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ABSTRACT: Paleontological and neontological studies suggest that stromatolite development may be limited to environments where
ecological processessuch as colonization (recruitment), growth, competition, and predation(herbivory) are low. We quantitatively tested
this "ecologicalrefuge paradigm"at a uniquestromatolite-reefcomplexat StockingIsland, Bahamaswhere threecontiguous zonesgrade in
dominance from stromatolites in the back reef to a macroalgalturf in the reef flat to reef building corals and corallinealgaeand reef fishes
in the forereef. At two independent transectsalongthis gradient, we quantifiedthe distribution and abundanceof thedominant organisms
andmeasuredthe rates of the above-listed ecologicalprocesses anddetermined survivaland growthof stromatolite, turf, and corallinealgae
transplanted to each of the three zones. We also measuredboth the sediment dynamics and temperature profiles along this gradient to
determine if these may be controlling the ecologicalprocesses.

Stromatolites dominate theback reef zone wherespeciesdiversity (especially amongeukaryotes) and associatedecological pressureswere
low. Measuredrates of colonization from calcified(i.e.,coralline) and noncalcifiedmacroalgae and filamentous turf algaewere lowest in
theback reef (i.e.,<5% substratecolonization/y) and highestin the forereef (95% substrate colonization/y). This suggeststhat competition
for space was lowest in the stromatolite zone. Growth and survivalrates of transplanted coralline algae were low in both the back reef (3
mm/y and2040% annualsurvivalrates)and reef flat « 2 mm/y, 0% surviving) and highestin theforereef (about10mm/y, 80%surviving).
Foraging activity from all fishes was lowest in the back reef (total0.4 bites/m2jh) and reef flat (0 bitestnr/h) and highestin fore reef (900
- 2200 bites/m2Jh, mostly fromomnivorouswrasses). Herbivory from all potentialsourceswas below detectablelevels in the stromatolite
zone and was highest in the forereef.

The ecologicalrefuge found in the backreef stromatolitezoneresultedprimarilyfrom periodicsedimentinundation. Most eukaryotic reef­
dwelling organismscannotpersistunder as much as 700 mm of sedimentfor periodsup to 100days. Althoughthe reef flat sufferedboth
desiccation and thermal stress (averaging more than 5°C greaterdaily temperature fluctuation than the fore reef), natural and transplanted
eukaryotic turf algae thrived there.

Althoughtransplantedstromatolites survivedbest in the back reef (about80% of the originaltransplant surviving/y), they also persistedin
the fore reef (about 40% surviving per year). Therefore, Schizothrix-dcminated stromatolites can persist in fore reef environments but
because of the presence of other organisms and associated ecological pressures, their laminated microbial-produced structure is lost or
obscured. While the sediment and the organisms necessary for stromatolite formation exist in this and probably in other modern reef
environments, their reef-building contribution will be low except in unusualhabitatswhereabioticstressesmaintainan ecologicalrefuge.

INTRODUCTION

For over three billionyears, stromatolites were the onlyreef
builders on Earth (Awramik 1990; Kauffmann and
Fagerstrom 1993). Theirglobaldominance beganto decline
during the laterProterozoic andwassignificantly diminished
by the Vendian as macroscopic organisms radiated and
became abundant (Riding 1991; Grotzinger et al. 1995).
Duringthe Early Cambrian radiation, a variety of calcifying
metazoans and metaphytes createda new generation of reef­
builders that fundamentally changed the nature of reef
ecosystems andbioherms (Kauffmann andPagerstrom 1993),
and stromatolites were rare or absent (e.g., Awramik and
Riding 1988). As summarizedbyKauffmann andFagerstrom
(1993), the "ecologically simple" stromatolitic reefs were
replaced by "complexly structured reef ecosystems,
characterized by high species and community diversity" and
theseeukaryotic reefs"are continuously represented in strata

spanning the last 650 million years." In other words,
Phanerozoic reefsdifferfundamentally fromtheirProterozoic
ancestors.

Carbo,","s & Evapo,us, v. 13,no. I, 1998,p. 48-65.

Stromatolite reef resurgences have occurred periodically
throughout the Phanerozoic but primarily following mass
extinctions (e.g., Copper1988; Donovan 1989; Schubertand
Bottjer1992). Because of this, stromatolites havebeencalled
"disaster-forms" (Schubert and Bottjer 1992). Others have
pointed out that some stromatolite resurgences do not
correspond with mass extinctions, but resulted from the
"localizederadication of benthicmarinecommunities" (Soja
1994). Regardless:the geological recordclearlysuggests a
fundamental incompatibility between prokaryotic,
cyanobacteria-dominated stromatolites and eukaryotic
metaphytes and metazoan reefs. Thus the geological
inference drawn from this is that stromatolites develop "in a
relatively ecologically relaxed habitat..(Schubert and Bottjer
1992)."

Thediscovery of modern stromatolites in hypersaline regions
of Shark Bay, Australia provided an opportunity to study
living stromatolites and consider their ecological controls.
However, ecological pressures are low under the harsh
hypersalineconditions ofSharkBayandthis,alongwithother
discoveries of stromatolites in extremeenvironments suchas
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Figure 1. Photos of Stocking Island. Bahamas stromatolite­
coralreefcomplex. Insetphotosto rightshowrepresentative
photosofeachzone. Theupperrightphotograph showsmajor
reef builders, Mil/epora complanata and Neogoniolithon
strictum. Notesediment stakes inbackreef Scale across the
reef zones is given in Figure 2.

Antarctic lakes (Parker et al. 1981) and thermal springs
(Ward et al. 1989), lead to the conclusion that stromatolites
mayonlybeable to persisttodayin refugia whereecological
pressures fromotherorganisms are low(AwramikandRiding
1988). This we call "The Ecological Refuge Paradigm".

The ecological refuge paradigm for modem stromatolite
development is based on several neontological observations.
Forexample, Garrett(1970) observed thatlivingstromatolites
at Andros Island were destroyed by the activity of grazing
snails. Others havesuggested thatanything that disrupts the
microfabric of stromatolites including competition fromother
reef-dwelling and reef-forming organisms will prevent
stromatolite development (Monty 1973; Awramik 1990;
Golubic 1991). Those and other neontological studies are
based on observations and qualitative correlations. Lacking
are experiments designed to quantify theecological processes
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saidto eliminate stromatolites. That is, past studies havenot
measured rates ofcolonization, productivity, competition, and
herbivory in stromatolite habitats and compared them to
identical measurements on adjacent modemreef habitats.

Thequestion of whystromatolites no longercommonly build
reefsin tropical marineenvironments cannotbeaddressed by
studying hypersaline, arctic lacustrine or hot-spring
stromatolite environments (Awramik 1990). The modem
intertidal and subtidal stromatolites of the Exwna region of
theBahamas areuniqueandofferan exceptional opportunity
because they exist in normal marine salinities and in close
proximity to modem eukaryote-dominated reefs (Dill et al.
1986; Reidand Browne 1991; Reidet al. 1995). Further, the
specific reef system on Stocking Islandthatwe studied hada
uniquely contiguous gradient of habitats fromreef-dominated
to stromatolite-dominated build ups (Reid et al. 1995;
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Macintyre et al. 1996; Steneck et al. 1997). Unlike most
modem stromatolites that are found in environments of
"elevated salinity or alkalinity, periodic desiccation, elevated
temperatures, precipitation of mineral matterduringgrowth,
and strong currents or wave action (Awramik 1990)," the
intertidal and subtidal stromatolites of Stocking Island are
different because they do not fit thisprofile. They livein an
environment of normal marine salinity and tropical
temperatures with relatively low wave action and currents
(Reidet al. 1995).

STUDYSITES

Experiments were conducted on Stocking Islandwhich lies
abouttwo kID northeast of Georgetown, GreatExumaIsland,
Bahamas. Thisstromatolite reefand itsassociated algalridge
andcoralassemblages arewelldescribed in a seriesof papers
(Reid and Brown 1991; Reid et al. 1996; Macintyre et al,
1996; Steneck et al. 1997). Placement of experiments and
sampling locations aregivenin figure2. Otherenvironmental
details are provided whereappropriate below.

We testedthe ecological refuge paradigm by quantifying the
distribution and abundance of stromatolites and other reef
organisms relative to measured ecological pressures and by
conducting manipulative experiments along a contiguous
gradient from a stromatolite reefto a modemreefcommunity
on Stocking Island in the Bahamas (Fig. 1). For this, we
transplanted stromatolites to reef habitats and filamentous
eulcaryotic filamentous turf algaeandcrustose coralline algae
from the reef to the stromatolite habitat Our specific
questions were, do the Stocking Island stromatolites only
develop whereecological pressures suchascolonization rates,
competition, andherbivory from eukaryotes arelow? Thatis,
are these stromatolites confined to an ecological refuge? If
they are, what environmental factors contribute to the low
ecological pressures (i,e., whatcreates theecological refuge)?
Our approach differs from past studies because we used
standardized methods toquantify ecologicalprocesses along a
contiguous gradient and we employed manipulative
experiments to determinehowratesof colonization, survival,
growth, and other ecological processes change along this
gradient.

The stromatolite-algal ridgecomplex at Stocking Islandwas
studied most intestively from May 1992 to June 1993.
Detailed studies on its biology and ecology weredone along
transects from shoreto beyond the seaward edgeof the algal
ridge (i.e., in the pinnacle zone). Two replicate transects
about 100 m apart (often identified as T1 and TI) were
identically sampled and contained most of our experimental
manipulations. Sediment stakesandsediment trapswereonly
deployed at Tl. Both transects had zones similar to those
diagrammed in figure 2.

Comparisions between stromatolite reefs and adjacent reef
assemblages were conducted at 5 sitesalongabout120kID of
the Exurna Island chain. Specific sites are identified in
Results and full site descriptions are given by Reid et al.
(1995).

METHODS

Patterns or Distribution and Abundance

To quantify the dominant organisms on the upper reef
surfaces, quadrat sampling wasused. Quadratswere25emX
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Figure 2. Diagrammatic cross section oftheStocking Island stromatolite-algal ridge-coral reefcomplex (after Steneck et al.
1997). Back reef, reefflat anti/ore reefzones areillustrated in Figure 1.
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25 em (i,e., one sixteenth of a meter square). They were
haphazardly tossedand viewed for visual estimated percent
cover. The advantages of this technique are discussed in
Dethieret al. (1993).

Chain transects were used to quantify organisms on all reef
surfaces. For this, a 10 m polypropylene line was stretched
along the reef parallelto the seaward edge. Underor next to
the 10m line,a chain with 2 em linkswasdrapedon thereef
surface. A tallywas madeof eachorganism undereach link.
All three dimensional surfaces that could be reachedby the
researcher (thuslimitedby the widthof spacesin whicharms
and hands can reach) were quantified. Reef complexity is
obtainedfrom thesedata by calculating the surfacelengthof
reef surfaceundereach linearmeterof thereef. Theresulting
"spatial index" is represented as m of reeflm linear. This
technique and the spatial index are fullydescribed in Rogers
et al. (1983).

Biomasswasdetermined bycollecting three, 3.9em" substrate
samples (each1mmdeep)thatwerefixedin5%formaline for
24 h and decalcified with 10%aceticacidsolution for 7-10d.
Once decalcified, samples were kept in suspension, poured
onto preweighed filter paper, oven dried to constant weight
and reweighed. Ten control samples with only decalcifying
solution, were f:tltered through preweighed filters and
weighed. Control samplesaddednegligible weight(i.e.,0.3g/
mZ) .

Abiotic Environment

Physicaldescription of the Stocking IslandStromatolite-reef
complexisgivenelsewhere(ReidandBrown1991;Reidetal.
1996; Steneck et al. 1997). Water temperature sensors to
illustrate thermalstresswereplacedat fourlocations fromthe
fore reef pinnacle zone to the back reef (Fig.2). Recording
temperature sensors were Casio underwater temperature
recording watches. Theserecordedtemperature for up to 30d
andwerecalibratedto anaccuracy of0.1OCt Theywereplaced
withinwhitePVC housings that wereopenwith screening at
both ends to allow water flow. Temperatures were taken
simultaneously in each zone at hourly or daily (at noon)
intervals 25 days from 10 May to 4 June 1993.

Sedimentation rates were measured using sediment traps
drilledinto the reef at threelocations within eachof the three
zones (methods and results were reported in Steneck et al.
1997). Sedimentlevelsweremonitored usingfixedsediment
stakesdriven into hard substratum at five stations in each of
the three zones. Sediment levels were monitored over the
entire year from June 1992until June 1993.

Biotic Environment: Ecological Processes ofSurvival,
Colonization, Growth,Competition, and Herbivory

To determine patterns of survival, colonization, competition,
growth, and herbivory. for themajorreef-dwelling organisms
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at the Stocking Island reef-complex, a series of transplant
manipulations were performed. These involved setting
stromatolites fromthebackreef,turfsfromthe reefflatandthe
coralline Neogonioluhon strictum from the fore reef into a
nontoxic underwater epoxy (Splash ZOne Compound,
Koppers Co.). The stromatolites werechiseledfromtheback
reefandtheirbase surrounded withunderwaterepoxythatwas
fixedto thereefwith20 dnail spikesandcopperwire. For the
turf and coralline transplants, three pieces were embedded
intotheepoxyin standard plasticpetridishes(8 em diameter)
that were bolted to PVC pipes placed at three separate
locations in eachof thebackreef,reef flat, andforereef zones
in both transects. Transplants back to the zones from which
the stromatolites, turfs, or corallines were taken servedas a
transplant control for the technique. To determine survival
and growth of the species in each of the three zones,
photographs and in situ measurements were taken in May­
June 1992, January 1993, and finally June 1993. These
sampling periodsresultedin experimentdurations of 219and
126daysrespectively (total 345days,i.e., sincethefirst May­
Junesampling period). If25percentor greaterof a transplant
wasdeadat the timeofa samplingperiod,theentiretransplant
was replaced. Only lateral growthrates of the coralline was
measured so rates of substrate occupancy couldbe assessed.
For that, the maximum growth away from the transplanted
crust was measured on each of the three coralline plants
embedded in theepoxyputty(illustrated in Results). Growth
ratemeasurements weretakenin January1993andMay 1993
from coralline transplants initiated in June 1992. Average
growth rates of each transplant is thus based on three
measurements andfromthesevaluestheaveragegrowthrates
weredetermined, Theepoxyaroundthe transplants servedas
settlement and colonization substratain each of the zones in
which they were transplanted.

Herbivory wasassessedby measuring the population density
andbody size of all mobilebenthicinvertabrates in quadrats.
Quadrats were 25 X 25 em and were haphazardly tossed at
eachof the fivestationswheresedimentstakesweredrivenin
each of the three zones (Fig. 2). Qualitative nocturnal
observations for herbivores werealso made.

To comparefishgrazingat Stocking Islandwiththatreported
elsewhere, bite ratesweremeasuredby markingfiveareasof
1mZeach,oneachof thethreezones(Fig.2)alongthetworeef
transects (i,e., a total of 30 observation stations). At each
station, the square meter was watched for a period of five
minutes and the numberof bites from all species of fish was
recorded. Bite-rate determinations for all herbivorous fish
species were analyzed by functional groups of excavating,
denuding, and nondenuding grazers (after Steneck 1988).
Usually one or two such observations were made for each
station each day (methods of Steneck 1994; Steneck and
Dethier 1994). Additional visual bite-rate determinations
were made to assess herbivory in the west Exuma Sound
regionand at coral reefs in the vicinityof the stromatolites.
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Figure 3. Dominant reefcomponents on upper surfaces fromfore reef to backreefon the tworeef transects determined by
quadrat sampling. Variance is given as one standard deviation. Sample size, "n" is number ofquadrats.

RESULTS

Patterns of Distribution and Abundance of Dominant
Organisms

Quadrat sampling indicated that the cyanobacteria,
Schizothrix complex (Pinckney et al. 1995) dominates the
backreef(Fig.3). Dominance shiftstoeukaryotic filamentous
turf algae on the reef flat and to macroalgae in the fore reef
(Figs. 1and 3). Overalldiversity increased fromthebackreef
to theforereef,Fig.3,Table1). Theforereefalso hadseveral
species ofreef-building corals andhydroids suchasMillepora
complanata, Porites astreoides, and Colpophyllia natans.
Although Schizothrix mats, turf algae, and coralline algae
were found in all zones (Fig. 3, Table 1) their relative
abundances changed dramatically among zones. Further
microhabitats such as small tidepools harbored otherwise
stress-susceptible species suchas coralline algae.

Chaintransectsampling wasemployed in thesamezones(but
not the exact same areas as the quadrats) to determine the
relative composition of all macroscopic, surface-dwelling
organisms (not just those on upper surfaces). With chain

transects, more reef area was sampled and at a higher
taxonomic resolution than the quadrat sampling (Fig. 3) but
with similarresults (Table 2).

The back reef was dominated by the stromatolite-forming
cyanobacteria complex dominated by Schizothrix sp.
Stromatolite development was better developed and
Schizothrixdominance wasgreaterin thebackreefof transect
one than in transect two. Coincident with lowerSchizothrix
abundance on transect two was the somewhat higher
eukaryotic filamentous turf algal abundance (Table 2).
Because sediment-binding Schizothrix was less abundant at
T-2, free sediment wasmore abundant (Fig.3).

The reef flat was dominated by turf algae comprised of
chlorophytes, Cladophora and Ernodesmis verticillata and
the diminutive articulated coralline rhodophyte, Ionia
capillacea along withseveral other small macrophytes. The
forereefwasdominated bya micro-turfcharacteristic ofcoral
reef turfs (i,e., Herposiphonia, Lophosiphonia, Taeneoma
and associated cyanobacteria such as Oscillatoria sp) (Adey
and Steneck 1985; Carpenter 1986), along with larger
filamentous (Cladophora sp) and other macroalgae (i.e.,
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Table1.Majoridentifiable eukaryote components on uppersurfaces fromquadratdatafor Transect 1. Each taxonomic group
is listed from most to least abundant (percent cover). Reef building corals and coralline algae were kept separate. The
proportion of these and other functional groupings are given in Fig. 3. A complete listing of microscopic and prokaryote
speciesis givenin Pinckneyet al. 1995.

Zone Data
Fore Reef
Transect 1
n = 10 quadrats

Taxonomic Group Taxa

Green algae (Chlorophyta)

Brown algae (phaeophyta)

Redalgae (Rhodophyta)

% Cover
19.0
2.5
3.0

25.6
21.5
3.5
2.0
1.0
4.5
1.0
5.0
2.0
1.0

Zone Data
Fore Reef
Transect 2
n = 3 quadrats

Taxonomic Group
Coral (Scleractinian andHydrozoan)

Green algae (Chlorophyta)
Brown algae (phaeophyta)

Red algae (Rhodophyta)

Taxa
Mi//epora complanata
Porites astreoides
Ernodesmus verticillata
Dictyota divaricata
Lobophora variegata
Laurencia obtusa

% Cover
13.3
6.7
3.3
3.3
1.7

18.3

Zone Data Taxonomic Group
Reef Flat Green algae (Chlorophyta)
Transect 1
n =8 quadrats Brown algae (phaeophyta)

Red algae (Rhodophyta)

Taxa % Cover
Cladophoropsis macromeres 55.6
Ernodesmus verticilJata 25.0
Dictyosphaeria cavernosa 5.0
Foslie//a sp. 10.0
Colpomenia sinuosa 1.5

Zone Data Taxonomic GroYP Taxa % Cover
Cladophoropsis macromeres 35.0
Ernodesmus vertici//ata 20.0

Zone Data Taxonomic Groyp
Back Reef Green algae (Chlorophyta)
Transect 1
n - 10 quadrats Diatoms (Chrysophyta)

Taxa % Cover
Battophora oerstedii 0.1
Cladophoropsis macromeres 0.5
Diatoms spp. 2.5

Zone Data Taxonomic Group Taxa % Cover
Back Reef Green algae (Chlorophyta)
Transect 2
n = 6 quadrats Brown algae (Phaeophyta)

Cladophoropsis macromeres 17.5
Ernodesmus vertici//ata 1.2
Dictyosphaeria cavernosa 1.7

Physical Environmentof the StockingIsland
Stromatolite-ReefComplex

forereefat theStocking Islandstromatolite-reefcomplex (Fig.
1). Most striking is the shiftfrom prokaryote, low diversity­
dominated back reef habitats to the much more diverse,
eukaryote-dominated forereef (Fig.4).

Overallbiomassof bothprokaryotic andeukaryotic algaedid
notchangesignificantly alongthegradientfromthebackreef
(145.9 (± 157.7) g/m2), reef flat (192.3 (± 95.9)g/m2) to the
fore reef (295.9 (± 121.4) g/rrr) on transect 1 (p=O.395,
ANOYA) or on transect 2 (p=O.203, ANOYA) (back reef
(53.5 (± 67.1)g/m2) , reefflat(75.6(± 68.4)gjm2) andforereef
(228.9 (± 173.0) g/m2) . Therefore, changes in dominance
between prokaryotes in thebackreefandtheeukaryotes in the
reef flat and fore reef represent a constant biomass
replacement between the twogroups.

The entire Stocking Island stromatolite-algal ridge and reef
complex has relatively low spatial heterogeneity. Chain
transects analyzed to determine the average spatial index
value(describedin methods above) indicated thebackreefand
reef flat averaged between 1.2and 1.4m/m (± 0.6 SD). The
forereeflip wasonlyslightlyhigherwithanaverageof 1.6m/
m (± 0.9). Overall, however, this entire reef complex is
architecturally simplesinceotherreefstypically haveaverage
valuesas high as 4 (Steneck 1994).

Dictyota dichotoma and Laurencia obtusa) (fable 2). In
places, large heads of the delicately branched coralline
Neogoniolithon strictum were conspicuous.

Speciesdiversity ofeukaryotes waslowestin thebackreef (3­
7 spp),slightly higherin the reef flat (6-7spp),higherstill in
theforereef(8-12) andhigheston theseawardedgeofthefore
reef zone (14 spp). Thus a biodiversity gradientwas evident
fromthestromatolites in thebackreefandthediversereef-like
seaward edge (Fig. 1). Dominant reef organisms change Fromforereefto backreef,thephysicalenvironment changes
dramatically alongtheshortgradientfromthebackreef to the dramatically. Moderate to lowwaveactionon theforereef is
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Table 2. The percentof categories recorded withchaintransects, Ten linearmeters of chains weresurveyed foreach transect
in eachzone. The nwnber of link intercepts undereachmetersegment of a stretched 10m line was recorded (this resulted in
over 400 link intercepts for each transect per zone) and reported hereas averages. Variance is given as standard deviation
(SD). Note that the stromatolite-building cyanobacteria is delimited.

BACK REEF REEF FLAT FORE REEF 'SEAWAKlJ

TlMSCd 1 TIaIlSCCt TlMSCd 1 Tranaee:t 2 TI'Il\SCC:t 1 Transect 2 Transect 1
2

Species/Group Ave. SO AVE SO Ave SO Ave SO Ave SO Ave SO Ave SO
Hare 6.0 10.7 S.8 7.S
Sand 14.4 13.4 41.0 11.8 S.8 4.7 18.1 14.3 0.0 0.0

J Scn izothrix sp. 82.5 9.0 32.7 12.6 1.4 2.2

Ulatoms 1.2 1.6 1.6 2.6 0.2 0.3

Micro-turf 0.1 0.2 37.S 7.9 31.4 S.1 28.8 13.1

Cladophora sp. 1.4 2.2 23.2 10.S 42.6 8.1 47.8 14.4 13.5 7.1 2S.S 10.0
Cladophoropsis macromeres 20.3 11.7

Filamentous turf I.S 0.0

Spyridiafilamentosa 1.8 1.6

Wrangelia peniclllata 8.8 4.4

Anadyomene stellata 2.7 3.1

Dictyota dichotoma 1.0 1.4 2.5 3.2 33.7 16.1 2.4 I.S S.3 S.l
Ernodesmis verticillata 16.1 8.8 4.3 2.6 6.0 S.2
Padina pavonlca 1.2 1.3 0.7 0.8

Batophora oerstedli 0.6 1.0
Bryothamnion triquetrum 0.2 0.5

Caulerpaspp, 0.2 0.0

Dasycladus vermicularis 0.1 0.2 S.3 4.2

Dlctyospheria cavernosa 0.2 0.3

GraciJaria cylindrica 1.9 1.7 0.7 1.0

Hypnea musciformis 0.8 1.3

Laurencia obtusa 0.3 0.4 19.1 9.S S.O 4.1

ioniacapillacea 30.8 S.2 20.1 9.S 2.2 1.9

Pneophyl/um farinosa 1.2 1.9
Neogonlolithonstrictum 5.7 2.8

Unbr. coralline 6.2 7.1

Peyssonnella sp, 4.0 3.4

Col. tunicate 1.2 0.0

Millepora alcicornis 1.0 1.6 2.8 0.0

Millepora complanata 5.6 7.1 7.2 5.9

Poritesasteroids 1.0 1.6 1.8 2.2 2.S 2.7

Siderastrea radians 0.1 0.2 0.7 1.0

lJWlllt Eukaryote Species J 1 A 1 I II II

Dominant Reef Components

100

80..
II
~

0 60

C
II... 40..
II

C.

20

0
Back Reef Reef Flat Fore Reef

dampened at high tide and is nonexistent at low tide in the
backreef (Fig. 1,Steneck et aI. 1997). Theemergent reefflat
undergoes themostextreme temperature fluctuations, thefore
reef pinnacle the least From 10 May to 4 June 1993
temperature comparisons were madebetwen theforereefand
the three other zones (locations in Fig. 2). The greatest
thermal deviations from theforereefwererecorded onthereef
flat (-2.8 to +3.l°C), next the backreef (-0.8to +2.8)and the
leastin theforereefpinnaclezone(-0.8 to +0.40C). Whilethe
ambient water mass fluctuated from 18 to 26°C during this
period, the most rapid thermal shock occured duringdiurnal
springtides when elevated temperatures during daytime low
tides were more than 3 degrees warmer and nighttime low

Figure 4. Changes in biotic dominance along thebackreefto thefore gradieni. Dataarefrom quadrats and placed into
functional group categories (similar results were obtained using the chain data). Note thatthemodern reefcomponents of
coral. corallines, andeukaryotic algae are virtually absent in theprokaryote-dominated backreef.
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Transplant survival> A simple way to determine if
stromatolites can live in reef habitatsand if reef-dwellerscan
live in stromatolite zones is through reciprocal transplanta­
tion. For this, dominant organisms from the fore reef
(coralline, Neogoniolithon strictum), reef flat (algal turf) and
back reef (soft mats of Schizothrix-dominated stromatolites)
were transplanted into all three zones (Fig. 7).

Biotic Environment: Ecological Processes of Survival,
Colonization, Growth, Competition, and Herbivory

tideswere nearly3 degrees coolerthan temperatures recorded
in thefore reefzone. Desiccation stress is likelytocorrespond
with the sharply elevated warm daytime temperatures
recordedon the reef flat

Sediment resuspension and gross sedimentation rates were
highover the entire stromatolite-reefcomplex(seeStenecket
al. 1997). While gross sedimentation was measured to be
about 200 mm/d in the fore reef, reef flatand back reef sites
(Steneck et al. 1997), the only measurable accumulation of
sediment over a year of observations was in the back reef.
There, the greatest sediment stress resulted from migrating
sandwavesover thebackreef (Fig. 5). Repeatedmeasuresof
fixed sediment stakes revealed periodic inundation to
sedimentdepthsexceeding 500 mm for periodsof up to 100d
(Fig. 6). Sediment that accumulated on the back reef
(measuredat 5 stakes,Figs. 5 and 6), probablyresulted from
shorewardmigrating intertidal sand waves.

Coralline and stromatolite-Schizothrix transplants had the
greatestsurvival rates in the zone from which they had been
originallytaken (Fig. 8). Thus corallines thrived in the fore
reef,Schizothrix in thebackreef. Turf algaedid as well in the
forereef as it did in thereef-flatfrom which it was taken. The
resultsduringthe firsthalfof the experiment(fromJune 1992
to January 1993) corresponded well with those recorded
duringthe secondhalf(fromJanuary 1993to May 1993)(Fig.
8). Corallineswereparticularly susceptibleto desiccation and
diedwithina day of beingttansplantedto the reef flat (Figs.7
and 8).

Survival of all reef components was greatest in the fore reef.
Even a fair proportion of the transplanted stromatolites
survived there (Figs. 7 and 8). The primary cause for
stromatolite decline in the fore reefs was the stromatolite
erosion from wave action. This was evident as the soft
Schizothrix-dominated mats that form the stromatolites were
beingtransplanted to theforereef,weobservedfinecarbonate
sand drifting away. The erosion stopped when a lithified
horizonof the stromatolite was reached. The softSchizothrix
mat of the back reef (Fig. 1) did most poorly in the reef flat
(Fig.8) presumably due to desiccation-killed Schizothrix.

Transplantresults suggestthat sediment stress contributed to
the lowsurvivalrate of bothturf and corallinealgae (Fig.9) in
the back reef. One corallinealga, Neogoniolithon strictum is
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Figure 6. Annualpattern of sediment inundation measured at 6 fixed stakes in thebackreef(Fig. 5). Five of thestakes run
parallel withthelandward edge of thebackreefandoneisadjacent to theback reeftransplant station (open circle and is near
stake #1 in Fig. 5). Similar fixed states on thereefflat and fore reefmeasured no accumulation of sediment overtheyearof
observation.

The most abundant herbivore was the small black regular
echinoid, Echinometra lucunter whichburrowsinto the ridge
and feeds mostly on drift algae (Abbott et al, 1974). This
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uniquely capableof tolerating sediment inundation andisable
to persist and grow as an unbranched crust (Steneck et al.
1997). Nootherreef-dwelling coralline is knowntohavethis
tolerance to sedimentstress(Steneck etal. 1997). Desiccation
was the primary stress in the reef flat (Fig. 9) although the
rapid rate of temperature change there could contribute to
thermal stress as well. The fore reef was by far, the most
physicallybenignenvironmentofthethreezonesstudied(Fig.
9).

Colonization. competition, and growth.-- Colonization of
underwater epoxy substrata was dominated by filamentous
and crustose coralline algae in the fore reef and Schizothrix
mat in the back reef (Fig. 10). Maeroalgae other than
cora1lines were most abundant in the fore reef. There, the
noncoralline crustosealga,Peyssonellia sp.and thecorticated
macroalgae Laurncia obtusa were most abundant Only the
sediment-dwelling dasyclad, Batophora oerstedii colonized
the backreef (Fig. 10)whichis a zone whereit is commonly
found(Tables 1 and 2).

Competition for primary substrate corresponds directly with
the colonization rates of hard substratum. Thus, in the back
reef,wherethepercentof uncolonized epoxyputty is greatest
(Fig. 11),competitive pressures are probably least Both the
backreefandreef flat hadlowratesof colonization compared
to the fore reef but those low rates were probably due to
sediment inundation (Fig. 6) and desiccation respectively.
Overhalfthecolonizersin theforereefweremetaphytes (turf,
Laurencia, Peyssonellia and crustose corallines; Fig. 12)but
therewerealso somemetazoans suchasMillepora in thefore
reef and barnacles on the reef flat Had the experiment
continuedfor more thana year,therecruitedMillepora would
probably have over grown several of the transplants. The
observed colonization rates on epoxy putty in the fore reef
reflecttheorganismsthatdominate thatzone(Tables1and2).

The barnacles that colonized the reef flat did so after the
surveyswerecompleted and thus were not recordedin either
the quadrat(Table 1) or chain transectsamples (Table2).

Only the transplanted coralline, Neogoniolithon strictum;
couldbe reliably measured at all three zonesover the year of
this study. Byfar,thefastest lateralrates ofgrowth werein the
forereef, followed by thebackreefwhichhadaboutone third
the rate measured on the forereef (Fig. 13). The lowestrates
wererecorded onthereefflat There,onlytransplants covered
by water in small tide pools were used so these transplants
probably suffered thermal stress (i.e., 5.9°C temperature
deviation fromtheforereefzone;discussed above). All three
zones had signifIcantly different growth rates (p <0.05,
ANOVA).

Herbivory.--Herbivores thoughttohavethegreatestinfluence
on community structure on reefs include those capable of
grazingdeeply calcium carbonate substrates (Steneck1988;
Steneckand Dethier 1994) such as parrotfIsh (Lewis 1986),
seaurchins (Carpenter 1986), and limpetandchitonmolluscs
(Littleret al, 1995).

No herbivorous invertebrates were found in either the back
reef or reef flat zones (20 quadrats in each zone). Evening
observations for grazing gastropods such as Cerithium sp.
failed to find any although hermit crabs of unknown trophic
habit were observed inside cerithid shells. Herbivorous
molluscs were foundat very low densities on the fore reef.
Two small (6 mm shell length)key hole limpets, Fissurella
angusta, and one chiton (2 mm length) were found in 15
quadrats sampled on the two reef transects.
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Figure 7. Reciprocal transplant design (A-C) and representative results (D-L). Scales are in the lowerleft corner ofeach
photograph. Transplants photographed soon afterbeing transplanted areidentifiedas t =0, theduration ofallothers aregiven
tothenearest month sincet =O. A. Transplantedstromatolitefrombackreeftoreefflat(t =0). B.White pvc transplant support
holding petridishfilledwithunderwater epoxy puttyintowhich turf (left) andcoralline (right) algae weretransplanted to back
reeftt =0). C. Coralline a/galtransplanted to the fore reeftt =0). D. Transplanted stromatolitefrom backreefbacktoback
reef6 molater (E)showsno change and devoid ofotherorganisms. F. Is stromatolite transplant (A,aboveifrombackreefto
reefflat (t =6 mojo Note that it has been so overgrown by turfalgae that it obscures theoriginal transplant. G. Turfalgae
transpiantedfrom thereefflat (t =0)backtoreefflat (H,' t =6 months). I. Another turftransplamfrom thereefflatto theback
reef(t =6mo). J.Coralline, NeoKoniolithon strictumtransplaniedfrom thefore reef(t =0)tothefore reef(K, 6mo). L.Another
coralline tranplantedfrom theforereeftothereefflat (two days later) butbleached white anddiedwithin 24 hduetodesiccation
stress.
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urchin was largely confined to its burrow. Because graze
marks on corallines areeasy to identify (Steneck 1983), the
absence ofsuchmarks intheforereefzone,suggests thatthese
urchins arerelatively unimponant as grazers in this system.
Within the Echinometra zone (see Fig. 2) we recorded
population densities averaging 55 urchinsfm2 (±23,SD;n=7)
at 12.

Herbivory from parrotfishes (i.e.,Sparisoma spp. andScarus
spp.) is one of the most important bioerosive processes
impacting coral reefs. Parrotfish influence macroalgal
community structure(Lewis 1986; Steneck 1988; Steneckand
Dethier1994). Theyalsohavethegreatestper-bite bioerosive
impactoncarbonate substrata (Steneck 1986,1988). Grazing
ratesofscraping herbivorous fish weregreatestontheforereef

and virtually nonexistent in the back reef and reef flat zones
(Fig. 14, Table 3). In the fore reef only two species were
observed grazing over a total observation period of over 5
hours(Le., 47 and 14fiveminuteobservations at transectone
and two, respectively). Although the highest rates were
recorded for the fore reef, they were more than an order of
magnitude lessthan similar methods haveyielded on the well
developed coralreefsof St, CroixandJamaica(Fig. 14).

Bite rates from otherherbivores and from other fishes show
virtuallyall fish activity isconfinedto theforereefzone(Table
3). Otherstromatolite-reefcomparisons weremade alongthe
Exumaarchipelago (locations described in Reid et al, 1995)
with similar results. The stromatolites at Addedy Channel,
IguanaKey,BockCay,LittleDarby, SouthHalls Pond,White
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Figure 8. Surviva! rates of transplanted components of thereefcommunity. The percent of theoriginal transplant survivingfor
crustose coralline algae (top), turfalgae (middle), and Schizothrix matsoftheback reefstromatolites (bottom). Datacombine
results from transplants on transect 1 and2 andshow results from theperiod between June 1992 andJanuary 1993 andfrom
January 1993 andMay1993. Alltransplants thatsufferedsignificant mortalityduring thefirstperiodwere replacedinJanuary
1993. Number within the bar is the number of transplants recorded. Each bar represents the percent surviving an
approximately six month period.
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Figure 9. Summary results of transplant experiment
indicating thepercent of the transplant surviving (Fig. 8) and
the observed cause of mortality written inside eachbox.
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BayCay, and South Warderick Wells all had lower levels of
herbivory than was recorded for the nearestcoral reef system.
Thus all known stromatolites in the Bahamas live in an
environment of relatively low rates of herbivory from fishes.

An additional way to assay herbivory without human
presence, is the Thalassia bioassay technique (Hay 1984).
Using this technique, we observed the highest rates of
herbivory in the fore reef habitats(Fig. 15).

SUMMARY AND CONCLUSIONS

It is probablynot a coincidence thatstromatoliteformation in
normal marine sea water is common only along the western
sideof ExumaSoundin the Bahamas(Reidet al, 1996). In aU
likelihood, the same regional ocean chemistry that creates

ooid shoals and •whitings' is necessary for stromatolite
formation and lithification. This could explain why
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Figure 10.Colonization experiment. Percent of epoxy puttycolonized A. Macroalgae, B. Crustose coralline algae (primarily
Neoioniolithon strictum). C. Filamentous turfalgae. Schizothritx mat. Sample sizes. n =number of epoxysubstrata surveyed.
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Colonization by Eukaryote
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Figure 13. Lateral growth rateofthe crustose coralline alga,
Neogoniolithon strictum. Several measurements were taken
for each of the three plants on each of the transplants (e.g.,
Fig.7). Variance isexpressed as +1 standard error. Sample
sizesare given within eachbar and represent the number of
transplants that weremeasured. Corallines that died were
omittedfromthegrowth ratemeasurements.

are theecological controls on stromatolites development in a
modemreef environment?

The stromatolite-algal ridge-reef assemblages of Stocking
Islandprovide anexcellent laboratory inwhichtoexaminethe
patterns of distribution and abundance of stromatolites
relative to the abundance of modemeukaryote reef-dwelling
biota. The back reef environment is dominated by
stromatolites composed of a nearmonoculture of Schizothrix
andrelatively feweukaryotes (Figs.3, 4, and 16). The low­
diversity back reef grades into a ftlamentous algal turf­
stromatolite complex on the reef-flat and to a diverse
eukaryote-dominated reef-assemblage of coral, coralline,
macro- and turfalgalassemblages on the fore reef (Tables 1
and 2, Fig. 16).

Several independent measures indicate the Stocking Island
stromatolite complex isphysiologically stressed andgradesto
a relatively benign fore reef (Fig. 16). Whereas the reef flat
experiences desiccation and thermal stress as would be
expected for an intertidal zone in the tropics, the sediment
stressin thebackreefis unique (Figs. 5,6, and 16). Periodic
andprolonged inundation ofbackreef substrates precludethe
establishment of long-lived eukaryotesas evidenced in our
transplant experiments (Figs. 8 and 9). The coralline algae,
Neogoniolithon strictum, transplanted to thatzonewas found
tobe surprisingly hardy. Thisisbecauseof coralline'snatural
ability to withstand environments having a low productivity
potential (e.g.,Vadas andSteneck 1988), butalsobecause this
species maybeuniquely capable of shunting photosynthates
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indication of competition for space. Note that Schizothrix
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experiment therefore identical sample sizesas Fig. 10.

stromatolites arenotcommonly foundinotherphysiologically
stressed ecological refuge habitats throughout the Caribbean
eventhough cyanobacterial matsformon thoseareas(e.g., on
thebackreefat DiscoveryBay,Jamaica). Thus,theecological
question of whatcontrols stromatolite formation presupposes
weareonlyconsidering stromatolite-reefcomplexes under the
same stromatolite-producing ocean chemistry necessary for
modem(e.g.,Whittleet al, 1993) andancient(e.g.,Awramik
andRiding 1988) stromatolite development Specifically, in
our study, we examined gradients and habitats of reef and
stromatolites that are close enough to one another to
essentially be in the same water mass. Our question then
became, giventheoceanchemistryfoundin theExumas, what
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building MiUegora and crustose coralline algae.
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Figure 14. Grazing ratesof scraping (scarid) anddenuding (acanthurid) herbivorousfish at three zones (allresults and sample
sizesaregiven in Table 3). Comparison of thesametechnique usedinSt.Croixand Jamaica (from Steneck 1994)for scraping
herbivores on coral reefsis indicated in the upper leftcorner ofthe topgraph.

withinits thallusto nourishits buriedportions(Stenecket al.
1997).

vertebrates (fishes,Figs. 14and 15; Table 3) weregreatestin
the fore reef and lowest in the stromatolite-dominated back
reef (Fig. 16).

Stromatolites dominatein refugia from ecological pressures.
All measured ecologicalpressuresincreased toward the fore Becauseherbivory hasbeensingledout by manyauthorsas a
reef (Fig. 16). Rates of colonization (Figs. 10 and 12) and leadingcause of the decline of ancient stromatolites (Garrett
growth rates of coralline algae (Fig. 13), competition with 1970; Awramik 1990; Riding 1991; Schubert and Bonjer
them, othermacroalgae and metazoans (Fig. 11)and rates of 1992), fish grazing comparisons were done on five other
herbivory from both invertebrates (i.e., sea urchins) and subtidal stromatolite-reef complexes over an approximately
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Table 3.Fishbite rates per zone. Biteraterecorded at all thefivesitesin threereefzones(i.e.,backreef,reefflat, andforereef)
at two transects (e.g.•BR-l and BR-2are backreef samples from transects 1 and2 respectively). Samplesize ("nil) indicates
the number of 5 minuteobservation periods. All data weretransformed to per hourrates for comparision with otherstudies
(seetext). Variance is expressed as onestandard deviation ("SD"). Herbivore trophic groups are defined in Steneck(1988; see
text).

doesn't explain why herbivory is so low. If important
herbivores suchas fish (Lewis 1986; Steneek 1988) were in
thevicinity andtherewereno strongcurrents tointerfere with
their grazing, as was the case for the Lee Stocking Island
stromatolites (Dill et aI. 1991) but not thecase for the Darby
stromatolites (Reidet aI. 1996), why thenweregrazing rates
so uniformly low?

It is possible that calcium carbonate-saturation that
characterizes the Bahamas and the Exuma region may be
necessary for stromatolite development by both facilitating
sediment-trapping cyanobacteria (Riding 1990) and also by
interfering withherbivory. Recentresearch demonstrated that
calcium carbonate candeterherbivorous fish (Pitlik and Paul
1997; Paul 1997; Hay 1997) that useacid for digestion (e.g.•
see Hom 1989) without increasing the aIgas toughness or
resistance to disturbance (sensu Steneck 1988). The
herbivorous fish most affected by calcium carbonate are the
acanthurids such as blue tangs and ocean surgeons. While
thesewereoneofthemostabundantherbivores intheforereef,
they were virtually absent from the back reef (fable 3).
However parrotfish, thatregularly ingestcalcium carbonate.
were also rare in the back reef zone-(Fig. 14 top)• . The
unusually low rates of grazing from carbonate-scraping
parrotfish in theforereef(Fig.14top), suggests thatlowlevels
ofherbivory aIonemay notexplain forthelackofstromatolites
in the fore reef.

Perhaps mostimportant wastheobservation thatstromatolites
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120 km stretch of the Exuma archipelago (see Reid et aI.
1996). Invariably. grazingrates were lower on stromatolite
reefs than they were on their nearby coral counterparts (see
text). While this supports theecological refuge paradigm. it
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Figure 15. Thalassia bioassay technique for determining
rates of herbivory. Number of observations are given with
each bar. Variance is given as one standard deviation.
Overall the highest grazing rateswere on thefore reef
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transplanted to the fore reef persisted (Fig.8). This wasalso
trueforthe transplanted corallines andalgalturfs. It indicates
that the forereefenvironment is not inhospitable toanyof the
groups found in this system and thus species diversity and
competition for space is very high(Fig. 11).

Whilepaleontologists debatewhether stromatolites should be
called "disaster forms" (sensu Schubert and Bottjer 1992)
because they frequently build reefs following major marine
extinction events or "survival forms" (sensu Soja 1994)
becausetheyobviously survivesuchevents, all indicationsare
that stromatolite reefs form where ecological pressures are
low. Basedon our research, we cannotrejectthe Ecological
Refuge Paradigm. However the cyanobacteria that form
stromatolites are common on modem reefs. Such reefs are

often dominated by relatively inconspicuous but highly
productive turf algae (Adey and Steneck 1985; Carpenter
1986; Hatcher 1990) which oftenhas a majority of itsbiomass
comprised ofcyanobacteria (Adey andSteneck1985; Hatcher
1990). That the stromatolites we transplanted to the reef
environment, did not die or disappear entirely, supports the
idea that stromatolite-forming cyanobacteria simply became
incorporated into eukaryotic bioherms throughout the
Phanerozoic andbecause theyaremoreeurytopic than mostof
theireykaryotic counterparts, they survive stresses and even
massextinctions that periodically eliminate the modemreef
builders.

There is no smoking gun associated with episodes of
stromatolite declines since their global dominance in the
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Figure 16. Ecological/actors controlling thedistribution 0/stromatolites along theStocking Island stromatolite-reefgradient.
Thebackreefwhere stromatolites dominate the biota is an ecological refuge. There. species diversity (Tables 1 and 2) and
junctional group diversity (Fig. 4) arelow. physical stressesespeciallyfrom sediment (Figs. 5 and6)arehigh, sothatmostother
organisms cannot survive (Figs. 8 and 9) and otherecological pressures from reef dwellers are low because they cannot
colonize (Fig. 10).theygrowslowly (Fig. 13)andexperience virtually nograzing (Fig. 14,15.orother activityfromfish; Table
3).
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Proterozoic. Thismaybebecause theconstituentorganismsof
stromatolite reefs are not extinct At least as a functional
group, sediment-binding cyanobacteriamayhavealways been
present and on occasions when, or in locations where,
ecological pressures such as competition, colonization,
consumption, or disruption become very low, thesedelicate,
microbially-produced reefsshowthemselves. Todayweonly
getglimpsesof themin theserelatively rareecological refugia.
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