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Seasonal variations in precipitation changed the community
composition and microbial activity in a hypersaline, tropical mi-
crobial mat, in Cabo Rojo, PR. Using a combination of dissection,
light, and transmission electron microscopy, terminal restriction
fragment length polymorphism (T-RFLP), in situ microelectrode
studies, and 35S isotope incubations, we documented the major dif-
ferences between wet and dry seasons. During the wet season (pre-
cipitation 177 mm), cyanobacterial (green layer) and anoxypho-
totrophic (pink layer) communities, as well as the black FeS layer
were well-developed, and T-RFLP patterns indicated a diverse com-
munity. The rate of oxygenic photosynthesis was 49 µM min−1.
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Aerobic respiration was 29 µM min−1, and sulfate reduction was
264 nmol cm−3 h−1. During the dry season (precipitation 51 mm),
cyanobacteria and anoxyphototrophs were less diverse and abun-
dant, and T-RFLP patterns were less complex. The O2 produc-
tion rate was reduced to 9 µM min−1, as was O2 consumption
(7 µM min−1) and sulfate reduction (26 nmol cm−3 h−1). Arag-
onite, calcite, halite, and quartz were the predominant minerals.
Seasonal differences were found in the green and pink layers for
both halite and quartz. Gypsum was not observed, likely due to a
sample handling artifact. The fluctuations in community composi-
tion and metabolic activity, principally reflected in fluctuations in
binding and trapping potential of the uppermost mat community,
might be responsible for the observed differences in mineralogy.

Keywords cyanobacteria, electron microscopy, hypersaline, micro-
bial mat, microelectrodes, mineralogy, sulfate reduction

INTRODUCTION
Microbial mats are laminated organosedimentary structures

that are typically dominated by cyanobacteria. The organic con-
tent of these microbial biofilms varies greatly; while some mats
are gelatinous and almost purely organic (e.g., hypersaline mats
of Guerrero Negro (Des Marais 1995), hydrothermal mats of
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Yellowstone (Castenholz 1994)), others are nearly inorganic
(e.g., modern marine stromatolites; Reid et al. 2000). Character-
istic of all cyanobacterial mats is the extreme diel fluctuations
of geochemical gradients; due to the vast rate of photosynthesis
(Jørgensen 2001), supersaturated O2 concentrations prevail dur-
ing daytime (Revsbech et al. 1983), during which large amounts
of organic carbon are produced. Aerobic respiration rates that
consume this organic carbon render the mat anoxic shortly after
the nighttime sets in. During darkness, sulfate reduction is con-
suming the bulk of the organic carbon (Canfield and Des Marais
1991; Visscher et al. 1992), which leads to sulfide accumulation
that peaks at the beginning of the daytime (Visscher et al. 2002;
Canfield et al. 2004). Depending on the geographical location of
the microbial mat, similar short term fluctuations in temperature,
pH, salinity, hydrodynamic conditions, and various metabolite
concentrations may exist. In addition to these strong short term
fluctuations (i.e, diel, tidal), seasonal changes (e.g., of light con-
ditions, salinity, temperature, precipitation, nutrient availability,
wind speed) impact the mat community as well.

Microbial mats were among the earliest communities (Tice
and Lowe 2004) and have played a key role in the evolution
of Earth (Des Marais 1990), especially during the Precambrian
when stromatolitic mats were abundant in coastal environments.
Microbial mats are ideal model systems for studying microbial
interactions (Van Gemerden 1993), element cycling (Paerl et al.
2001; Visscher and Van Gemerden 1993) and microbe-mineral
interactions (Visscher et al. 1998; Krumbein et al. 2003; De los
Rios et al. 2004).

FIG. 1. (A) Geological map of the Cabo Rojo salterns. The sediments around the mats studied consisted Holocene beach deposits (orange dotted), Tertiary quartz
sand deposits (light gray), and Ponce limestone (Miocene, Oligocene; dark gray). (B) Cabo Rojo mat sample from the wet season showing the three characteristic
layers (green (g), pink (p) and black (b)). (C) Thin section from the mats containing bioclasts of Halimeda (h) and mollusk (m) and cyanobacterial filaments (f).

Many marine and hypersaline mats, comprise the following
main guilds of microorganisms (Van Gemerden 1993; Visscher
and Stolz 2005): 1) cyanobacteria, which are responsible for the
oxygenic photosynthesis in the upper most layer of the mat; 2)
aerobic organoheterotrophic bacteria, which are found in this
green layer as well; 3) anoxygenic phototrophic (purple and
green) bacteria and; 4) chemolithototrophic (colorless sulfur)
bacteria , both typically found in the layer directly underneath
the surface layer; 5) dissimilatory sulfate- and sulfur-reducing
(anaerobic organohetrotrophic) bacteria, which usually domi-
nate the deeper anoxic strata that often contain FeS and pyrite.
The niches of these metabolically different guilds are visualized
as conspicuous green (guilds 1, 2), pink (guilds 3, 4), and black
(guild 5) colored bands (Figure 1C).

The porewater geochemical and sediment characteristics of
the mats determine which microbial processes take place (i.e.,
which guilds are active in a given location at a given time).
In turn, the microbial processes alter the geochemical traits of
the mat (Revsbech et al. 1983; Jørgensen et al. 1983; Visscher
et al. 2002). Through this biotic-abiotic feedback mechanism,
the guilds that comprise the mat community play a pertinent
role in precipitating, dissolving, binding and trapping or alter-
ing minerals (Visscher et al. 1998; Castanier et al. 2000; Gerdes
et al. 2000; Visscher and Stolz 2005), ultimately determining the
mineralogy of the sediment (Riding 2000; Van Lith et al. 2003).
Since the microbial activity typically peaks in the uppermost
5–10 mm of the mat, the surface community controls to a large
extent the geochemical characteristics of these sediments. In the
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surface mat, the most pronounced diel fluctuations are observed
(Revsbech et al. 1983; Visscher et al. 2002). For example, the pH
and geochemical composition of the porewater may be altered
through microbial metabolism through which minerals can pre-
cipitate or dissolve: high photosynthetic rates associated with
the cyanobacterial population (Jørgensen 2001) result in steep
increases in pH (Visscher and Van Gemerden 1991). This con-
dition facilitates calcium carbonate precipitation (Walter et al.
1993; Visscher et al. 1998) and silica dissolution (White and
Brantley 1995). Sulfate reduction produces alkalinity (Walter
et al. 1993; Visscher et al. 2000), which results in the same ef-
fect. Fermentation and aerobic respiration produce acidity and
provide for the opposite scenario (e.g., CaCO3 dissolution). Ex-
opolymeric substances (EPS), produced by cyanobacteria and
other mat microbes under certain conditions (Decho 1990, 2000;
Costerton et al. 1995), play a crucial role in mineral precipitation,
as a template for nucleation and/or through binding of cations
(e.g., Ca2+) by carboxyl groups in the EPS matrix (Arp et al.
1999; Dupraz et al. 2004).

The binding and trapping capacity of the mat community is
another critical aspect that impacts the sediment composition;
minerals that are delivered by the overlying water and atmo-
sphere may be incorporated in the mat. Although the mecha-
nism of binding and trapping is not very well understood (Reid
et al. 2000), the stickiness of the EPS may play an important role
(Dade et al. 1990; Decho 2000; Gerdes et al. 2000; Reid et al.
2000). Whether through EPS or not, the network of the filamen-
tous cyanobacteria (e.g., Microcoleus, Lyngbya, Oscillatoria,
Phormidium, Schizothrix spp.) clearly facilitates the retention
of minerals in the mat and increases the erosional strength of the
sediment (Grant and Gust 1987; Yallop et al. 1994, 2000).

As outlined above, the balance of all metabolic and physi-
ological activities that take place in space and time ultimately
determines the geochemistry of the pore water and mineralogy
of the mats. The latter may persist through time and, as part of
the rock record (Sumner 2000), potentially provide a link with
the modern mats, whose rich diversity and activity we can in-
vestigate today (Des Marais 1990). This offers an opportunity
to better understand the role of microbial mats (including stro-
matolites) in the evolution of life and the changes this may have
caused during the early Earth’s development. Recent discover-
ies by NASA’s rover mission of certain hydrological features
and soil minerals (e.g., jarosite) at the surface of Mars (Madden
et al. 2004), fuelled speculations that perhaps hypersaline en-
vironments may have existed there (Litchfield 1998). Previous
investigations have elucidated aspects of microbe-mineral inter-
actions in a variety of mats (Fouke et al. 2000; Renaut and Jones
2000; Reid et al. 2000, Dupraz et al. 2004, De los Rios et al.
2004).

Here, we present a seasonal study of a hypersaline micro-
bial mat, located near the salterns at Cabo Rojo, PR, which
experience a strong annual salinity fluctuation. In this study, we
compare the community structure, activity of key guilds, geo-
chemical characteristics and mineral composition during the wet

and dry season within the mat. This study provides some insight
into the effect of gross climatologically driven conditions on the
mineral composition of contemporary hypersaline mats.

MATERIALS AND METHODS

Site Description and Sampling
The Cabo Rojo salterns (Figure 1A) are located in the

South-Western region of Puerto Rico (lat. 17◦95′55N, long.
67◦19′71W) that is characterized by relatively low annual pre-
cipitation, strong winds and high temperatures. The mats we
report on here are situated to the north of the salt ponds, in
an area that floods episodically during high tides. Mat samples
for this study were collected between October 2001 and March
2004, both in the wet season (August–December) and in the dry
season (January–April). The period from May through July is
characterized by infrequent precipitation, which marks a tran-
sient period from wet to dry, and was not included in the current
investigation. The mats are submerged during most of the year,
except towards the end of the dry season when they can be briefly
exposed to the atmosphere. As is typical for these systems, the
cyanobacterial mat sediments remained saturated throughout the
entire study period, even when they were briefly exposed to the
atmosphere.

The microbial mats of this study were approximately 50-
70 mm thick, and is underlain by a coarse-grain sediment,
consisting of carbonates and silicates. Measurements were per-
formed in situ, and if not possible, ex situ in mat samples (5 cm
diameter plugs or 15 by 15 cm slabs) under in situ light and
temperature conditions. Samples were transported to a field lab-
oratory 200 m from the site, where additional processing took
place. If needed, samples were transported to laboratories at
UPR Mayaguez, UPR Humacao or UConn while kept on ice in
the dark. Site water was collected in acid-washed Nalgene bot-
tles or by 60-ml syringe. Samples for chlorophyll a (Chla) and
acid volatile sulfides were kept at −20◦C until analysis.

Geochemical and Physico-Chemical Measurements
Depth profiles of O2, S2−, and pH were obtained in situ

(Visscher et al. 1991, 2002) using both needle (Diamond
General) and glass (Unisense) microelectrodes in combination
with a motor-driven micromanipulator (National Aperture). Po-
larographic measurements for O2 and H2S were carried out with
a picoammeter (Unisense PA 2000), and pH and S2− were mea-
sured using a high impedance mV meter (Microscale Measure-
ments). Profiles were determined with a vertical resolution of
ca. 100 µm during the beginning and end of the dark period and
several times during the light period. Measurements of photo-
synthetically active radiation (PAR) were taken at the surface
of the mat using a quantum sensor (LiCor 190SA or 192SA).
Fifteen-second running averages taken throughout the light pe-
riod were used to calculate the daytime total radiation (Table 1).
The pH and temperature of the overlying water was measured
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TABLE 1
Prevailing physicochemical and meteorological conditions in

the Cabo Rojo salterns during the dry (January–April) and wet
(August–December) seasons

Dry season Wet season

Precipitation (mm) 51 177
Daytime light intensity during site 46.1 32.4

visits (mol photons m−2 d−1)
Temperature (◦C)

Water column 33.9 25.5
Sediments (upper 10 mm) 32.2 26.3

Salinity (ppt) 150–265 40–150
pH 8.36 8.27

Mean values, or range (for salinity), from at least two consecutive
years are presented.

using a combined pH and temperature meter (Hanna Instru-
ments HI 9024C). The temperature probe was also deployed
to determine the temperature inside the mat at different depths.
The salinity readings were taken with a handheld refractometer
(Westover Co. RHS-10-AT). Chla was measured spectropho-
tometrically after methanol extraction (Stal et al. 1984). Acid
volatile sulfides (AVS) were determined spectrophotometrically
using the methylene blue method (Trüper and Schlegel 1964).
Ammonium, nitrate/nitrite and phosphate in the overlying water
were monitored using a HACH nutrient field kit.

Microbial Rate Measurements
The rate of O2 production (a measure for net photosynthesis)

and consumption (a proxy for aerobic respiration) were deter-
mined using the light/dark shift method (Revsbech et al. 1986;
Epping et al. 1999). This method, which uses glass microelec-
trodes, was deployed in situ (i.e., under ambient light condi-
tions) during the wet and dry seasons. The vertical distribution
of sulfate-reducing activity was measured with a strip of silver
foil (20 by 50 mm, 50 µm thick) coated with 35SO2−

4 (0.2 mCi
foil−1; Amersham Bioscience) (Visscher et al. 2000). Freshly cut
sediment samples were incubated for up to 4 h, after which the
activity of Ag35S was digitized in the laboratory with a BioRad
Molecular Imager System GS-525. Pixel intensity was corre-
lated to the total activity measured in the upper 15 mm of intact
mat samples that were processed using single-step reduction
distillation (Fossing and Jørgensen 1989; Visscher et al. 1992).

Microscopy
Mat samples were examined by dissecting microscope

(Olympus SZ40), light microscope using phase contrast and/or
fluorescence (Olympus BX51 and Nikon Eclipse E-400), elec-
tron microscope and also by petrographic microscope (see
below). Freshly cut hand samples were used for examination
of macroscopic features by dissecting microscope (e.g., distri-

bution of cyanobacteria, minerals, EPS, etc.). Light microscopy,
routinely used in combination with autofluorescence, was used
to determine dominant cyanobacteria and anoxyphototrophs.

Transmission Electron Microscopy (TEM)
Each mat sample was fixed immediately after collection using

2.5% glutaraldehyde and filter-sterilized buffer prepared with
water from the site (Stolz 1991). A dissecting microscope was
used to determine the presence and thickness of layers accord-
ing to their colors. The green, pink and black layers were ap-
proximately 1–2 mm, 1 mm, and ca. 50 mm thick, respectively.
The individual layer were dissected and placed in fresh fixative,
maintaining the orientation. Samples were then rinsed in filter-
sterilized buffer, postfixed in 1% osmium tetroxide and stained
with 0.5% uranyl acetate (Stolz 1984). The samples were de-
hydrated with ethanol and propylene oxide, and embedded in
Spurr’s resin (LADD Research Industries). Thick (∼200 nm)
and ultra thin (∼90 nm) sections were cut with an ultra micro-
tome using a diamond knife. Thick sections were stained with
toluidine blue. Thin sections were stained with 3% uranyl acetate
for 20 minutes and 1% lead citrate for 15 minutes and viewed
on a Philips 2001 transmission electron microscope at 60 kV.
Images were recorded using a Spot Insight camera (Diagnostic
Instruments) and digitally enhanced to increase contrast using
Adobe Photoshop software.

Community Assessment Using Terminal Restriction
Fragment Length Polymorphism (T-RFLP)

Changes in community structure were investigated us-
ing T-RFLP (Liu et al. 1997). Total genomic DNA was
extracted and purified from individual mat layers using a
DNA Soil Extraction kit (MoBio). The primers 27F (5′-
AGAGTTTGATCCTGGCTCAG), labeled at the 5′-end with 6-
carboxyfluorescein (Perkin-Elmer Life Sciences) and 1492R (5′-
GGTTACCTTGTTACGACTT) were used to amplify ∼1.5 kb
of the 16S rDNA bacterial gene. For each mat sample, triplicate
PCR amplifications of 16S rDNA genes were performed. Each
PCR reaction contained 25 ng of template DNA, 20 pmol of
primer, and the amplification conditions were 1 cycle at 94◦C
for 5 min, followed by 30 cycles of 94◦C for 0.5 min, 55◦C for
0.5 min, and 72◦C for 1.5 min, with a final extension step at 72◦C
for 10 min. After amplification, 20 ng of amplicons from the mat
layers were digested with HhaI and labeled (Perez-Jimenez and
Kerkhof 2005). Fluorescently labeled terminal restriction frag-
ments (TRF’s) were separated by capillary electrophoresis in the
ABI 310 genetic analyzer. T-RFLP information was analyzed
using 310 Genescan v. 3.1 software (Applied Biosystems).

Sedimentology
The mineral composition was observed by dissecting mi-

croscope and quantified by X-ray Diffraction (XRD; Siemens
D-5000). Replicate samples were collected during years 2002–
2004 and the mineral content was identified and quantified in
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every layer. Pure minerals that were found in a preliminary sur-
vey of the mat layers (aragonite, gypsum, halite, calcite, and
quartz) were pulverized as standards for the XRD program.
The relative abundance of the minerals was calculated with
the D-Quant software (Diffract Plus 2002). Quantification in
this program is based upon measurements of peak areas and/or
peak heights, which are both referred to as “intensities” (Cullity
1978). The program uses the representative peaks of the minerals
in the mixture using spectra of standards.

The distinct green surface, pink middle and black bottom mat
layers were separated and oven dried (100◦C) for 24 h until there
was no water present. It should be noted that heating and drying
makes identification of halite crystals problematic (see Discus-
sion section). Each layer was then pulverized and analyzed using
XRD. Individual bioclasts and grains were also identified and
counted (point counts) in petrographic thin sections to deter-
mine the possible origin and genesis of the different minerals.
Thin sections were prepared from sediment samples impreg-
nated with epoxy that were cut and mounted on a slide. The
thickness was reduced by saw and polishing prior to viewing
with a petrographic microscope (Nikon Labophoto-pol). Point
counting was used to identify and quantify the percentages of
various minerals, grains and structures in the thin sections. The
mineralogy of most of the grains and bioclasts (not crystals) was
determined to verify their relative abundance obtained by XRD
analysis. The origin of isolated or aggregated crystals that were
not associated with well-defined grains or bioclasts could not be
determined.

RESULTS
The seasonal changes in Cabo Rojo display the typical pat-

tern of the tropical Caribbean (Table 1). The rainfall decreased
from ca. 177 mm during the rainy season to 51 mm during the
dry seasons, while the salinity, temperature and pH values all
increased. These changes translated in a decreased productivity
of the mats as revealed by microelectrode analyses (Figure 2).
The maximum [O2], associated with the cyanobacterial layer,
increased eight-fold during the wet season. This is in part due
to the much lower salinity, which allows for a higher satura-
tion concentration, but also due to three- to four-fold higher
rates of O2 production and consumption, as determined with
the light/dark shift (Table 2). It should be noted that the O2

consumption rates include aerobic respiration, microbial sulfide
oxidation and abiotic reactions (including chemical oxidation
of sulfide, ammonia). The S2− profiles displayed a similar pat-
tern; the concentrations during the wet season were typically
20 times higher than during the dry season. We attempted to
deploy polarographic H2S sensors, but due to pH values >8,
we were only able to detect free sulfide in low concentrations
at 45–50 mm depth. As expected, the maximum pH value was
associated with the peak in O2 concentration (data not shown),
and reached values of 9.8 and 8.7, respectively during the wet
and dry season. Similarly, the sulfate reduction activity during

TABLE 2
Microbial and geochemical characteristics of the Cabo Rojo

mats during the dry and wet seasons

Dry season Wet season

Chlorophyll a (µg · cm−2) 85 ± 24 340 ± 28
Maximum O2 production rate 9.4 ± 3.3 48.9 ± 11.5

(µM min−1)
Maximum O2 consumption rate 7.1 ± 1.8 29.1 ± 7.2

(µM min−1)
Sulfate reduction rate 26 ± 12 264 ± 46

(nmol cm−3 h−1)
Acid volatile sulfide (µmol cm−3) 18 ± 2 24 ± 4

Data represent the average ± the standard deviation (n = 3).

the wet season was not only higher than during the dry season,
but also more concentrated near the surface (Figure 2). Rate
measurements in the top 15 mm of the mat revealed a sulfate
reduction rate of 264 and 26 nmol cm−3 h−1 for the wet and dry
season, respectively, which is in reasonable agreement with the
silver foil observations. Similarly, the acid volatile sulfur (AVS)
pool, predominantly consisting of FeS as inferred from the black
appearance, was slightly larger in the wet season than in the
dry season (Table 2). The Chla concentration was ca. four times
higher during the wet season than during the dry season (Table 2)
when expressed per surface area (i.e., depth integrated). How-
ever, during the dry season, the Chla was constrained to a
much thinner stratum, indicating a smaller, but equally viable
cyanobacterial population. The ammonium concentration was
<8 µM during the dry season and peaked at values >400 µM
during the wet season. This increase may have been caused
by degradation of nitrogen containing osmolytes yielding am-
monium, which is typical for hypersaline environments (Diaz
et al. 1992). In contrast, the combined NO−

3 /NO−
2 concentra-

tion remained relatively constant at 180–200 µM throughout the
year. Phosphate concentrations varied more between individual
years than between seasons, with values between <0.2 µM to
3.5 µM.

The community composition and corresponding mineralogy
with depth was investigated in parallel samples. Three main lay-
ers (green, pink, and black) were studied during both wet and
dry periods. During the wet period, a thin, brown layer formed
between the pink and black layers. Cross-sections of hand sam-
ples clearly displayed a much more developed green and pink
layer during the wet season. All layers contained minerals, with
dimensions ranging from microcrystalline to mm-sized pieces
(including flakes from the calcareous alga Halimeda sp. and shell
fragments that were several mm long). There was no marked dif-
ference in mineral content (percentage minerals of total volume)
between samples from the wet and dry season.

Light and transmission electron microscopic observations re-
vealed a diversity of cyanobacteria, including both filamentous
and coccoid species in the green layer. Copious amounts of EPS
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FIG. 2. Geochemical and microbial characteristics of the Cabo Rojo microbial mats. Top panels: Microelectrode profiles of oxygen (squares) and sulfide (circles).
Note the different scales on the x-axes. Bottom panels: Two-dimensional map of the sulfate reduction rates. Individual pixels represent activity of sulfate reduction.
Dark pixels represent high activity, light pixels low activity. In all panels: the left hand site represent wet season measurements, the right hand side displays data
from the dry season.

were observed during both wet and dry season in this green
layer (Figure 3A), which also contained filamentous cyanobac-
teria resembling Microcoleus, Lyngbya spp. (Figure 3B–C). Dur-
ing the dry season, many intracellular inclusions were present
(Figure 3C), which could perhaps be glycogen, polyphosphates,
poly-β-hydroxyalkanoates (PHA). The sheaths were relatively
thick (Figure 3D–E), possibly protecting against desiccation.
After rainy events, an instantaneous proliferation of diatoms

(Figure 3F), amoebas from the Sarcodina family (Figure 3F)
and benthic dinoflagellates (Fig 3G–H) was noticeable. Fila-
mentous cyanobacteria with their characteristic radial filaments
(i.e., Microcoleus sp.) remained present during the wet season
(Figure 3I). Similar to observations in the Guerrero Negro mats
(D’Amelio et al. 1989), during the wet season, most micrographs
revealed the presence of an unidentified filamentous purple bac-
terium (Figure 3J).
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FIG. 3. Transmission electron micrographs (TEM) of the most abundant organisms present in the green layer of the Cabo Rojo mats during the dry (A through
D) and wet (E through J) seasons. Panel A reveals the exopolymeric matrix (eps) that covers the green layer in which a series of unidentified organisms resembling
Chroococcales (c) are embedded. Panel B shows a cross-section of filamentous oscillatorian Microcoleus chthonoplates with it characteristic radial arrangement (rl)
of the photosynthetic lamellae. Panel C displays a longitudinal and cross-sections of an organism that resembles Lyngbya sp. Note thick sheaths (s), the thylacoids
(t) membranes and presence of intracellular granules (i) in panels C and D. Eukaryotic organisms (E through H) were more abundant during the wet period, as
depicted by diatoms (E) and their characteristic silicous frustules (sf), amebas (F) as well as benthic dinoflagellates (H and I) with cross sections of their ondulatory
flagellum (the black dots). Filamentous forms such as Microcoleus sp. with their radial filaments (I) combined with an unidentified filamentous purple bacterium
(J) were also predominant organisms. Scale bars for each panel: A-2 um, B-2.2 µm, C-0.8 µm, D-0.4 µm, E-1.5 µm, F-500 nm, G-2 µm, H-500 nm, I-0.8 µm
and J-1.5 µm.

The pink zone underneath the green surface layer was charac-
terized by unidentified filamentous anoxyphototrophs as deter-
mined by the characteristic photosynthetic lamellae (Figure 4A).
Other organisms in this layer included a cyanobacteria resem-
bling Johannesbaptistia sp. (Figure 4B) and possibly the sulfur-
oxidizer Beggiatoa sp. (Figure 4C). Analyses of the pink layer
during the wet seasons indicate more unidentified coccoids and
filamentous bacteria (Figure 4D), spore-forming bacteria (Fig-
ure 4E) and Microcoleus sp. (Figure 4F) were present in this
transient oxic-anoxic zone. Some species from the pink layer
may have moved to the deeper, brown layer that developed dur-
ing the rainy period (Figure 4G–4I). The brown layer harbored
diverse populations of coccoids (c), filamentous morphotypes
with large intracellular deposits (e.g., PHA or polyphosphate)
and bacterial forms including vibriods (Figure 4G). Meiofauna
were also visible (Figure 4H) as well as bacilli (Figure 4I) em-
bedded in their extracellular matrix.

During the dry (Figures 5A–5F) and wet (Figures 5G-L) sea-
sons, the black bottom layer of the mat contained a variety of mi-

croorganisms, notably spirochetes with their characteristic axial
filaments (Figure 5B). Empty cyanobacterial sheaths were vis-
ible, some of which were invaded by spirochetes (Figures 5A,
5G–5I). A few unidentified cyanobacteria were found in this
layer (longitudinal sections, Figures 5C–5D; cross sections, Fig-
ures 5E–5F). A similar pattern was found during the wet season
in which spirochetes (Figures 5I–5J) and either cross sections
of Microcoleus filaments or Gloeocapsa-like organisms were
observed (Figures 5K–5L).

T-RFLP analysis supports the community changes from the
wet to the dry season observed by microscopy. Distinct T-RFLP
patterns were observed when comparing the different mat layers
from the wet and dry seasons. (Figures 6A–6D). During the
wet season, variations in the green and black layers were less
pronounced (Figures 6A–6B). However, there was an increase
in the number of peaks of the electropherograms generated from
the same layers during the dry season (Figures 6C–6D, dotted
boxes), indicating variations in the bacterial community due to
the extreme conditions of the season (Table 1).
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FIG. 4. TEM micrographs of microorganisms in the pink and brown layers of the Cabo Rojo mats during the dry (panels A through C) and wet (D through
I) seasons. The pink layer exhibited some anoxyphototrophs (as indicated by their thylakoid membranes, t) as shown in panel A. Other filamentous organisms
present resemble Johannesbaptistia sp. (B) and Beggiatoa sp. (C) with their characteristic sulfur granules (sg). An unidentified filamentous purple bacterium (u)
previously reported dominated the layer in the wet season (D). Terminal spore (sp) with a swollen sporangium (E) and bundles of Microcoleus sp. were also present
(F). The brown layer, which appeared during the wet season, contained vibrio-shaped bacteria (v) within empty cyanobacterial sheets (G), the cephalic organ (CO)
of an occasional nematode (H), and the nucleid region (nu) of a bacilli embedded, (I) in the extracellular matrix (eps). Scale bars per panel: A-0.7 µm, B-500 nm,
C-0.7 µm, D-1.0 µm, E-500 nm, F-500 nm, G-40.3 µm, H-1.5 µm, I-0.2 µm.

The most abundant minerals present in the mat sediments in-
cluded aragonite (CaCO3), calcite (CaCO3), halite (NaCl), and
quartz (SiO2) (Table 3). With one exception, when it was the
second-most abundant, aragonite was the dominant mineral in
all layers during both seasons. In the dry season, the relative pro-
portion of halite increased, indicating that precipitation of this
mineral may be coupled to the increased salinity of the overly-
ing water and/or brief periods of exposure of the mat surface to
the atmosphere. When rainfall lowered the salinity during the
wet season, the halite contribution in the surface layer decreased
dramatically. The relative contribution of quartz showed the op-
posite pattern, increasing during the wet season. As described
above, the diatom population increased during the wet season as
well, which may have added to a higher contribution of quartz.
Interestingly, the calcite fraction of the total remained relatively
constant with depth and over time. It should be noted that these

are relative abundances and that the absolute amounts between
wet and dry season could have been vastly different, especially
in the surface layer.

DISCUSSION
Microbial mat communities produce biosignatures (Riding

2000; Arp et al. 2001) that potentially contribute to the fab-
ric of the permanent rock record, including macroscale surface
features such as ripples, tufts, pinnacles and polygonal cracks
(Noffke 1998; Gerdes et al. 2000) and the microscale character-
istics such as carbonate minerals (Chafetz and Buczynski 1992;
Reid et al. 2000). The mat community responds to physical,
physicochemical and geochemical changes of the environment,
which results in alterations of the various biosignatures.

In our study, the precipitation follows a typical tropical
Caribbean pattern with a pronounced wet and dry season. As
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FIG. 5. TEM micrographs of the different microorganisms found in the black layers of the Cabo Rojo mats during the dry (A–F) and wet (G–L) seasons.
During both seasons the bottom layer showed abundant spirochetes (sp) with their characteristic axial filaments (af), which appeared to be living inside empty
cyanobacterial sheaths (s). Longitudinal (C and D) and cross sections (E, K, and L) of filamentous unidentified cyanobacteria were also observed. Scale bars per
panel: A-1.0 µm, B-0.2 µm, C-0.7 µm, D-0.7 µm, E-500 nm, F-500 nm, G-8.0 µm, H-3.0 µm, I-500 nm, J-500 nm, K-500 nm and L-0.6 µm.

a result, the microbial mats in Cabo Rojo are subject to an
annual salinity cycle. This is in sharp contrast to other well-
studied hypersaline mats, such as those of Solar Lake, Egypt
(Krumbein et al. 1977), Guerrero Negro, Mexico (Des Marais
1995), Eilat, Israel (Sørensen et al. 2004) and Storrs Lake,
Bahamas (Pinckney et al. 1995), in which the salinity is more
constant.

It has been well-documented that salinity affects both
community composition and microbial activities (Javor 1989;
Pinckney et al. 1995; Visscher et al. 2003; Sørensen et al. 2004).
The current study supports these observations: light and elec-
tron microscopic observations (Figures 3–5) and T-RFLP pat-
terns (Figure 6) indicate that individual organisms as well as the
entire community undergo marked changes. These changes are
also evident using other metabolic markers such as the srbA gene
(i.e., specific for sulfidogenic populations), preliminary T-RFLP
profiles using the srbA gene reveal distinctive patterns across
the mat layers from both seasons (Perez-Jimenez unpublished
results). In addition to alterations in community composition of
the mats, the geochemical and microbial indices (depth profiles
of O2 and S2−, metabolic activities, Chla, etc.; Table 2, Figure
2) also change, in general by a factor of four to ten when the

salinity increases from 40 ppt to 265 ppt. It is remarkable that
at the high salinity, the community is relatively active, possi-
bly in part due to a protective EPS layer (Decho 2000). When
normalized for Chla, the O2 production rates in the dry season
still comprise ca. 80% of the peak value observed during the
wet season (Table 2). Canfield et al. (2004) observed a strong
effect on O2 production in gypsum-encrusted hypersaline mats
in Eilat, Israel, when the salinity was decreased artificially from
230 to 200 ppt, the O2 production increased by a factor of four. In
sediment slurries from the same system, Sørensen et al. (2004)
observed a dramatic decrease of the sulfate reduction rates when
the salinity increased. Similar to our observations, above 215 ppt,
the rate of sulfate reduction in these slurries decreased by more
than one order of magnitude compared to the highest values at
100–120 ppt.

The changes in community composition during wet and dry
season indicate that differences in mineralogy in the mat could be
expected. In addition to geochemical alterations by microbes that
result in precipitation or dissolution of minerals, allochtonous
inputs may play an important role in determining the actual
mineral composition of the mat. Binding and trapping of al-
lochthonous minerals, delivered through aeolian input and/or
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FIG. 6. T-RFLP profiles of HhaI-digested bacterial 16S rDNAs amplified from the different layers of the Cabo Rojo mats during the wet (panels A–C) and dry
(panels D–F) period, respectively. Solid squares include restriction fragment peaks shared by other mat layers while dashed squares represent regions with unique
peaks (depicted by the arrows). The x-axis represents the size of the fragments in base pairs (bp) and the y-axis the relative fluorescence units.

through transport via the water is one of the key processes in the
Cabo Rojo system. This is corroborated by the presence of frag-
ments of shells and Halemida sp. throughout the mat. The green
calcareous alga, Halemida sp., is abundant in the shallow waters
surrounding the salterns. The external sources of calcite (bivalve
and gastropod shells) and aragonite (Halimeda) are likely to have
surpassed the potential internal production of these minerals, as
is indicated by the point source measurements. However, it can-
not be ruled out that microbial activity alters these fragments
through sequences of dissolution and precipitation, similar to
observation in stromatolite-forming mats (Reid et al. 2000) and
hypersaline pond mats (Dupraz et al. 2004). A similar scenario
of external supply could support the presence of quartz in the
mat, although diatoms, typically an actively component of mats
(D’Amelio et al. 1989; Javor 1989; Stolz 1984) may have added
to the SiO2 reservoir as well. The similarity in size of the en-
trapped quartz and quartz sand to the north of our sampling area
(Figure 1A) strongly suggest the allochthonous nature of this
mineral.

Effective binding and trapping by the mat community is a
critical step in the incorporation of externally supplied minerals
(Stal 1994; Gerdes et al. 2000; Reid et al. 2000). The mineral

content of microbial mats in Antarctica could be explained by
a combination of aeolian input, which varies seasonally, and
the binding and trapping capacity of filamentous cyanobacteria,
which activity fluctuates greatly in this location (De los Rios
et al. 2004). Filamentous cyanobacteria, possibly through pro-
duction of sticky EPS (Dade et al. 1990; Yallop et al. 1994;
Decho 2000), or baffling of the water flow (Gerdes et al. 2000;
Noffke 2003) have been shown to affect the structural integrity
and increase the accretion of sediments (Grant and Gust 1987;
De Winder et al. 1999; Yallop et al. 2000). When compared to
other cyanobacteria and diatoms, Microcoleus chthonoplastes
binds noncohesive sediments very strongly; the coefficient of
biogenic stabilization of 21.6 is one order of magnitude higher
than that observed for diatoms (Yallop et al. 1994). De Winder
et al. (1999) noted that the inter-particle space of siliciclastic
mats was completely occupied by cyanobacterial polymers and
that these polymers had a pronounced effect on sediment stabi-
lization. The Chla content of the mats was the highest during
the wet seasons (Table 2), when copious amounts of EPS and
Microcoleus sp. are observed by light microscopy and the water
flow over the mat peaks as well. Similarly, when sampling mat
slabs during the wet season in this study, we had to exercise
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TABLE 3
Most abundant minerals present in the three major mat layers

of the mat (see Figure 1B) and their relative abundance
(percentages of total) during the dry and wet seasons

Wet period Dry period
(% of total (% of total

mineral fraction mineral fraction
Mineral analyzed) analyzed)

Green layer
Aragonite 53.1 34.3
Halite 6.2 53.3
Calcite 6.6 5.9
Quartz 34.1 6.4

Pink and Brown∗ layers
Aragonite 60.9 46.6
Halite 25.5 41.5
Calcite 6.3 7.1
Quartz 7.3 4.8

Black layer
Aragonite 65.1 58.1
Halite 21.1 30.0
Calcite 5.6 6.1
Quartz 8.2 5.8

∗Present only in the wet season.

great care when lifting the cut pieces: the coarse sediments un-
derneath the mat were easily resuspended and immediately fused
with the green surface of the mat within seconds. Once trapped
in the upper EPS matrix, these particles could not be washed off.
We therefore assume that the binding and trapping potential is
the greatest during the wet season.

When comparing patterns in mineral composition in the mat
during the wet and dry seasons, quartz and halite show the
largest shifts in relative abundance. Halite, which is commonly
produced during evaporation in hypersaline sediments, peaked
during the dry season. Although the sediments were always sat-
urated during our frequent field visits, it cannot be ruled out
that the mat surface was exposed to the atmosphere allowing
evaporation to take place. Also, during oven drying, halite in
the pore water may have crystallized, which could explain the
vast difference between the two seasons. During the wet season,
the relative abundances in the green layer of quartz (5–6 times)
and aragonite (ca. 1.5 times) were 5 and 1.5 times higher, re-
spectively, than during the dry season. This suggests that binding
and trapping of minerals is indeed more prevalent during the wet
season, when the surface community of cyanobacteria is more
developed. It also suggests that the quartz is bound and trapped
more effectively, or that the input of quartz varies more between
the wet and dry seasons. Small changes in the bottom layer were
expected, as this layer is distanced from extrinsic inputs.

Gypsum is typically observed in hypersaline mats (Javor
1989; Sørensen et al. 2004). In a preliminary study, we did de-

tect gypsum and anhydrite by XRD and gypsum in thin sec-
tions, but not during the period we report on here. This is
surprising, although the lack of gypsum could be explained
by the treatment of the mat samples. During oven drying, the
gypsum (CaSO4·2H2O) may have been converted to bassanite
(CaSO4·1/2H2O) and/or anhydrite (CaSO4) (Klein and Hurlbut
1999).

To the best of our knowledge, this is the first study in which
microbial community composition, metabolic activity and min-
eral composition are measured in the same mat during ex-
treme salinity fluctuations. Therefore, we cannot directly com-
pare our results with other investigations. However, in a recent
study, Canfield et al. (2004) reported similar unexpectedly high
metabolic rates under extreme salinity (230 ppt) in mats covered
by a gypsum crust. Although the individual mats in that study
do not undergo similar salinity fluctuations as those in our study,
a short term salinity decrease from 230 ppt to 200 ppt demon-
strated an immediate increase in O2 production by a factor of
four (Canfield et al. 2004). In a separate study, the same inves-
tigators (Sørensen et al. 2004) reported that the heterotrophic
activity was strongly reduced when the salinity exceeded
180 ppt.

Two factors, critical in the microbially-mediated precipitation
of carbonates in mats, can be summarized as: 1) an alteration
of the saturation index of CaCO3, through changes in pH and
[CO2−

3 ] (Visscher and Stolz, 2005), and 2) the presence of a nu-
cleation site, which can be provided by the EPS matrix (Decho
and Kawaguchi 2003). Although no biogenic mineral produc-
tion within the mat was detected in this study, based on our
current observations, it is expected that the different commu-
nity composition, and hence metabolic activity of the various
functional groups/guilds, will result in pronounced differences
in mineral precipitation between wet and dry seasons. Espe-
cially when combined activities of photosynthesis and sulfate
reduction display peaks during the wet season, microcrystalline
CaCO3 is expected to precipitate, while a stronger input of bind-
ing and trapping is expected during the end of the wet season
through early on in the dry seasons. Further investigations in
the field and with pure cultures, evaluating stable isotope sig-
natures and using scanning electron microscopy are needed to
substantiate this expectation.
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