- and
microfabrics, which in turn dictate the structure of infaunal
metazoan communities. Possibly, certain cyanobacteria
provide a more favorable feeding substrate than others. It
is intriguing, however, that the most predominant taxa in
the fauna-rich Type C and D mats are suspension-feeding
organisms [mytilid bivalves and sabellariid polychetes,
respectively (Gili & Coma, 1998)], and therefore unlikely
to disturb microbial fabrics by grazing. Conversely, the
predominant taxa (harpactacoid copepods) of laminated
Type B mats are grazers (Roman, 1978), with a lesser
contribution by macrophagous predators [stomatopods
(Geary et al, 1991), nemerteans (McDermott & Roe,
1985), and certain polychetes (Rouse & DPleijel, 2001)].
Although this commensalism may, in the case of Type D
mats, partly explain the coexistence of metazoans and
laminated mesofabrics, it also indicates that, in the case of
Type B mats, neither feeding preference nor mobility can
be the only factor of importance for either microbialite
mesofabric or infaunal distribution. The observed discrep-
ancy between the infaunal densities of microbialite-hosted
communities and the surrounding unbound sand indicates
an ecological preference for the microbial substrate. There
are several potential explanations for this preference,
reflecting factors such as substrate stability [cf. Cerrano
et al. (2010) for sea-grass communities, but see also
Decho et al. (1985); Guzman ez al. (1987) for coral com-
munities], trophic resources and competition with macrofa-
una [cf. Castel ez al. (1989) for seagrass and oyster bank
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Fig. 11 Infaunal metazoans collected from Bahamian microbialites. (A-C) Polychete annelid worms. (A) Nereidid polychete. (B) Calcified tube-dwelling poly-
chete (putatively Serpulidae). (C) Sabellariid polychete. (D) Sipunculan. (E) Nematode. (F) Cypridinid ostracod. (G) Tanaidacean. (H) Cumacean. (I) Gammari-
dean amphipod. (J,K) Harpactacoid copepods. Scale (A-I, K) =1 mm; (J) = 0.5 mm.

communities; Cerrano et al., 2010], or predation pressure
[cf. Orth et al. (1984) for seagrass communities, but see
also Decho et al. (1985)]. Nonetheless, none of these
factors adequately explain the observed discrepancies in
infaunal density and diversity between microbialite-
associated mat types.

Another consideration, and a recent area of interest
among the microbiological community, is the extent and
effect of toxicity among benthic marine cyanobacteria
(e.g., Mankiewicz ez al., 2003; Golubic et al., 2010), that
is, whether cyanotoxins associated with certain mat types
may be responsible for metazoan exclusion in fauna-poor
microbialites. An initial scan of Type A (Schizothrix gebelei-
nii-dominated) mats for aplysiatoxins [associated with
other species of Schizothrix (Mankiewicz et al., 2003)]
yielded negative results. However, given the genetic and
environmental complexity of cyanobacterial toxicity (Golu-
bic et al., 2010), these results do not necessarily preclude
toxin-mediated exclusion as a model for the observed dis-
crepancies in infaunal abundance. It is hoped that contin-
uing microbiological and metagenomic work will shed
further light on this subject.

The results from Little Darby and Lee Stocking Islands
are particularly intriguing in that, contrary to expectation
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and unlike at Highborne Cay, faunal densities were high in
Type B and D microbialites, in spite of their laminated
(stromatolitic) mesofabric (Figs 4, 6). This indicates that
mat type, that is, the composition of structural cyanobacte-
rial communities is more important than gross fabric
morphology, that is, laminated vs. clotted, in determining
infaunal community structure. Bernhard ez al. (2013)
recently suggested that differences in microbialite mesofa-
bric (e.g., stromatolitic vs. thrombolitic mesofabrics) at
Highborne Cay may reflect differences in the density of
thecate foraminifera. However, our findings suggest that
microbialite mesofabric reflects mat type, that is, the
composition of the cyanobacterial framework-building
community, rather than metazoan or protistan infaunal
activity. Moreover, the morphology of certain microbialite
framework builders — for example Dichothrix, which grows
in tufts in thrombolitic microbialites at Highborne Cay
(c.g., Planavsky ez al., 2009) — precludes production of
stromatolitic laminae, even without disruption by meta-
zoan infauna or foraminifera. That microbialites may simul-
taneously host dense and diverse faunal assemblages and
possess undisrupted laminae may hold important implica-
tions for the Proterozoic microbialite record, commonly
presumed to be bereft of metazoan life (e.g., Garrett,
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1970). The presence of diverse microbialite—-metazoan
communities in the open marine settings of the Bahamas
provides further evidence that the canonical view of micro-
bialite-metazoan mutual exclusion (e.g., Garrett, 1970;
Walter & Heys, 1985) should likely be abandoned. In fact,
microbialites may have provided havens for early metazo-
ans, as oxygen levels in microbial mats can be strongly de-
coupled from ambient levels (e.g., Herman & Kump,
2005; Gingras et al., 2011). Our observations complement
this model. The presence of macrophagous predators in
certain microbialite-hosted infaunal assemblages (notably
Type B mats) is noteworthy, as these organisms possess
higher metabolic oxygen demands, as well as indicating a
high level of trophic complexity in these microbialite-
hosted systems. Similarly, Bahamian microbialites depau-
perate in infauna (Mat Type A), and those that form lami-
nated fabrics (Mat Types A, B, and D) despite an active
population of grazers also question the idea of microbia-
lites as passive structures controlled by the local metazoan
community.

The apparent resurgence of microbialites in the wake of
Paleozoic and Mesozoic mass extinctions (e.g., Weidlich
et al., 2003; Sheechan & Harris, 2004; Mata & Bottjer,
2012) is commonly attributed to declines in or absence of
calcifying, burrowing, or grazing invertebrate fauna. How-
ever, microbialites have also thrived concurrently with peri-
ods of significant metazoan diversification, such as the
Cambro—Ordovician radiations (e.g., Rowland & Shapiro,
2002) and microbial-metazoan build-ups were not uncom-
mon in reefal settings during various intervals of the Phan-
crozoic, such as the Permo-Triassic and Middle-Late
Jurassic (e.g., Brunton & Dixon, 1994; Dupraz & Strasser,
1999; Olivier et al., 2003, 2004; Brayard ez al, 2011).
Moreover, even in those cases of associated metazoan
decline and microbial resurgence, the relationship need not
be strictly causative. For instance, shifts in nutrient fluxes
may have been responsible for both microbialite resurgence
and metazoan extinctions. The Late Devonian and end-
Permian extinctions, the two mass extinctions associated
with global post-extinction microbialite resurgences (Rid-
ing, 2006; Mata & Bottjer, 2012) have been linked to
phosphorus loading and anoxia (e.g., Wignall & Twitchett,
1996; Algeo & Scheckler, 1998; Joachimski ez al., 2001;
Meyer & Kump, 2008). Anoxia can be a kill mechanism in
a wide range of marine environments. However, shallow,
broad, well-mixed carbonate platforms where microbialites
thrive are extremely unlikely to develop water-column
anoxia. Therefore, a flourishing of microbialites is likely to
be linked to ecosystem destabilization, rather than the
extremely harsh environmental conditions needed to
exclude all metazoans. Modern tropical carbonate meta-
zoan reefs are extremely sensitive to nutrient fluxes; even
small increases in nutrient levels may lead to eutrophica-
tion, followed by dramatic changes in community composi-

tion (e.g., Bell, 1992). Consistent with this view, there is a
well-documented resurgence of microbialites in the Tahiti
Pleistocene—Holocene barrier-reef terraces — likely linked to
increased nutrient fluxes (Camoin & Montaggioni, 1994;
Camoin et al., 2006; Heindel et al., 2009; Westphal et al.,
2010).

CONCLUSIONS

Our observations at Highborne Cay, Little Darby Island,
and Lee Stocking Island indicate unequivocally that cer-
tain modern, normal marine microbialites (Mat Types B,
C, and D), including well-laminated structures (Mat
Types B and D), coexist with dense and diverse infaunal
Further, these
metazoan-rich microbialites occur in immediate proximity

and epifaunal metazoan communities.
to microbialites in which infaunal metazoans are rare to
absent (Mat Type A). These findings call for a reconsid-
eration of common assumptions concerning the ancient
microbialite record and suggest that the canonical view
of microbialite—-metazoan mutual exclusion should be
abandoned. Proterozoic declines and Phanerozoic fluctua-
tions in microbialite abundance likely reflect a complex
interplay between carbonate saturation state, substrate
competition, and ecosystem stability rather than simply
reflecting the abundance of burrowing or grazing inver-
tebrate fauna. Conversely, microbialites may have pro-
vided havens from harsh environmental conditions for
carly metazoans.
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Fig S1 Taxon-general faunal densities for three sample collection localities
(Highborne Cay, Little Darby Island, and Lee Stocking Island).

Fig S2 Fabric disruption of homogenized fine-grained sand after 24 h incu-
bation with microbialite-extracted meiofaunal taxa.

Table $1 Sedimentological, geochemical, and microbial sample information.

Table S2 Faunal abundances.



