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Abstract  Interactions of the microbial mat community with the sedimentary environ-
ment were evaluated in two shallow, ephemeral lakes with markedly different hydrochem-
istry and mineralogy. The characterization of growing and decaying microbial mats by 
light microscopy observations and fluorescence in  situ hybridization was complemented 
with biogeochemical and mineralogical measurements. The lakes studied were Eras and 
Altillo Chica, both located in Central Spain and representing poly-extreme environments. 
Lake Eras is a highly alkaline, brackish to saline lake containing a high concentration of 
chloride, and in which the carbonate concentration exceeds the sulfate concentration. The 
presence of magnesium is crucial for the precipitation of hydromagnesite in microbialites 
of this lake. Altillo Chica is a mesosaline to hypersaline playa lake with high concentra-
tions of sulfate and chloride, favoring the formation of gypsum microbialites. Differences 
in the microbial community composition and mineralogy of the microbialites between the 
two lakes were primarily controlled by alkalinity and salinity. Lake Eras was dominated by 
the cyanobacterial genus Oscillatoria, as well as Alphaproteobacteria, Gammaproteobac-
teria and Firmicutes. When the mat decayed, Alphaproteobacteria and Deltaproteobacteria 
increased and became the dominant heterotrophs, as opposed to Firmicutes. In contrast, 
Deltaproteobacteria was the most abundant group in Lake Altillo Chica, where desiccation 
led to mats decay during evaporite formation. In addition to Deltaproteobacteria, Cyano-
bacteria, Actinobacteria, Alphaproteobacteria and Gammaproteobacteria were found in 
Altillo Chica, mostly during microbial mats growth. At both sites, microbial mats favored 
the precipitation of sulfate and carbonate minerals. The precipitation of carbonate is higher 
in the soda lake due to a stronger alkalinity engine and probably a higher degradation rate 
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of exopolymeric substances. Our findings clarify the distribution patterns of microbial 
community composition in ephemeral lakes at the levels of whole communities, which 
were subjected to environmental conditions similar to those that may have existed during 
early Earth.

Keywords  Playa lakes · Hypersaline · Alkaline · Desiccation · Microbial mats · 
Seasonality

1  Introduction

Microbes have influenced the formation of minerals and sedimentary rocks such as stro-
matolites and have affected the global biogeochemical cycles since they first appeared on 
Earth (Newman and Banfield 2002). Specifically, halophilic and alkaliphilic organisms 
may have existed early during Earth’s history when hypersaline, high pH conditions may 
have prevailed (Jones et al. 1998; Yang et al. 2016).

There is increasing evidence that microbes forming microbial mats proliferate in playa 
lakes, i.e., intracontinental, small, shallow basins, which frequently evaporate to dry-
ness (Power et al. 2007; Navarro et al. 2009; Foster et al. 2010; Sanz-Montero and Rod-
ríguez-Aranda 2013; Rodríguez-Aranda and Sanz-Montero 2015; Sanz-Montero et  al. 
Sanz-Montero et  al. 2015a, 2016). In these extreme environments with wet–dry cycles, 
interactions between microorganisms and hydrochemistry play an important role in brine 
evolution and precipitation of minerals (e.g., carbonates and sulfates) leading to the for-
mation of microbialites (Baumgartner et  al. 2006;  Cabestrero et  al. 2013, 2014a; Farías 
et al. 2014; Sanz-Montero et al. 2013a, 2015b; Cabestrero and Sanz-Montero 2018). Playa 
lakes are conspicuous worldwide (Navarro et al. 2009) and harbor a vast number of biogeo-
chemical processes, notably within the sediments. However, few geomicrobiological stud-
ies have been carried out in ephemeral playa lakes in which water availability and composi-
tion (salinity, pH, Eh, etc.) as well as the mineralogy change drastically through the year.

In this paper, the microbial composition of two distinctive extreme playas lakes, cho-
sen from a total of six playa basins distributed across two evaporitic systems that undergo 
wet–dry cycles, was investigated. Both lakes are located in hydrologically closed setting at 
similar latitude and climatic conditions, but with markedly different hydrochemistry and 
mineralogy (Cabestrero et  al. 2015a; Cabestrero and Sanz-Montero 2018). One of these 
playa lakes, Eras, is a highly alkaline (pH ≤ 11.3), brackish to saline, trona-containing sys-
tem, with a high concentration of chloride and in which the concentration of carbonate 
ion exceeds sulfate. Unlike other soda lakes, in addition to Na carbonates, Lake Eras is 
characterized by a high concentration of Mg2+ that leads to the formation of Mg carbon-
ates, notably hydromagnesite (Sanz-Montero et al. 2013b). As such, Lake Eras is one of 
the few modern environments where hydromagnesite is a dominant precipitate in micro-
bialites (Sanz-Montero et al. 2013c). Altillo Chica, in the other playa system, is a meso-
saline to hypersaline (2 to > 300  g  L−1) lake, with a high concentration of sulfate and 
chloride, favoring the formation of gypsum microbialites (Sanz-Montero et al. 2015b) with 
other minerals precipitating in crusts such as Mg and/or Na sulfates (Cabestrero et al. 2013, 
2014a; Sanz-Montero et al. 2013a; Cabestrero and Sanz-Montero 2018).

The purpose of this paper is to evaluate the precipitation of the minerals formed in 
microbial mats present in evaporitic lakes subjected to dry–wet cycles. Permanently sub-
mersed mats have been described in detail (Schneider et al. 2013; Wong et al. 2015), but 
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the reports of mats subjected to dry–wet cycles that grow submerged and decay seasonally 
are scarce. Experimental treatment of excised mat samples complemented with a molecular 
diversity study was carried out to investigate mat development, which was used to better 
define the microbial groups and understand the mechanisms that affect mineral precipita-
tion. In addition, microbial mat layering was correlated to geochemical gradients (e.g., pH, 
oxygen and sulfide profiles) on a small scale and with the physicochemical and geochemi-
cal characteristics (e.g., ions, salinity, temperature, pH, dissolved oxygen (DO) and Eh) on 
a large spatial scale.

2 � Site Description

The playa lakes studied (Eras and Altillo Chica) are found in two different, closed-drain-
age areas located in the center of Spain, approximately 150  km north (41°12′1.04″N, 
4°34′55.73″W) and 100  km south of Madrid (39°42′3.94″N, 3°18′9.97″W), respectively 
(Fig. 1).

2.1 � Lake Eras

Eras (ER) is an alkaline (pH up to 11.3), brackish to saline (0.4−15.1 g L−1) and ephemeral 
lake, located in a closed-drainage area in the Duero Basin, Central Spain (Fig. 1a). Lake 
Eras with a maximum area of 0.1 km2 is a groundwater-fed, shallow basin (less than 0.6 m 
deep). The basin is located at an elevation of 802 m, overlying Cenozoic siltstones, sand-
stones, marlstones and eolian sands. The region has a continental climate, characterized by 
seasonal changes in temperature (from  −10 to 38 °C) and in rainfall (wet period during the 
winter and early spring). The area has low annual precipitation levels (400–500 mm y−1). 
Lake Eras is usually dry from August to October, when it converts to a playa. Major ions 
in the lake waters are Na+ and Cl−, with a Mg2+/Ca2+ up to 93 and a Na+/Cl− ranging from 
1.3 to 1.9 (Sanz-Montero et al. 2013b; Cabestrero and Sanz-Montero 2018).

Fig. 1   Location of the study sites in central Spain. Overview images of playa lakes Eras (a) and Altillo 
Chica (b) in the spring
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The muddy sediment of this playa basin comprises up to 50% of detrital grains (clays, 
feldspars, quartz and carbonates) and authigenic carbonates (hydromagnesite, nesque-
honite, dolomite, calcite and locally trona), sulfates (thenardite, hexahydrite, starkeyite, 
gypsum, among others) and chlorides (Cabestrero and Sanz-Montero 2018).

2.2 � Lake Altillo Chica

The hypersaline playa lake Altillo Chica has a surface area of 0.2 km2 and is located in a 
endorheic wetland in La Mancha region, Central Spain (Fig. 1b). The basin has no inflow 
from rivers, groundwater is negligible, so the lake is fed predominantly by precipitation 
(Sanz-Montero et al. 2015a). The region has a continental, semiarid climate characterized 
by a high evaporation (1300–1660  mm  yr−1) and low precipitation (360–500  mm  yr−1) 
resulting in saline conditions. During the winter, the nearly horizontal surface in the center 
of the playa lake is unevenly covered by a thin sheet of water that rarely exceeds 15 cm. A 
succession of storms in winter erodes the lake bed and moves large volumes of sediments 
(Sanz-Montero and Rodríguez-Aranda 2013; Sanz-Montero et al. 2015a). During the dry 
season (May–October), the playa desiccates completely. The wetland is located at an eleva-
tion of 681 m superimposed on horizontally bedded Neogene sedimentary rocks consisting 
of gypsum, chert, carbonates and quarzitic sandstone and conglomerates. The lake water is 
mesosaline to hypersaline (2–3404 g L−1), with a dominant Mg2+–Cl− ionic composition 
(Cabestrero and Sanz-Montero 2018; Cabestrero et al. 2018).

The bed of Altillo Chica comprises up to 25% of detrital grains and a variety of authi-
genic minerals. Sulfates are the most abundant precipitates (e.g., lenticular gypsum, hexa-
hydrite, bloedite and a suite of hydrated, Na and Mg sulfates) and with a minor contri-
bution of carbonates (mainly, calcite), halite and Mg clay minerals (Sanz-Montero and 
Rodríguez-Aranda 2013; Del Buey et al. 2018).

3 � Materials and Methods

3.1 � Sample Collection

The previous field trips done from 2009 to 2014 showed that the precipitation of some 
minerals coincided with the presence of microbial mats, mostly from March to May. 
Accordingly, representative samples of non-lithifying microbial mats were collected at two 
different stages (two field trips to each basin; Fig. 1), the first during growth of microbial 
mats and the second when the mats were decaying. Samples also comprised lithified sur-
face layers, carbonate and clay-based sediments in the northern lake (Sanz-Montero et al. 
2013b), and gypsum, clay-based sediments in the southern lake (Sanz-Montero and Rod-
ríguez-Aranda 2013; Cabestrero et al. 2014b) and water samples.

An additionally, 15–20 sediment samples were divided into three sets: one set was used 
for the determination of geological properties using dissecting microscopy (Leica MZ16 
with 11.5× magnification) and light and fluorescence light optical microscopy (Olympus 
BX51). A second set was used for laboratory manipulations with intact mats and for micro-
bial incubations. For these laboratory experiments, samples of 100–200 g were collected 
and included the upper three layers of each mat (green–yellow, red–brown and gray–black). 
All samples were stored in the dark at 4 °C until processed. A third set was archived and 
kept at 4  °C until further analysis. In addition, previously published data (for instance, 
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mineralogy in winter and summer conditions) and some field observations were used to the 
design a conceptual model of seasonal cycles.

3.2 � Microbial Diversity Analysis

A total of 10 fixed samples (50% ethanol:water (v/v)) and 15 non-fixed replicates were 
taken from Lake Eras and Lake Altillo Chica. Microscopic observation of photosynthetic 
protists was carried out within 24 h after sampling. Subsets (25 μl aliquots) of living or 
stained specimens (silver carbonate impregnation, Fernandez-Galiano 1976) were viewed 
using bright field, phase contrast (Olympus BX50 with a Canon Power Shot A620 digital 
camera) and differential interference contrast (DIC) microscopy (Nikon Eclipse 80i with a 
Nikon Digital Sight DS-Fi1 camera, Izasa, Barcelona, Spain). Ciliates were identified with 
the key of Foissner (1999). Cyanobacterial and diatom identification was done based on 
morphology focusing on species previously described for similar environments in Spain. 
The rest of bacterial populations were commercially analyzed using fluorescence in  situ 
hybridization (FISH) with the VIT® gene probe technology (Vermicon, Munich, Ger-
many). This approach deploys a set of specific oligonucleotide probes covering the main 
(bacteria divisions and subdivisions) bacterial phyla present in environmental samples. 
Hybridization and DAPI (4′,6-diamidino-2-phenylindole) staining for total cell counts was 
carried out according to Snaidr et al. (1997). VIT® gene probe technology is based on the 
use of fluorescently labeled oligonucleotide probes, which specifically bind to the rRNA of 
living cells. Identification and quantification was performed using an Axioplan 2 fluores-
cence microscope (Zeiss, Oberkochen, Germany) equipped with filter sets suitable for the 
detection of DAPI-, 6FAM- and Cy3-related fluorescence signals and VIT® vision cam-
era and software package (Vermicon AG, Munich, Germany). For analysis of total viable 
counts, the EUB probe mix (Daims et al. 1999) was used and negative controls with no 
probe were done. The percental area of cells per phylum in relation to the total viable area 
was analyzed in at least ten randomly selected captured fields, and an average percent-
age per bacterial phylum was calculated. No extra permeabilization for gram-positives was 
done as samples were ethanol-fixed.

3.3 � Mineralogical Analysis

Mineral composition of the sediment and mat samples was analyzed by X-ray diffrac-
tion using a Philips PW-1710 diffractometer under monochromatic Cu-Kα radiation 
(λ = 1.54060 Å) operating at 40 kV and 30 mA, a step size of 2θ 0.02° and time per step 
of 2  s. Diffractograms were interpreted using EVA Bruker software. For high-resolution 
textural and morphometric analyses, gold-coated fresh sediment samples and samples fixed 
using glutaraldehyde (2.5% v/v) were scanned using a JEOL JSM-820 operating at 20 kV 
and equipped with an Oxford energy-dispersive X-ray microanalyzer (SEM-EDAX). Fresh 
pieces of non-coated sediment and mat samples and thin sections placed on sample hold-
ers supported by carbon conductive tape were scanned using FEI Inspect microscope for 
environmental scanning electron microscopy (ESEM), working at 30 kV and at a distance 
of 10 mm, operating in high-vacuum mode, and using secondary electron and backscatter 
detectors. The instrument used was equipped with an Oxford Analytical-Inca X-ray energy-
dispersive system (EDX).
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3.4 � Water Analysis

Electrical conductivity (EC), temperature (T), dissolved oxygen (DO) and pH values were 
measured in the field using a Hanna Instruments 9828 Multiparameter meter. Water sam-
ples were collected in sterilized 2500-ml polythene bottles, stored at 4 °C, filtered (using 
0.45-μm pure cellulose acetate membrane filters) and analyzed for ions at CAI of Geologi-
cal Techniques, Geological Sciences Faculty, Complutense University of Madrid, Spain, 
using Dionex DX 500 Ion and METROHM 940 Professional IC Vario chromatographs. 
The carbonate (CO3

2−) and bicarbonate (HCO3
−) ion concentrations in the water were 

determined by titration (Rice et al. 2012).
Water and mineralogical analysis also include some data obtained from 8  years of 

fieldwork.
Hydrogeochemical modeling was carried out using the PHREEQC program (Parkhurst 

and Appelo 1999) to calculate saturation indices with respect to the minerals found. Due 
to the high ionic strength of the solutions in this study, Debye–Hückle equations were not 
appropriate; hence, a Pitzer-salts database was used instead for all calculations.

3.5 � Experimental Treatment of Excised Mat Samples

Experimental treatments were carried out in order to find the optimal conditions for mat 
growth. Excised pieces of microbial mats were placed in small containers (5 × 5 × 5 cm) 
either directly or on a thin layer of glass beads or carbonate sand at the bottom. The con-
tainers were filled with water. Three different water compositions were used: filtered lake 
water, Instant Ocean salts set at the appropriate salinity (i.e., mimicking the salinity of Lake 
Eras and Lake Altillo Chica, respectively), and Instant Ocean augmented with magnesium 
sulfate. Different culture media were prepared with different pH (7–10) and salt concen-
trations (7, 14, 21, 28 and 42 g L−1) to monitor the response of the microbial community 
to different physicochemical conditions through time. Different light intensities (from 0 to 
more than 1000  μE  m−2  s−1) and temperatures (10, 20 and 50 °C) were deployed. The 
evaporation effect was simulated by leaving some mats to desiccate. All other mats were 
kept submersed at all times by adding deionized water weekly. After optimal growth con-
ditions were determined, mats were transferred to larger containers (10 × 10 × 5 cm and 
larger sizes) to yield more biomass, after which some were used for experiments such as 
changing water chemical properties (pH, salinity, etc.) to mimic lakes cycles observed in 
the field. Mat development was monitored by optical microscopy (Olympus BX 51) and 
SEM (FEI Phenom ProX table top SEM with EDS).

3.6 � Microelectrode Measurements

Microbial mat were maintained under natural light conditions in a greenhouse at 18–22 °C. 
Multiple microelectrode profiles of oxygen and sulfide concentrations and pH were meas-
ured in each microbial mat. The samples selected for profiling were grown on glass beads 
at the average salinity for each lake. The samples selected for profiling were well-devel-
oped mats, which are representing growing and decaying microbial mat stages. Microbial 
mats display slight variations in sedimentary features (e.g., thickness of the mineral crust, 
depth and thickness of the cyanobacterial layer), and therefore, representative profiles are 
shown (1 per lake). Replicate profiles (not shown) displayed similar patterns, with slight 
differences in depth and magnitude of the oxygen peak. Clark-type potentiometric oxygen 
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and amperometric sulfide needle electrodes with built-in guard and reference electrodes 
were connected to a portable picoammeter (Unisense PA 2000, Aarhus, Denmark). pH val-
ues were measured with a potentiometric needle electrode connected to a high-impedance 
millivolt meter (Unisense Field Microsensor Multimeter). The sensors were deployed in 
100–200 µm depth increments using a manual micromanipulator (National Aperture, New 
Hampshire). Two replicate profiles covering the upper 10–20 mm of each mat were meas-
ured and profiles plotted using calibration curves determined before and after the measure-
ments. A second set of profiles was measured in the early morning at sunrise to contrast 
noontime profiles.

Temperature and salinity were kept constant during the electrode measurements, and 
photosynthetically active radiation (PAR; 400–700 nm) fluctuated less than 10%. PAR was 
measured using a LI-COR LI 250A light meter with a LI-COR LI 190 quantum sensor (LI-
COR Biosciences, Lincoln, NE, USA).

4 � Results

4.1 � Microbial Mat Coverage and Structure of Lake Eras and Lake Altillo Chica

Due to the ephemeral nature of the lakes, rarely completing a hydrological cycle without 
desiccating, mats were typically less than one centimeter in thickness. The mats extended 
over large areas of the lakes and even covered the entire bed of submersed areas (Fig. 2a, 
c). The microbial mats decayed occasionally from summer to winter (Fig. 2b, d). Direct 
observations in the field showed that the metabolic gases of organic matter decomposi-
tion produced sufficient buoyancy to detach parts of the benthic mats. The floating frag-
ments were transported to the shoreline by wind. After disruption by storms, microbial 
mats resumed colonization of the lake bed. In the spring, during the peak development 
of the microbial mats in Lake Eras, a massive growth of the charophyte Chara canescens 
(Cirujano et al. 2007) was observed (Fig. 2a). The rhizoids anchored into the surface layer 
and protruded into microbial mats disrupting their integrity (Fig. 2a). The development of 
charophytes Chara galioides (Cirujano 1980) and Lamprothamnium papulosum var. tole-
tanum (Cirujano et al. 2007) in Lake Altillo Chica was less extensive and probably did not 
impact the fabric of the microbial mats. During the spring, the oxygen bubbles produced 
during photosynthesis by cyanobacteria, diatoms, microflagellates and green algae such 
as Spirogyra, lifted fragmented mats to the surface of the water column, forming floating 
mats. Lake Eras mats were also disrupted by actively grazing micrometazoa, specifically 
rotifers, protist ciliates such as Litonotus sp., Euplotes sp., and some species of prostomids 
(Cabestrero et al. 2015b).

The microbial mats were sampled under two developmental stages. The first samples 
were taken in both lakes when environmental conditions supported microbial mat devel-
opment (Fig. 2a, c). This was indicated by actively photosynthesizing cyanobacteria and 
diatoms at the surface, producing organic matter including exopolymeric substances (EPS). 
In these samples (designated growing microbial mat, GMM), production of organic carbon 
is greater than the degradation, and the greenish phototropic layer showed a great thickness 
of up to 2 cm. The second samples were collected in both lakes when the mats were decay-
ing (Fig. 2b, d). Apparently, there was little or no photosynthesis (e.g., no oxygen bubbles 
visible) and degradation of organic matter governed (designated decaying microbial mat, 
DMM). Although growing and decaying stages represented extreme scenarios of microbial 
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mat development and decomposition, sometimes mats showed a consecutive short growth 
phase (referred to as “late growing microbial mat”), during which three layers could be dis-
cerned (Fig. 3a, b): A green to golden-brown layer (1–10 mm of thickness) comprised the 
oxic-photic zone. Light microscopy observations revealed that this layer was dominated by 
blue-green cyanobacteria and yellow-brown colored diatoms (Fig. 3c). Below the previous 
layer, a reddish-brown transition layer ranging from 1 to 10 mm in thickness included dif-
ferent microorganisms (Fig. 3d), predominantly purple sulfur bacteria (identifiable by their 
distinctive bright sulfur granules; Fig. 3d, e), and/or purple non-sulfur bacteria (Fig. 3f). 
This layer also contained some unicellular cyanobacteria with a green to red appearance. 
The deepest layer was gray to black (ranging from 1 to 60 mm in thickness) and contained 
small (< 1 μm) non-descriptive microorganisms, intermixed with the minerals and decay-
ing organic matter. This anoxic layer had a characteristic sulfide smell produced by sulfate-
reducing bacteria that remain active until the bed desiccates completely during the late 
spring or the summer.

4.2 � Hydrochemistry and Mineralogy of Lake Eras

The environmental conditions in growing and decaying microbial mat stages showed sig-
nificant differences. The air temperature was 19.0 °C during the growing stage and 7.4 °C 

Fig. 2   Top view of the microbial mats at the time of sampling in Lake Eras (a, b) and Lake Altillo Chica 
(c, d). a, c Actively growing mats with green-yellowish growing mat surfaces. Note the charophytes pro-
truding into the Lake Eras microbial mat and oxygen bubbles produced by actively photosynthesizing 
cyanobacteria and diatoms in Lake Altillo Chica. b, d Taken during the decaying mat stage in Lake Eras 
and Lake Altillo Chica, respectively. The dark-gray surface appearance indicates precipitation of carbonate 
and sulfate minerals
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during the decaying stage. The water temperature (Table  1) at noon was slightly higher 
than that of the air (21.9 and 8.5 °C during growing and decaying mats, respectively). 
The DO concentration, recorded close to the sediment surface, was 44.9% in the decay-
ing mats, and increased to 151.3% in the actively growing mats. The pH was 10.4 during 

Fig. 3   Detailed view of microbial mats (close up of vertical sections) from Lake Eras (a) and Lake Altillo 
Chica (b). The upper 5 mm is dominated by cyanobacteria, diatoms and filamentous sulfur-oxidizing bac-
teria in Lake Eras (c). The red layer in Altillo Chica mats mainly consists of Chromatium-like purple sul-
fur bacteria (magnified ×10 in insert) and some cyanobacteria (d). Scanning electron micrographs showing 
purple sulfur bacteria with their distinctive bright sulfur granules from Lake Altillo Chica (e). Possibly pur-
ple non-sulfur bacteria attached to cyanobacterial filaments in Lake Eras (f)
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the decaying stage and 11.1 during the growing stage. The salinity was fairly constant: 
5.6 g L−1 in growing mats and 5.8 g L−1 in decaying mats. The ratio of ion concentrations 
remained constant and corresponded to a Na+–Cl− brine commonly observed in this basin, 
shown in the Piper classification (Fig.  4). Groundwater input during the winter slightly 
increased the water column concentration of Mg2+, Cl− and carbonate ions. The pore water 

Table 1   Water quality data of Eras and Altillo Chica corresponding to growing (GMM) and decaying 
(DMM) microbial mats stages: water temperature (Tw), pH, dissolved oxygen (DO), salinity (S) and oxida-
tion-reduction potential (ORP)

Lake Stage Weather Tw (°C) pH DO (%) S (‰) ORP (mV)

Eras GMM Sunny 21.92 11.11 151.3 5.59 − 61.9
Eras DMM Rainy 8.45 10.37 44.9 5.8 − 177.1
Altillo Chica GMM Rainy 11.17 8.24 54.7 50.07 122.4
Altillo Chica DMM Cloudy 14.92 8.06 14.6 55.09 87.7

Fig. 4   Piper–Hill–Langelier diagram showing cation and anion ratios in the water column (w. column) and 
in the pore water (pore w.) of Lake Eras and Lake Altillo Chica. The water composition for each sam-
pling dates is indicated in specific colored solid circles. Open circles represent hydrochemical data taken 
from Cabestrero and Sanz-Montero (2018). Short-dash ellipses: Lake Eras. Long-dash ellipses: Lake Altillo 
Chica
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of the growing microbial mats was enriched in Mg2+, Cl− and carbonate ions. A maximum 
depth of the lake (0.4 m) was registered. 

Mineralogical analyses include one sediment sample from each lake devoid of microbial 
mats which was necessary to interpret the mineral composition within the mats (Fig. 5). 
This revealed authigenic carbonates including hydromagnesite, nesquehonite, calcite, 
dolomite and aragonite. Aragonite was only found in the growing microbial mat (Fig. 5a). 
Hydromagnesite was only present in decaying and dry mats, where it was the most abun-
dant carbonate mineral (Fig. 5b, c). Calcite was present in all samples but its proportion 
increased in microbial mats (Fig. 5a, b) when compared to bare sediments devoid of mats 
(Fig. 5d). Dolomite was present at low concentrations associated with nesquehonite, and 
their presence increased in the decaying microbial mat (Fig. 5b). Minor minerals included 
lenticular gypsum and tabular natron crystals, both of which were more abundant in sedi-
ments devoid of microbial mats (Fig. 5d). Mg–Na sulfates and halite were found forming 
crusts atop of the actively growing mats (Fig. 5a).

According to modeling efforts, calcite, aragonite, dolomite and hydromagnesite were 
supersaturated (positive saturation indices, Table 2) both in overlying water during grow-
ing and decaying microbial mat stages. In contrast, for halite, nesquehonite and sulfates the 
saturation indices calculated were negative (Table 2).

4.3 � Hydrochemistry and Mineralogy of Lake Altillo Chica

The water temperature of Lake Altillo Chica at noon was 11.2 and 14.9 °C during growing 
and decaying microbial mat stages, respectively. At the same time, the air temperature was 
9.8 and 19.0 °C, respectively. Similar pH (8.1–8.2) and salinity values (50–55 g L−1) were 
observed in both stages (Table 1). The DO content decreased from 54.7% in growing mats 
to 14.6% in decaying mats. The hydrochemistry in Lake Altillo Chica could be classified as 
Mg2+–Cl− during the growing stage, commonly observed for surficial and interstitial water, 
but changed to a Mg2+–SO4

2−composition during the decaying stage (Fig. 4). The water 
column was very shallow: 4 cm deep above growing mats and 3 cm when decaying mats 
were present.

Fig. 5   Relative abundance of minerals associated with the growing microbial mats (a, e), decaying micro-
bial mats (b, f), desiccated mats (c, g) and bare sediments devoid of microbial mats (d, h) from Lake Eras 
(a–d) and Lake Altillo Chica (e–h). Desiccated mat data were taken from Cabestrero and Sanz-Montero 
(2018)
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Lenticular gypsum crystals were observed in all samples (Fig. 5), increasing in abun-
dance in sediments devoid of microbial mats. Calcite was also present in all of the sam-
ples and small amounts of detrital calcite were observed in bare sediments. Authigenic 
calcite was more abundant than detrital calcite, and the highest concentration of this min-
eral was found in actively growing microbial mats (Fig. 5e). Dolomite and large amounts 
of aragonite were found in the decaying microbial mats (Fig. 5f). Mg–Na sulfate and halite 
minerals comprised more than 80% of sediment surface when Lake Altillo Chica was dry 
(Fig. 5g). These minerals were more abundant in the microbial mats (Fig. 5e, f) than in 
sediments lacking microbial mats (Fig. 5h).

The saturation indices calculated indicate that during the growing microbial mat stage 
the solutions were supersaturated in calcite, aragonite, dolomite and hydromagnesite and 
undersaturated in nesquehonite (Table 2). Dolomite and hydromagnesite remained super-
saturated in the decaying microbial mats while calcite, aragonite and nesquehonite were 
undersaturated. Halite and sulfates were undersaturated in both mat stages, except for gyp-
sum that was supersaturated in the decaying microbial mat stage (Table 2).

4.4 � Microbial Mat Community

Microscopic observations (SEM, phase contrast and DIC optical microscopy) revealed 
cyanobacteria and microscopic eukaryotic algae, mainly Spirogyra, diatoms and euglenoid 
flagellates (Fig. 3). These phototrophic organisms combined comprised > 60 vol% of the 
growing microbial mats, but only < 20 vol% in decaying microbial mats. Smaller prokary-
otes (i.e., < 5 μm) were quantified using FISH analyses (Fig. 6). The active cells comprised 
65% of the total microbial cell count in growing mats and 30% in decaying mats samples 
of both lakes.

Table 2   Saturation indices of the minerals commonly found in growing and decaying mats of Lake Eras 
and Lake Altillo Chica

Values in bold for supersaturated minerals

Lake Eras Altillo Chica

Stage Growing mats Decaying mats Growing mats Decaying mats

Gypsum − 1.95 − 1.93 − 0.14 0.43
Bloedite − 7.34 − 7.51 − 3.70 − 0.21
Hexahydrite − 3.33 − 3.56 − 1.62 − 0.12
Starkeyite − 4.25 − 4.36 − 2.49 − 0.78
Thenardite − 4.49 − 4.44 − 2.59 − 0.78
Halite − 4.08 − 4.13 − 2.31 − 0.82
Nesquehonite − 0.77 − 1.35 − 0.85 − 0.64
Calcite 0.74 0.48 0.76 − 0.03
Aragonite 0.54 0.29 0.56 − 0.23
Hydromagnesite 4.14 2.08 0.07 3.68
Dolomite 3.15 2.59 3.19 2.94
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4.4.1 � Lake Eras

Microscopy revealed that cyanobacteria, predominantly Oscillatoria-like (Fig.  3c) and 
Phormidium-like, and the diatoms Aneumastus sp. and Navicula sp. were the first to colo-
nize the sediments after the winter. In the spring, during the early stage of the microbial 
mat growth, the pelagic filamentous green algae Spirogyra sp. settled from the water col-
umn onto the mat. Chara canescens colonized the surface of the microbial mats. The flag-
ellate Euglena sp. was observed gliding through the microbial mat. Filamentous colorless 
sulfur bacteria (Fig. 3c) and rod-shaped purple sulfur bacteria (Fig. 3d) were commonly 
found below the cyanobacterial layer. Late summer desiccation triggered a massive and 
rapid decay of biota (decaying microbial mat stage). Patches of purple non-sulfur bacteria 
appeared at the surface of the mats. During the decay stage, both photosynthetic (Nodu-
laria spumigena and Anabaena spp.) and heterotrophic (Stanieria spp.) cyanobacteria were 
present.

Four major phyla and four major classes (all belonging to the phylum Proteobacteria) 
were detected. Proteobacteria contributed 45.5% to the total diversity in the growing mats 
(Fig.  6a): Alphaproteobacteria (29%), Gammaproteobacteria (15%), Deltaproteobacte-
ria (1%) and Betaproteobacteria (0.5%). Besides Proteobacteria, all other phyla detected 
contributed for 42%: Firmicutes (20%), Chloroflexi (15%), Planctomycetes (5%) and 

Fig. 6   Microbial diversity using FISH-VIT® gene probe technology for growing microbial mats (a, c) and 
decaying microbial mats (b, d). a, b Data for Lake Eras mats and c, d Results for Lake Altillo Chica mats. 
Microbial characterization was carried out at the level of phyla (division), except for Proteobacteria, which 
were analyzed at the class (subdivision) level
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Actinobacteria (2%). In the decaying mats, Proteobacteria comprised 78% of the total 
diversity (Fig.  6b) with Alphaproteobacteria (52%), Deltaproteobacteria (19%), Gam-
maproteobacteria (4%) and Betaproteobacteria (3%). Chloroflexi (11%), Planctomycetes 
(4%), Firmicutes (0.5%) and Actinobacteria (0.1%) accounted for 15.6% of total diversity. 
The viable microbial count was two orders of magnitude higher in growing than in decay-
ing microbial mats. Alphaproteobacteria were the dominant group in Eras during both sam-
pling dates and represented half of the total diversity in decaying mats. Clusters of coccoid 
and rod-shaped bacteria made up this class (Fig. 7a–c). Firmicutes as clusters of coccoid 
and rod-shaped bacteria (Fig. 7d–f) were abundant in growing mats, but they decreased in 
decaying mats. Deltaproteobacteria presence increased in decaying mats as coccoid clus-
ters, and sometimes they were also identified as filaments. Chloroflexi occur as filamen-
tous bacteria and single cells (Fig. 7g–i) with similar percentage in both microbial mats 
stages. Gammaproteobacteria were twice as high in growing as in decaying mats stages. 
Gammaproteobacteria were mainly identified as coccoid morphologies by FISH, but light 
microscopic observations showed that filamentous (Beggiatoa-like) sulfur-oxidizing bacte-
ria were also common (Fig. 3a).

4.4.2 � Lake Altillo Chica

Occasional meteoric precipitation events diluted the brine lake, after which diatoms (Aneu-
mastus sp. and Mayamaea sp.) and cyanobacteria (Oscillatoria sp. and Anabaena sp.) rap-
idly increased in abundance. However, these phototrophs comprised less than 40% by vol-
ume of the total microbial community in growing microbial mats and < 10% by volume in 
decaying mats. When cyanobacteria colonized the sediments, other photosynthetic bacteria 
(e.g., purple sulfur bacteria) also occupied this ecological niche. Following desiccation, 
death organisms accumulated at the sediment surface of the decaying mats (Fig. 2d).

Three major phyla and four major classes belonging to the phylum Proteobacteria were 
detected in the growing mats of Lake Altillo Chica. Proteobacteria contributed 62% to the 
total diversity (Fig.  6c): Alphaproteobacteria (32%), Gammaproteobacteria (13%), Del-
taproteobacteria (12%) and Betaproteobacteria (5%). Besides Proteobacteria, other three 
phyla detected contributed 31%: Actinobacteria (23%), Chloroflexi (4%) and Planctomy-
cetes (4%). In the decaying microbial mats stage, Proteobacteria made up 68% of the total 
diversity (Fig.  6d) with Deltaproteobacteria (44%), Alphaproteobacteria (16%), Gam-
maproteobacteria (7%) and Betaproteobacteria (1%). Chloroflexi (31%) was the only phy-
lum that was found in addition to the Proteobacteria in this stage. Thirty times more cells 
that are viable were counted in growing than in decaying microbial mats. Alphaproteobac-
teria consisted of coccoid cells grouped in small clusters. In contrast, Deltaproteobacteria 
were present as single cells or small clusters of rod-shaped cells (Fig. 7j–l). Actinobacteria 
comprised single or short chains of rod-shaped bacteria (Fig. 7m–o), filamentous and sin-
gle cells of Chloroflexi were present, and Gammaproteobacteria were mainly coccoid cells 
(Fig. 7p–r). No Firmicutes were found.

4.5 � Incubations of Mat Samples Under Artificial Conditions

The role of the various microbial groups in mineral precipitation was further investigated 
in experimental manipulations of excised mat samples using microsensors in greenhouse 
incubations under field conditions (e.g., of light and temperature) to determine the depth 
distribution of oxygen, pH and sulfide concentrations.
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Fig. 7   Fluorescence in situ hybridization (FISH) microscopic images from Lake Eras mats (a–i) and Lake 
Altillo Chica mats (j–r). a, g Unstained images. d, j, m, p Stained images using DAPI (4′,6-diamidino-
2-phenylindole) for viable and dead bacteria (blue). Images in b, e, h, k, n, q used the general bacterial 
probe (green). Arrows and circles indicate organisms detected. Images in c, f, i, l, o, r were stained red with 
specific probes labeled with Cy3: c: Alphaproteobacterial probe; f: Firmicutes probe; i: Chloroflexi probe; l: 
Deltaproteobacterial probe; o: Actinobacterial probe; r: Gammaproteobacterial probe
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Incubation conditions such as light intensity (0–2000 μE  m−2  s−1), temperature 
(10–25  °C), and salinity (0–100 g L−1) were deployed (Fig.  8a, b) and the observations 
showed that most cyanobacteria and diatoms thrived at a lower concentration of brine 
(under 50  g  L−1). Some of cyanobacterial species survive under almost dry conditions 
(Stanieria), while others cannot survive desiccation and/or high solar irradiation (Oscil-
latoria sp.). Microscopic observations in well-developed mats (late stage of growing 

Fig. 8   Images of microbial mats from laboratory incubations from Lake Eras (a, b, e, f) and Lake Altillo 
Chica (c, d) showing the effects of an increase in salinity over the course of several months. This increase 
turned the Lake Eras mat from green (a) to orange-brown (b), which is similar to what was observed in the 
field. Microorganisms respond to the increase in salinity, e.g., by producing protective EPS overlying mat 
(c—Lake Altillo Chica mat) and/or forming specialized cells (d—Lake Eras mat) such as heterocysts, aki-
netes and hormogonia (Anabaena sp.). Arrows and dotted areas (white patches in e and f) show the motility 
of filamentous sulfur-oxidizing bacteria observed in Lake Eras mats. These organisms follow the oxygen 
sulfide interface, which is positioned below the mat surface during the day (e) and at the mat surface at the 
end of the night (f)
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microbial mats) showed that the surface layer was mainly composed of dead phototro-
pic organisms. This layer may have protected the active microbial community from solar 
radiation (including UV) and desiccation. The decay of the biomass in this layer possi-
bly released organic compounds that were used by heterotrophic microbes. This surface 
layer, usually dark-yellow in color, may have facilitated retention of interstitial water inside 
the mat (Fig.  8c). When the water chemistry (for instance salinity) was altered in well-
developed mat incubations, the combined community metabolisms changed, modifying the 
pH. In contrast, when the pH was kept constant, the surface appearance of microbial mats 
did not change. Microscopic observations showed that during desiccation, some organisms 
survived by developing resistive and specialized cells such as heterocysts, akinetes and 
hormogonia (e.g., in Anabaena sp., Figure 8d). Light and temperature increase favored the 
mat growth, although very high radiation (2000 μE m−2 s−1) and/or high temperature (50 
°C) were deleterious. The analyzed mats also showed that development of a filamentous 
sulfur-oxidizing bacterial bloom required a well-developed, highly active cyanobacterial 
layer growing underneath (Fig. 8e). In addition, sulfur-oxidizing bacteria were moving to 
the surface of the mat during the night (Fig. 8f) and to the interface of O2 and sulfide in 
deeper layers of the mat during the day (Fig. 8e).

4.5.1 � Microbial Mat Profiles from Alkaline Lake Eras

During the middle of the day, the water temperature was 22 °C, and the light intensity 
ranged from 1593 to 1761 μE m−2 s−1 in the greenhouse. Under these conditions, a surface 
O2 concentration of 330 μM was measured (Fig. 9A). The oxygen concentration increased 
to a maximum of 1038 μM at 8 mm depth and decreased to 0 μM at 11.4 mm depth. The 
pH displayed a similar pattern, with a surface mat value of 9.37 and a peak of 9.94 at 
6.8 mm depth. A maximum pH value of 9.61 was registered at 16 mm depth. No sulfide 
was present to a depth of 12.4 mm after which its concentration increased to approximately 

Fig. 9   Representative depth profiles of the concentration of O2 (stars) and sulfide (squares), and pH (trian-
gles) for Lake Eras mats (a) and Lake Altillo Chica mats (b). The microelectrode profiles were measured in 
mat samples under ambient light conditions in a greenhouse during peak photosynthesis between 12:00 and 
14:00 (open symbols) and during the transition from dark to light between 4:30 and 6:30 (solid symbols)
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200 μM at 13.6 mm depth. At greater depths, the concentration increased slightly to a max-
imum value of 250 μM.

At the end of the night (e.g., at dawn), the temperature of the overlying water was 19 
°C, and the light intensity varied from 45 to 89 μE m−2 s−1 in the greenhouse. Dissolved 
O2 was observed in the overlying water (not shown) but not in the mat. The pH of 8.98 at 
the surface increased to 9.34 at the bottom of the profile (at 10.4 mm depth). Sulfide was 
not detected until a depth of 1.2 mm and increased rapidly to 503 μM at 3.2 mm. From 
3.2 mm to the bottom of the profile (at 16 mm depth), the sulfide concentration continued 
to increase slightly to a maximum value of 559 μM.

The salinity of the overlying water was constant with values of 11 g L−1 at noon, and 
12 g L−1 at dawn.

4.5.2 � Microbial Mat Profiles from the Hypersaline Lake Altillo Chica

The daytime profile, when the water temperature was 22.5 °C and the light intensity ranged 
from 1593 to 1761 μE m−2 s−1 in the greenhouse, revealed a surface O2 concentration of 
300 μM (Fig. 9b). This concentration increased to a maximum value of 817 μM at 7 mm 
depth after which it decreased to 0 μM at 11 mm depth. The pH displayed a similar pat-
tern with a value of 9.06 at the surface of the mat and a peak of 9.81 at 7.2 mm depth. At 
the bottom of the profile (at 13 mm depth), a pH value of 9.48 was registered. The sulfide 
concentration was 0 μM from the surface to a depth of 10.2 mm and increased to 151 μM 
at 13 mm depth.

At the dawn, the profiles were measured at 19 °C, with a low light condition between 53 
and 96 μE m−2 s−1. In contrast to the early daytime profile measured in Lake Eras mats, the 
Lake Altillo Chica depth profile showed dissolved O2, decreasing from 299 μM at the sur-
face of the mat to 0 μM at 2.8 mm depth, respectively. In addition, the surface pH of 9.09 
increased to 9.29 at 10 mm depth but did not show a peak. The sulfide concentration was 
0 μM from the surface to a depth of 1.8 mm after which it increased to 173 μM at 9.8 mm. 
The salinity was constant at 38 g L−1.

5 � Discussion

Seasonal changes in environmental conditions, like alkalinity and salinity, play a pivotal 
role in the development of microbial mats (Visscher and Stolz 2005; Glunk et  al. 2011; 
Farías et al. 2014). Fresh to brackish, alkaline water in Lake Eras supported development 
of thick mats, and in contrast, the higher salinity and lower alkalinity in Lake Altillo Chica 
produced thinner mats. The development of the two different mat types is in part deter-
mined by the local physicochemical properties, which affect the community composition, 
and consequently, the mineral precipitation. Each population within the mats have an spe-
cific metabolism and alter the local porewater geochemistry in a different fashion, poten-
tially changing the saturation index. This can result in mineral precipitation or dissolution 
(Visscher and Stolz 2005; Dupraz et al. 2009). The combined metabolic reactions change 
the pH and the dissolved inorganic carbon concentration, which combined is referred to as 
the alkalinity engine (Dupraz et al. 2009). In addition to the alkalinity engine, the produc-
tion of exopolymeric substances is also important in mineral precipitation through binding 
of cations and by providing mineral nucleation sites (Dupraz and Visscher 2005). Cyano-
bacteria are main producers of EPS, but other microbes contribute as well (Gallagher 
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et  al. 2010; Braissant et  al. 2007). We investigated the major groups of microorganisms 
in relation to the prevailing environmental conditions, including the physicochemistry, the 
organic and mineral products that comprise the mat, and we summarized this in a concep-
tual model contrasting the two lakes (Fig. 10). The sulfates and halides (in each lake) were 
not expected based on their undersaturation and because the anhydrous carbonates cannot 
precipitate directly from the brine (Cabestrero and Sanz-Montero 2018; Cabestrero et al. 
2018; Table 2). Specifically, calcite, aragonite, dolomite and hydromagnesite only precipi-
tated in microbial mats and not in bare sediments, even they were supersaturated in the 
water (Table 2).

5.1 � Seasonal Evolution of the Microbial Mats

In the spring, when the Lake Eras basin started to accumulate water, growing microbial 
mats (Fig. 10A-1) were dominated by Oscillatoria sp., Alphaproteobacteria, Gammapro-
teobacteria and Firmicutes, and comprised small amounts of authigenic minerals including 

Fig. 10   A conceptual model of seasonal cycles in Lake Eras (A) and Lake Altillo Chica (B). The approxi-
mate timelines for Lake Eras (a) and Lake Altillo Chica (b) were generated from several years of observa-
tions. Three major stages are depicted from top to bottom: (1) Growing mats (GMM), during early spring, 
when salinity is relatively low, microbial mat development growth is rapid; (2) Early decaying mats (DMM) 
form during evaporation to dryness; (3) A desiccated stage of the lakes at the end of the dry season (based 
on continuous observations made from 2009 until 2014: Sanz-Montero et al. 2013b; Cabestrero and Sanz-
Montero 2018; Cabestrero et al. 2018). Dominant groups of organisms are indicated for each stage (minor 
groups are listed in parentheses) for both alkaline (Lake Eras) and hypersaline (Lake Altillo Chica) sedi-
mentary environments. Abbreviations: purple sulfur bacteria (PSB), purple non-sulfur bacteria (PNSB), 
sulfate-reducing bacteria (SRB) and exopolymeric substances (EPS)
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calcite, aragonite and evaporites (Fig. 5). In late spring, when the water started to evaporate 
and the mats started to decay (early decay stage, Fig. 10A-2), the abundance of Alphapro-
teobacteria and Deltaproteobacteria increased whereas Firmicutes decreased and hydro-
magnesite, dolomite and nesquehonite precipitated. Growing mats in Lake Altillo Chica 
supported a community of cyanobacteria, Actinobacteria, Alphaproteobacteria, Deltapro-
teobacteria and Gammaproteobacteria. In this growing mat stage (Fig. 10B-1), only calcite 
precipitated. Deltaproteobacteria were the most abundant group in late spring (early decay 
stage), at the onset of desiccation and coinciding with aragonite, dolomite and evaporites 
formation (Fig. 10B-2). Chloroflexi were the second largest contributor to total diversity 
during this period.

5.1.1 � Highly Alkaline Lake Conditions (Lake Eras)

Following rainfall, favorable conditions develop for colonization of the lake bed by cyano-
bacteria and diatoms (early stage of microbial growth) and thus presumably high rates 
of photosynthesis, which could explain the microbially mediated precipitation of these 
carbonates in late stage of microbial mat growth (Cabestrero and Sanz-Montero 2018). 
The metabolism of other phototrophs, such as Gammaproteobacteria and Chloroflexi, 
also raises the alkalinity and could promote carbonate precipitation (Visscher and Stolz 
2005) in growing microbial mats, but their relatively lower abundance—as determined by 
FISH—suggested a minor role. High pH and high concentrations of O2 (Fig. 9a) confirmed 
the activity of cyanobacteria, and microscopy revealed a dense Oscillatoria genus popula-
tion in these well-developed mats (late stage of microbial growth). Oxygen concentrations 
at 8–9 mm depth peaked at > 1000 μmol L−1 (Fig. 9a) and the oxic/anoxic interface was 
found at ca. 11 mm, indicating an important role of oxygenic phototrophy, which is typical 
in the upper part of mats. This metabolism is a major part in the alkalinity engine, favoring 
the precipitation of aragonite and calcite (Visscher et al. 1998; Dupraz and Visscher 2005).

Soda lakes typically support intense sulfur cycling (Sorokin et al. 2011). The oxidative 
part of the sulfur cycle (from sulfide to sulfur/sulfate) is mediated by Gammaproteobacte-
ria (chemolithoautotrophically growing microbes: colorless sulfur-oxidizing bacteria and 
purple sulfur bacteria), which are commonly found in benthic mats of soda lakes (Jones 
et al. 1998). Elemental sulfur and sulfate minerals were found in Lake Eras mats previously 
(Cabestrero and Sanz-Montero 2018), and microbial sulfide oxidation may have favored 
their precipitation.

The relatively low abundance of sulfate-reducing bacteria in late stage of growing mats 
indicates that alternative organisms were involved in the reductive part of the sulfur cycle 
(Fig. 10A-1). Some Firmicutes have the ability to reduce sulfur, polysulfides and thiosul-
fate (Sorokin et al. 2012), and such sulfur compounds are commonly produced at elevated 
pH in mats (Visscher et al. 1992; Visscher and Van Gemerden 1993).

The abundance of Firmicutes was higher during the late stage of growing mats when 
compared to early stage of decaying mats; in contrast, the Alphaproteobacterial (e.g., pur-
ple non-sulfur bacteria) and Deltaproteobacterial (e.g., sulfate-reducing bacteria) contribu-
tion to total diversity increased in early stage of decaying mats. The high abundance of 
Firmicutes in late stage of growing mats suggests a role in the consumption of organic mat-
ter produced by photoautotrophs (predominantly charophytes, cyanobacteria and diatoms). 
Deltaproteobacteria (sulfate-reducing bacteria) are active throughout the mat, and their 
activity may peak in close proximity to cyanobacteria near the surface of the mat (Canfield 
and Des Marais 1991; Visscher et al. 1991, 1998; Baumgartner et al. 2006) as they thrive 
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in the presence of O2 (Lefèvre et al. 2016). The sulfide profiles (showing a maximum con-
centration of 250–500 μmol L−1; Fig. 9a) and a sulfidic smell corroborated the activity of 
sulfate-reducing bacteria. H2S produced by the sulfate reducers can diffuse to the surface 
of the mat and sometimes into the water column where it could support anaerobic photo-
synthetic metabolisms (purple sulfur bacteria, purple non-sulfur bacteria and Chloroflexi).

Alphaproteobacteria (including purple non-sulfur bacteria) were present in all mats and 
it increased in abundance in the decaying mats. Purple non-sulfur bacteria can grow pho-
toautotrophically in the light or chemoheterotrophically in the dark utilizing organic com-
pounds, hydrogen or sulfide as electron donor (Hansen and van Gemerden 1972; Madigan 
and Gest 1979; Imhoff 2001). They grow photoautotrophically in aerobic and anaerobic 
conditions but also engage in aerobic heterotrophic respiration (Madigan and Gest 1979; 
Drews 1981; McEwan 1994; Imhoff 2001) and may be competing with sulfate-reducing 
bacteria near the surface of the mat for organic carbon. Purple non-sulfur bacteria prolifer-
ate during the early stage of mat growth (Fig. 10A-1) in anoxic, reducing conditions, when 
ORP and DO values in the overlying water were low (Table  1). Under such conditions, 
these organisms grow most likely photoheterotrophically using complex organic matter 
(e.g., aromatic compounds and polymers including some sugars) that carried over the pre-
vious season. With increasing salinity (i.e., from late growing to early decaying microbial 
mat stages), the abundance of purple non-sulfur bacteria increased and that of Gammapro-
teobacteria (e.g., purple sulfur bacteria) decreased. This suggests that purple non-sulfur 
bacteria were better adapted to high salinity conditions (McEwan 1994; Navarro et  al. 
2009) than purple sulfur bacteria and possibly survive in concentrated brines.

The carbon pool produced by autotrophs consists of low molecular weight organic car-
bon and EPS or high molecular weight organic carbon (Braissant et al. 2009). Some of the 
low molecular weight compounds (e.g., organic acids) and EPS can bind cations in the 
growing microbial mats (Braissant et al. 2009; Glunk et al. 2011). In Lake Eras, ground-
water is the main source of cations for the lake (Sanz-Montero et al. 2013c), specifically 
Mg2+, but Ca2+ is lacking (Cabestrero and Sanz-Montero 2018). This magnesium can be 
bound by fresh EPS (Dupraz and Visscher 2005) or low molecular weight organic carbon 
(Dupraz et al. 2013). Upon degradation of these organic compounds, the Mg2+ is released 
to the porewater, locally increasing the concentration. By releasing magnesium, the satura-
tion indices of Mg carbonates increase favoring the precipitation of hydromagnesite and 
small amounts of dolomite in the decaying mats (Figs. 5, 10a-2). Although dolomite was 
supersaturated in the water column (Cabestrero and Sanz-Montero 2018), the low concen-
tration of Ca2+ limited the precipitation of this Mg–Ca carbonate mineral. We propose that 
purple non-sulfur bacteria, sulfate-reducing bacteria and Firmicutes play a pivotal role in 
the degradation of organic carbon and thus in the precipitation of magnesium carbonates 
as their metabolisms have a proposed positive effect on the cation concentration. When the 
lake was completely desiccated, a red-brown layer of photoheterotrophic purple non-sul-
fur bacteria was present a few mm below the surface of the mat, which retained sufficient 
water (possibly bound to EPS) in order for the microbes to survive. The photoheterotrophic 
lifestyle provides a competitive advantage for purple non-sulfur bacteria over chemohetero-
trophs because light is used instead of carbon as the source of energy (Madigan and Gest 
1979; Hunter et al. 2008). In this final stage of growth and development (Fig. 10A-3), car-
bonate (i.e., hydromagnesite) precipitates throughout the mat and covers the lake surface 
(Sanz-Montero et al. 2013b, c; Cabestrero and Sanz-Montero 2018).

Chloroflexi were always present in significant quantities irrespective of the composition 
of the water. These green non-sulfur bacteria grow phototrophically with H2 or reduced 
sulfur compounds as electron donor. Removal of toxic sulfide by anoxygenic phototrophs 
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(purple sulfur bacteria, purple non-sulfur bacteria and green non-sulfur bacteria) stimulates 
the growth of cyanobacteria and some heterotrophs. In addition, the filamentous morphol-
ogy of Chloroflexi enhances the structural integrity of the mat. When using sulfur com-
pounds for photosynthesis, these organisms may contribute to the alkalinity engine of the 
mat (Visscher and Stolz 2005; Dupraz and Visscher 2005), but the exact role of green non-
sulfur bacteria in this needs further study.

5.1.2 � Highly Saline Lake Conditions (Lake Altillo Chica)

Deltaproteobacteria were dominant during Lake Altillo Chica’s early decaying mat stage, 
and Cyanobacteria, diatoms and Alphaproteobacteria were the most abundant organisms in 
the early growing mat stage, when the salinity was low (Fig. 10B-1). Furthermore, cyano-
bacteria, diatoms and Gammaproteobacteria were more abundant in growing than in decay-
ing mats, indicating the autotrophic potential in the developing mats (Fig.  10B). Depth 
profiles of oxygen (maximum 817 μmol L−1 at 7 mm depth) and pH (maximum 9.81 at 
7.2 mm depth) confirmed a high rate of CO2 fixation. Microscopy suggested that the genus 
Oscillatoria was the main carbon fixer. The thickness of the cyanobacterial layer occasion-
ally exceeded 10 mm in well-developed Lake Altillo Chica mats (Fig. 8c). However, due 
to the high salinity and the ephemeral nature of the lake, the microbial mats were typically 
only a few mm thick (Fig. 9b). Cyanobacteria and diatoms were more abundant than pur-
ple sulfur bacteria and green non-sulfur bacteria, indicating that the former were the main 
components of the alkalinity engine and thus the main mediators of carbonate precipita-
tion in growing microbial mats. The period of active photosynthesis and mat growth ended 
when water started to evaporate. In dry areas of the lake bed, salt precipitation was visible 
(white crystals, Fig. 2d), but in some other submersed areas, mats remained intact with lit-
tle or no photosynthesis and presumably high rates of heterotrophic activity. A decrease in 
DO and pH measured in the water column and a pungent smell supported the assumption 
of little or no carbon fixation and high rates of aerobic and anaerobic heterotrophy, pro-
ducing fatty acids. During the early stage of mats decay, sulfate-reducing bacteria thrived, 
replacing Alphaproteobacteria. A high metabolic activity of sulfate-reducing bacteria was 
found between 35 and 195 g L−1 near the surface of subtropical microbial mats subjected 
to a salinity cycle similar to Lake Altillo Chica (Visscher et al. 2010). A Deltaproteobacte-
rial dominance was also reported in Tirez Lake, an ephemeral system with similar prop-
erties and in close proximity to Lake Altillo Chica (Montoya et al. 2013). Depending on 
the organic carbon source used as electron donor, sulfate-reducing bacteria can support 
carbonate precipitation in mats (Baumgartner et al. 2006; Gallagher et al. 2012). This may 
have favored the precipitation of aragonite and smaller amounts of calcite and dolomite in 
Lake Altillo Chica (Fig. 5).

Precipitation of evaporites was observed during desiccation (the late microbial decay 
stage), but could not be explained by the concentration of ions in the water column. Mod-
eling efforts of water composition (Cabestrero and Sanz-Montero 2018; Cabestrero et al. 
2018; Table 2) indicated that another source of ions (Na+, Mg2+ and SO4

2−) was needed. 
Presumably, cations were released during decomposition of EPS, and additional sulfates 
were produced during microbial and/or chemical oxidation of sulfides allowing these evap-
orites to form.

Sporadically, celestine crystals (< 5%) were found embedded in the late stage of micro-
bial mats growth (Sanz-Montero et al. 2015a, b) and could have precipitated upon lysis of 
cyanobacteria, diatoms or green algae, as these organisms are known to sequester Ba and 
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Sr (Krejci et al. 2011; Cam et al. 2016). Alphaproteobacteria, and especially the Actino-
bacteria, which were present in late stage of microbial growth but absent in the early stage 
of microbial decay (Fig.  10B-1, 2) could have been involved in initial EPS degradation 
(Figs. 6, 10B) as their heterotrophic metabolisms can break down these polymers (Imhoff 
2001; Manivasagan et al. 2013). This could explain the bloom of sulfate-reducing bacteria 
in early stage of microbial decay, as these organisms rely on low molecular weight organic 
carbon produced by partial polymer degradation (Widdel et al. 1983; Visscher et al. 2010).

Increasing salinity caused a clear shift in community composition (Fig. 6). As explained 
above, this was further illustrated by an increase of Chloroflexi in decaying microbial mats. 
These green non-sulfur bacteria are adapted to grow and survive at elevated salinity (Nübel 
et al. 2001). The exact role of Chloroflexi in mats remains unclear, but their mixotrophic 
lifestyle represents an advantage for the conditions typically found in ephemeral mats 
(Klatt et al. 2013).

5.1.3 � Comparison of Mineral Precipitation in Lake Eras and Lake Altillo Chica Mats

As outlined above, the precipitation of minerals is mediated by the alkalinity engine, which 
is determined by the combined metabolisms of the entire microbial community (Gallagher 
et al. 2014), as well as by the properties of EPS (Dupraz et al. 2009). In both Lake Eras and 
Lake Altillo Chica, carbonates precipitated in growing mats. In addition, decaying Lake 
Eras mats supported massive hydromagnesite precipitation.

Cyanobacteria developed to a greater extent in Lake Eras than in Lake Altillo Chica, as 
the oxygen maximum is slightly higher in Lake Eras than Lake Altillo Chica (3.7 and 2.9 
times air saturation, respectively). However, concentration profiles result from O2 produc-
tion and consumption and we interpret the absence of oxygen in Lake Eras during the night 
as an indication that a substantial oxygen consumption rate (i.e., aerobic heterotrophic 
activity) must have occurred (assuming a small contribution from chemical O2 consump-
tion and loss through flux out of the mat). As a result, a much smaller aerobic respiration 
rate is assumed for Lake Altillo Chica mats, which thus have a slightly stronger “aerobic” 
alkalinity engine than Lake Eras does. In addition, the sulfate-reducing bacterial popula-
tion was larger in Lake Altillo Chica than in Lake Eras and the maximum sulfide concen-
trations in both lakes suggests a lower sulfide consumption in Lake Eras. It should be noted 
that sulfide oxidation by colorless sulfur bacteria counteracts the alkalinity engine (Viss-
cher and Stolz 2005). However, if purple non-sulfur bacteria, purple sulfur bacteria and 
green non-sulfur bacteria consume a significant fraction of the sulfide (and/or intermediate 
sulfur compounds such as thiosulfate and polysulfides), the overall effect of sulfide oxida-
tion on the alkalinity engine could be different. As outlined above, we attribute a major role 
in the alkalinity engine to purple non-sulfur bacteria in Lake Eras. The role of these pho-
toheterotrophs on the alkalinity depends on their metabolism (electron donor: H2, organic 
carbon, reduced sulfur compounds) and could either favor carbonate precipitation or disso-
lution. Based on the microbial production and consumption of oxygen and sulfide assumed 
from the depth profiles, we attribute a stronger “anaerobic” alkalinity engine to Lake Eras. 
The maximum pH values were higher during the day (9.94 in Lake Eras vs. 9.81 in Lake 
Altillo Chica, and at the mat surface 9.37 in Lake Eras and 9.06 in Lake Altillo Chica). The 
minimum pH values remained similar between day and night in Lake Altillo Chica (9.06 
and 9.09, respectively), but differed highly in Lake Eras (9.37 and 8.98 during the day and 
night, respectively). Slightly higher maximum pH values and greater differences of pH in 
Lake Eras versus Lake Altillo Chica suggest a slightly stronger alkalinity engine in Lake 
Eras.
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Sulfide minerals were not observed in any sample although they are commonly pre-
sent in environments where sulfate-reducing bacteria thrive (Lefèvre et al. 2016), espe-
cially microbial mats (Visscher and Van Gemerden 1993; Luther et al. 2001). A possi-
ble explanation could be a low concentration of minerals containing metals (e.g., iron) 
in the detrital sediments that the lakes receive and the nature of these minerals to be 
weathering resistant. Additionally, metals that slowly release during weathering could 
have been incorporated into authigenic clays (Del Buey et al. 2018). Furthermore, the 
biotic and abiotic oxidation of biogenic sulfide yielding intermediate sulfur compounds 
(e.g., polysulfides, polythionates and thiosulfate; Luther et  al. 2001) could also have 
slowed the precipitation of sulfide minerals.

In microbial incubations, copious amounts of EPS were produced (Fig. 8a–d), show-
ing the potential of exopolymeric production in mats from both lakes under quiescent 
conditions. Incubations of Lake Altillo Chica mats grew substantially thicker than Lake 
Eras mats (ca. 20–50 mm and less than 10 mm for Lake Altillo Chica and Lake Eras, 
respectively) and thus could have contained more EPS, potentially inhibiting precipita-
tion. Extensive measurements of EPS properties were beyond the scope of this inves-
tigation, but inspection of hand samples (e.g., Fig.  3a, b) suggested that Lake Altillo 
Chica mats contained more EPS than Lake Eras mats.

More carbonates were present in growing and decaying mats in Lake Eras than in 
similar mats in Lake Altillo Chica (Cabestrero and Sanz-Montero 2018; Fig.  2). Fur-
thermore, decaying mats in Lake Eras supported hydromagnesite precipitation (Fig. 5). 
We attribute this to a combination of a stronger alkalinity engine, a greater EPS avail-
ability for heterotrophic degradation and the different water composition in Lake Eras.

6 � Conclusions

A study of two ephemeral lakes located in areas with a similar climate but differences 
in water input (groundwater in Lake Eras, meteoric precipitation in Lake Altillo Chica), 
alkalinity and lithology showed different microbial community compositions and conse-
quently resulting in different alkalinity engines (a stronger anaerobic alkalinity engine 
in Lake Eras and stronger aerobic alkalinity engine in Lake Altillo Chica). The specific 
physicochemical properties of the porewater and depth of the water column, both of 
which were subject to vast seasonal fluctuations, were likely the major drivers in deter-
mining the community composition. Furthermore, the contrasting populations produced 
and consumed different amounts of EPS, which in combination with the different alka-
linity engines, resulted in different mineral precipitation patterns (initially precipitation 
of sulfates followed by extensive carbonate mineral production in Lake Eras vs. the pre-
cipitation of carbonates followed by sulfate minerals in Lake Altillo Chica).
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