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Introduction 
 
Microbial mats have been the focus of scientific research for a few decades. These small-
scale ecosystems are examples of versatile benthic communities of microorganisms, 
usually dominated by phototrophic bacteria (e.g., Krumbein et al., 1977; Jørgensen et al., 
1983). They develop as vertically stratified populations of functionally different groups of 
microorganisms along physicochemical gradients (Figure 1). The stratification of these 
functional groups of microorganisms has been attributed to the prevailing gradients of 
oxygen, sulfide and light, which are generated and maintained by the metabolic activities 
of the community members (Revsbech et al., 1983; van Gemerden, 1993). Microbial mats 
are found in a wide variety of different environments, such as marine intertidal flats, 
hypersaline and alkaline environments, hot springs and hot and cold deserts. The diversity 
in environments supporting the growth of microbial mats is only exceeded by the genetic 
and metabolic diversity of mat-inhabiting organisms. 
 

 
 
Figure 1. Diazotrophic microbial mat (left) and micrographs of diazotrophic Cyanobacteria that can 
be found in intertidal mats (right panels). From top to bottom: Anabaena, Nodularia and Lyngbya 

 
 
In most cases Cyanobacteria form the main structural element of microbial mats. As the 
primary colonizers on bare substrate they are the prerequisite for the development of this 
microbial ecosystem. Cyanobacteria have low nutritional requirements and because of 
their capability of oxygenic photosynthesis, CO2 and N2 fixation, anaerobic dark 
fermentation, and the production of extracellular polymeric substances (EPS) these 
organisms seem to be predestined for this task (Stal, 2001). The ability to fix atmospheric 
N2 (dinitrogen) represents a distinctive advantage that allows Cyanobacteria to colonize 
the often nutrient-poor and particularly nitrogen-depleted environments in which 
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microbial mats thrive. This ability is widespread among Cyanobacteria but also among 
other Bacteria and Archaea.  
Among the taxonomically diverse group of N2 fixing organisms (diazotrophs) 
Cyanobacteria deserve special attention because they combine the fixation of CO2 and N2, 
providing them with basically unlimited access to the two quantitatively most important 
elements for living biomass. Cyanobacteria are the only oxygenic phototrophic 
prokaryotes and possess a plant-type photosynthetic apparatus. They are also special 
because they combine the incompatible processes of oxygenic photosynthesis and the 
oxygen-sensitive N2 fixation and hence they evolved special strategies to make this 
possible. For a detailed account on this topic the reader is referred to the many extensive 
reviews (e.g., Bergman et al., 1997; Berman-Frank et al., 2003; Fay, 1992; Gallon, 1992). A 
summary of the main strategies (after Stal, 1995) is given here because diazotrophic 
Cyanobacteria usually determine the pattern of N2 fixation in microbial mats. 
One group of filamentous diazotrophic Cyanobacteria is exceptional because their 
representatives differentiate a special cell, the heterocyst, which is the site of N2 fixation 
in these organisms. The heterocyst provides an anoxic environment for nitrogenase by 
losing the oxygenic photosystem II and by having a multilayered glycolipid cell envelope 
that serves as a gas diffusion barrier limiting the flux of oxygen (see also reviews by, e.g., 
Haselkorn, 1978; Böhme, 1998). This cell imports carbohydrate from the neighboring 
vegetative cells in exchange for fixed nitrogen. Hence, in heterocystous Cyanobacteria N2 
fixation is spatially separated from oxygenic photosynthesis. Heterocystous Cyanobacteria 
are common in many freshwater and terrestrial environments but rare in microbial mats. 
Non-heterocystous diazotrophic Cyanobacteria evolved a variety of other strategies. Many 
filamentous and unicellular diazotrophic Cyanobacteria fix N2 only under anaerobic 
conditions (avoidance). This type of Cyanobacteria may thrive under anoxic conditions in 
sulfidic microbial mats. Other mat-forming diazotrophic Cyanobacteria fix N2 aerobically 
by confining it to the night and hence separating it temporally from oxygenic 
photosynthesis. 
 
 
Occurrence of microbial mats 
 
Microbial mats are distributed globally (Figure 2) and can be found in a wide variety of 
environments, particularly in extreme habitats. Extreme environments are usually 
characterized by highly selective conditions often excluding higher (eukaryotic) organisms 
(Paerl et al., 2000). Microbial mats can be found in cold Polar Regions (Arctic and 
Antarctic), in the dry and hot desert, in hypersaline environments, hot springs and in 
coastal environments. The latter are often characterized by strongly fluctuating 
environmental conditions such as large variations in water availability and desiccation, and 
salinity, temperature, oxygen, and sulfide gradients. Investigations of microbial mats have 
focused on the structural aspects, biogeochemical cycles and on the biodiversity of the 
functional groups of microorganisms that comprise the mat as well as the diversity of their 
metabolic capabilities. 
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Figure 2. Global distribution of microbial mats. Indicated are sites of microbial mats that have been 
investigated in depth. Mats reported to possess diazotrophic activity are labeled with filled circles 
(●), those that were not investigated for diazotrophy are depicted by a closed triangle (▲). All mats 
that were investigated for the capability of N2 fixation possessed this property 

 
 
This overview will discuss diazotrophic microbial mats from a variety of different 
environments and describe the particularities with respect to N2 fixation and the 
diazotrophic community members. It will be based on examples rather than aiming at 
completeness. The apparent abundance of occurrences of microbial mats in the northern 
hemisphere is obviously biased by the higher research input. Habitats that support the 
development of microbial mats are reported from the poles to the tropics. That triggers a 
number of questions that we like to discuss in this chapter. Since microbial mats are found 
in such different geographic locations and in such diverse habitats, which factors are 
important for their largely similar structure and functioning? Are all microbial mats 
capable of fixing N2? What factors determine N2 fixation and are selective for the type of 
diazotroph? We will discuss these questions with the help of some selected and well-
studied habitats. 
 
 
Intertidal microbial mats 
 
Microbial mats develop on intertidal sediments in a variety of coastal environments where 
the conditions are harsh due to strongly fluctuating physicochemical gradients and 
environmental parameters. These environments largely exclude grazing organisms that 
would otherwise prevent the accumulation of microorganisms necessary to form a 
microbial mat. Especially coastal tidal flats with low slopes and fine sandy sediment serve 
as excellent habitats for mats (Stal, 2000). 
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The beaches of the barrier islands in the Netherlands, Germany and Denmark, separating 
the North Sea from the Wadden Sea, are a good example of an environment that allows 
the development of microbial mats (e.g., Severin & Stal, 2008; Stal et al., 1984; Villbrandt 
et al., 1990). Several types of microbial mats can be found on the north-west banks where 
the deposition of fine sand on the extended and shallow tidal flats provides a suitable 
substrate for the settlement of Cyanobacteria. Microcoleus chthonoplastes and Lyngbya 
aestuarii were the predominant Cyanobacteria in these mats but also other genera (e.g., 
Spirulina, Gloeothece and Merismopedia) were present. The diversity of the different mat 
types varied as did the daily pattern of nitrogenase activity. Mats in an early stage of 
development showed the highest biomass (chlorophyll a) specific nitrogenase activity 
(NA). This can be explained by the high demand for nitrogen in the rapidly growing mats. 
In such mats NA was almost entirely confined to the night. Since these mats did not turn 
anoxic during the night, the energy for night time NA was supplied by aerobic respiration. 
NA measurements of a well developed mat showed a small sunset- and a big sunrise-peak, 
obviously due to favorable conditions for N2 fixation at these times. Light, photosynthetic 
activity and hence oxygen concentrations were still low but sufficient for energy supply of 
nitrogenase. No NA was observed in the dark, presumably because the mat turned anoxic 
and did not allow for respiration to supply energy needed for NA. Light and oxygen 
appeared to have a major impact on N2 fixation dynamics in these mats (Villbrandt et al., 
1990). A more complex pattern was found in mats on the intertidal sandy beach on the 
island Schiermonnikoog, the Netherlands (Severin & Stal, 2008). A microbial mat 
characterized by a mixed cyanobacterial community showed activity maxima at sunset and 
sunrise. In contrast to the well-developed mat mentioned above, considerable NA was 
also detected during the night. This was attributed to a shift in the actively N2 fixing 
microbial community. Another mat, dominated by the non-heterocystous Lyngbya 
aestuarii, exhibited a diel NA pattern characteristic for aerobically N2-fixing non-
heterocystous Cyanobacteria (Figure 3). 

 
 
Figure 3. Daily cycle of nitrogenase activity for a mixed cyanobacterial community with 
heterocystous Cyanobacteria present (left panel) and a microbial mat dominated by Lyngbya 
aestuarii (right panel) 
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Microbial mats developing in the sub-tropics were intensively studied on North Carolina’s 
Outer Banks barrier islands (e.g., Shackleford Banks). These mats were widely distributed 
throughout the intertidal zone where they grow on mud- and sand-flats, experiencing 
mostly full seawater salinity or even hypersaline conditions in addition to high irradiances 
and low nutrient supply (Paerl et al., 2000). The mats were most of the time exposed and 
only immersed for a few hours during high tide. The dominant Cyanobacteria in the 
Shackleford microbial mats were Microcoleus chthonoplastes, Lyngbya aestuarii and 
representatives of the genera Oscillatoria, Phormidium and Synechocystis. Bebout et al. 
(1987) observed an inverse relationship of CO2 and N2 fixation and suggested energy 
competition between the two processes and/or inhibition of NA by photosynthetically 
produced oxygen as possible cause. They also reported a tight energy coupling based on 
the observation that a lower nighttime NA followed low photosynthetic activity during the 
preceding day. In addition, these mats also exhibited seasonal dynamics of NA (Paerl et al., 
1996). From spring to fall NA peaked during the night whereas in winter maximum NA was 
observed at midday. Such seasonal changes may be caused by succession of different 
groups of diazotrophic bacteria that have different strategies for fixing N2. In winter, 
conditions might not be optimal for Cyanobacteria, which could lead to a competitive 
advantage for chemotrophic N2 fixing organisms. This is supported by observations made 
by Zehr et al. (1995) who found that in these mats nifH sequences which code for 
nitrogenase reductase of the non-heterocystous cyanobacterium Lyngbya were present 
only in summer whereas no cyanobacterial nifH sequences were retrieved in winter. It is 
possible that the low availability of light limits the growth of Cyanobacteria in winter. The 
role of heterotrophic diazotrophs in this microbial mat was further investigated by Steppe 
& Paerl (2002; 2005). Clone libraries of the nifH gene yielded sequences similar to certain 
sulfate reducing bacteria (SRB). The possible involvement of sulfate reducing bacteria in N2 
fixation was supported by the inhibitory effect of molybdate, a structural analogue of 
sulfate and a potent inhibitor of sulfate reduction. 
Intertidal microbial mats are also known from various tropical environments (e.g., 
Pinckney et al., 1995b). Coastal intertidal and sub-tidal stromatolites are found in Shark 
Bay (Western Australia) and on the Exuma Cays (Bahamas). Stromatolites are formed by 
lithifying microbial mats and have been considered as the living examples of fossil 
Precambrian stromatolites. The laminated structure of the stromatolites is generated by 
the lithification of the cyanobacterial mat which is affected by seasonal influences and 
sometimes by erratic events. Mats on the Exuma Cays are found in the back reef intertidal 
and sub-tidal zones (Pinckney et al., 1995c). The upper 10-30 cm is only exposed at low 
tide for a few hours and the mats do therefore not experience desiccation. A horizontal 
zonation of several mat types with varying community composition was observed but 
Cyanobacteria generally dominated. The most prominent cyanobacterium in the Exuma 
Cays stromatolites was Schizothrix gracilis. Also present were the filamentous non-
heterocystous Lyngbya, Oscillatoria and Phormidium as well as the heterocystous 
Calothrix and the unicellular Gloeothece. These mats exhibited NA which was found to be 
higher during the day (Pinckney et al., 1995c). However, on another occasion NA was 
found to be maximal during the night (Steppe et al., 2001). This discrepancy may have 
been due to a shift in community structure or unrecorded differences in environmental 
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conditions. The level of NA in these mats was reported to be dependent on 
photosynthetic activity and availability of organic carbon. The daily patterns were the 
same in spring and summer but the mechanism by which nitrogenase activity was 
maintained varied with the seasons. De novo synthesis of nitrogenase was not detected in 
March whereas NA in August almost entirely depended on newly synthesized nitrogenase. 
NifH sequences from Cyanobacteria, Alphaproteobacteria and obligate anaerobic bacteria 
were found in the stromatolites (Steppe et al., 2001). The relative contribution of these 
groups to N2 fixation under different conditions could explain differences in NA-patterns. 
For a range of different tropical microbial mats that have been investigated, nighttime as 
well as daytime NA has been reported. For instance, nighttime NA has been observed in 
microbial mats in Puerto Rica (Diaz et al., 1990) and in the non-heterocystous 
Hydrocoleum-dominated microbial mats in New Caledonia (Charpy et al., 2007). The 
heterocystous cyanobacterium Nodularia-dominated microbial mats in New Caledonian 
exhibited higher daytime activity (Charpy et al., 2007). Daytime activity also occurred in 
mats harboring heterocystous as well as non-heterocystous cyanobacterial diazotrophs in 
French Polynesia (Charpy-Roubaud et al., 2001; Charpy-Roubaud & Larkum, 2005) and in 
microbial mats found on Zanzibar, Tanzania (Bauer et al., 2008). The Zanzibar microbial 
mats were dominated by filamentous Oscillatoriales and unicellular Chroococcales and 
were therefore expected to show NA in the dark. However, these mats did not reveal 
cyanobacterial nifH sequences and confirmed similar observations from other habitats 
that Cyanobacteria might not necessarily represent the major diazotrophs in microbial 
mats. 
Structurally similar microbial mats built by Cyanobacteria are found from the tropics to 
the Polar Regions indicating that temperature is not a selecting factor against these 
microbial ecosystems. From the limited knowledge available we might conclude that the 
community composition may be different and also that different functional groups are 
involved in N2 fixation in polar and tropical microbial mats. 
 
 
Antarctic microbial mats 
 
Microbial mats in the Arctic are mostly found in tundra environments, but they have been 
much less investigated than those found on the Antarctic continent. Antarctica is the 
coldest, driest and windiest continent and is therefore considered an extreme habitat, 
limiting microbial growth.

 
Cyanobacteria in Polar Regions are known to inhabit exposed 

rock surfaces, fissures and interstitial spaces and form mats on the bottom of streams, 
lakes and ponds. Antarctic microbial mats have been studied on the McMurdo Ice Shelf. 
This habitat is characterized by a temperature range from -60 °C in winter to 0 to -40°C in 
summer, light extremes (total darkness in winter and permanent light in summer) and low 
precipitation. Due to heating and melting in summer, water availability increases and soil 
particles accumulate in cracks, creating substrates for Cyanobacteria. In general, two 
types of microbial mats can be found: Oscillatoriales-dominated mats and those mainly 
composed of Nostoc commune (Vincent, 2000). The genera Oscillatoria, Schizothrix and 
Phormidium form mats of several mm thickness and with a red-orange surface that serves 
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as a UV-screen. The Cyanobacteria occur as a blue-green layer at the bottom. Nostoc 
commune mats may be up to 20 mm thick and are found in rather ephemeral 
environments. 
Microbial mats associated with the ice cover of Lake Bonney exhibited NA but with lower 
rates than those reported for mats in temperate and tropical regions. Moreover, NA was 
mainly confined to the light period (Olson et al., 1998). Cyanobacterial mats colonizing the 
bottom of a variety of small lakes and ponds were layered similarly to mats from 
temperate regions and dominated by Oscillatoriales (Fernández-Valiente et al., 2001). NA 
in these mats was within the range of rates reported from temperate mats but, similar to 
the Lake Bonney ice cover mats, activity was also much higher at daytime. This hints to a 
major contribution of heterocystous Cyanobacteria to N2 fixation although such organisms 
were only represented by less than 10% of the counts. NifH sequences revealed the 
presence of Cyanobacteria as well as chemotrophic organisms. The latter would be 
independent from light unless they receive their substrate directly from the Cyanobacteria 
as proposed by Steppe et al. (1996). 
Temperature is not necessarily a factor that prohibits N2 fixation (within physiological 
limits) but it will affect metabolic rates of organisms. However, there are other factors 
that have a potential impact on microbial performance in Polar Regions. Melt water ponds 
revealed the highest cyanobacterial diversity at lowest salinities (Jungblut et al., 2005). 
Oscillatoriales, including Oscillatoria, Lyngbya and Phormidium, and heterocystous 
Nostocales, represented by Nostoc and Nodularia, were the predominant organisms, 
confirming their endemic nature in Antarctic environments. 
In conclusion, against the odds of this hostile environment, diazotrophic microbial mats 
develop and seem to be common in Antarctica. Low temperature for growth, freeze-thaw 
cycles, solar radiation with a high level of UV, a range of salinities and prolonged 
dormancy evoked appropriate adaptations and apparently selected for a specific group of 
mat forming Cyanobacteria. 
 
 
Hot spring microbial mats 
 
Hot springs represent an environment that occupies the high end of the temperature 
spectrum. Microbial mats in the Octopus and Mushroom Springs in Yellowstone National 
Park (USA) are among the best-studied examples. The microbial mats at these alkaline 
siliceous hot springs are situated in the effluent channel with temperatures between 42 – 
74°C. These mat communities are dominated by Chloroflexus-like bacteria and 
Synechococcus-like Cyanobacteria (Ward et al., 1998) but community composition 
changed horizontally along the temperature gradient (Ferris et al., 1996) and vertically 
according to the gradients of light and chemical conditions (Ramsing et al., 2000). DGGE-
profiles of the 16S rRNA gene confirmed the stability of the community composition at 
temperature-defined sites independent from the season (Ferris & Ward, 1997). This 
suggests the presence of ecologically specialized groups with adaptations corresponding 
to the prevailing temperature- and light-conditions as well as to the chemical gradient 
(Ward et al., 2006). For a long time, N2 fixation has been considered to be absent or 
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irrelevant in these hot spring microbial mats. However, whole genome sequencing of the 
major cyanobacterial players in these microbial mats, Synechococcus spp., showed the 
presence of a fully operational nif operon. Subsequently, it was shown that Synechococcus 
nifH expression and NA occurred in a daily manner as is the case in other non-
heterocystous microbial mats (Steunou et al., 2006; 2008). NA peaked in the early evening 
and, much more pronounced, in the early morning. This was attributed to the favorable 
combination of low light intensities and low oxygen concentrations, confirming earlier 
work in coastal microbial mats (Villbrandt et al., 1990) and in cultures of the non-
heterocystous cyanobacterium Lyngbya aestuarii (Stal & Heyer, 1987). Nif-transcripts 
accumulated in the evening and declined during the night while nitrogenase was stable 
throughout the night, suggesting that de novo synthesis of nitrogenase did not occur 
during that period. Thermal adaptation of diazotrophy in these mats was concluded from 
the temperature dependence of NA which was in approximate agreement with the one 
previously measured for growth and photosynthesis of hot spring Synechococcus isolates. 
Ambient temperatures of 60 – 65 °C supported highest mat NA. 
Major impacts on bacterial growth in hot spring microbial mats are gradients of 
temperature, chemical conditions and light and communities have been proven to adapt 
to niches defined by these factors. 
 
 
Hypersaline microbial mats 
 
Hypersaline lakes, ponds and sabkha’s are other examples of extreme environments 
exhibiting a low diversity of mostly prokaryotic life that adapted to the hostile conditions. 
The Salins-de-Giraud saltern in the Camargue, France, has been extensively studied. 
Cyanobacteria were the major components of microbial mats at 70 – 150‰ salinity 
(Fourçans et al., 2004). DGGE revealed a diverse community comprised of the filamentous 
non-heterocystous Cyanobacteria Microcoleus, Oscillatoria, Leptolyngbya, Phormidium 
and the unicellular Pleurocapsa and Gloeothece. Sulfate reducing bacteria, sulfur oxidizing 
and anoxygenic phototrophic bacteria were also present and the populations were 
vertically stratified according to micro-gradients of oxygen, sulfide and light. Filamentous 
Cyanobacteria were mainly present at the surface, followed by sulfur oxidizing bacteria 
and anoxygenic phototrophs. SRB were distributed throughout the whole mat. Depth-
related differences in the community structure were reported to be of greater importance 
than temporal variations during a day-night cycle (Villanueva et al., 2007). NA showed 
seasonal changes and was higher in the dark during the summer and higher in the light in 
the cold season (Bonin & Michotey, 2006). This was attributed to seasonal changes in the 
diazotrophic community as has been proposed for other microbial mats (Paerl et al., 
1996). Moreover, in winter, denitrification was slightly higher than N2 fixation but in 
summer this situation inversed turning these mats into an overall net source of combined 
nitrogen.  
Another well studied hypersaline habitat is La Salada de Chiprana, Spain, the only 
permanent natural hypersaline inland lake in Western Europe. This lake is characterized by 
a salinity of ~70‰ and high concentrations of magnesium and sulfate. The microbial mats 
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in this lake had a peculiar inverted stratification with Chloroflexus-like bacteria on top and 
Cyanobacteria (Microcoleus- and Pseudanabaena-like) underneath (Jonkers et al., 2003). 
This phenomenon was explained by the downwards migration of the Cyanobacteria in 
order to escape UV-damage. Below a calcium carbonate layer another cyanobacterial 
layer was present, dominated by Microcoleus-like filamentous Cyanobacteria. In addition, 
unicellular Halothece- and Gloeocapsa-like Cyanobacteria, purple and colorless sulfur 
bacteria and aerobic heterotrophs contributed to the community. NA was present 
throughout the day and night, although the rates were slightly (10 %) higher at night 
(Camacho & de Wit, 2003). NA was low compared to activities measured in other 
microbial mats and the use of metabolic inhibitors suggested methanogens and aerobic 
heterotrophs as the major diazotrophs (De Wit et al., 2005). Hence, although these mats 
were dominated by Cyanobacteria, they were apparently not the major contributors to N2. 
Hypersaline diazotrophic microbial mats with a high diversity were also found in the 
salterns of Guerrero Negro, Mexico. The community appeared much more diverse than 
previously expected, showing an uneven distribution of bacteria in the upper layers (Ley et 
al., 2006). In this mat, persisting under a cover of brine of 80‰ salinity, Chloroflexi 
dominated when whole mat community was taken into account. Cyanobacteria 
predominated the upper (oxic) 2 mm. Diversity differed according to oxygen and sulfide 
concentrations and it was implied that related bacteria occupy similar chemical niches 
because they share physiological properties. The cyanobacterial components of this 
microbial mat were stable (Green et al., 2008). Experimental decrease of salinity or 
manipulations using sulfate additions did not affect community composition. It is not 
known how this community remained stable after such dramatic changes of the 
environmental conditions. Microbial mats dominated by Lyngbya or Microcoleus were 
investigated with respect to community composition and N2 fixation (Omoregie et al., 
2004a, b). The Lyngbya-dominated type was 2-3 cm thick, fibrous and had a rough surface. 
It was periodically flooded, desiccated and physically relocated. This mat was assumed to 
represent a pioneer mode of microbial mat with a high external nitrogen demand which 
would explain the higher NA compared to Microcoleus-dominated mat. The latter showed 
a thickness of 4-5 cm, a cohesive structure and a smoother surface. The lamination was 
more apparent and the diversity higher than in the Lyngbya-mat. A lower external 
nitrogen demand of this supposedly established mat could explain lower NA. Sequencing 
of the nifH gene revealed that Delta- and Gammaproteobacteria were more prominently 
present in the clone libraries than Cyanobacteria. 
In hypersaline mats in different regions of the world, Cyanobacteria and Chloroflexus-like 
bacteria are the dominant mat-building organisms, although a variety of other bacteria is 
present and may be responsible for N2 fixation. All these members of the community are 
facing high salinities, solar radiation and high temperatures. These factors affect 
community composition and metabolic performance but do not prevent the formation of 
these highly diverse and complex micro-ecosystems. 
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Factors controlling occurrence and performance of diazotrophic microbial mats 
 
All environments in which microbial mats develop are characterized by extreme 
conditions such as temperature, solar (UV) irradiation, salinity, alkalinity, desiccation, or 
their fluctuations. However, the limited range of environmental conditions under which 
higher organisms are able to survive is an important factor for the development of 
microbial mats in these extreme environments. This is mainly due to the absence of higher 
grazing organisms. 
Cyanobacteria are especially well adapted as primary colonizers and are therefore often 
found as the builders of the matrix of the mat that forms the prerequisite for the 
subsequent settlement of other microorganisms (see introduction). However, certain 
environmental factors may prevent microbial growth and mat-development. These 
include turbulence, as present in areas with high wave energy, and grazing pressure, e.g., 
under less extreme conditions (Vitousek & Howarth, 1991). The high energy costs of N2 
fixation might also constrain diazotrophic activity and nutrient (other than nitrogen) 
limitations could prevent microbial mats from developing. Major environmental factors 
playing a role in all the above-mentioned microbial mats, and probably determining the 
occurrence of certain mat-organisms, are temperature and salinity. Nevertheless, they do 
not appear to prevent the development and activity of diazotrophic microbial mats. 
Diazotrophs have obviously adapted to a large range of environmental conditions. 
 
 
Temperature 
 
Diazotrophic microbial mats have been found in all climatic zones on earth and 
Cyanobacteria are clearly dominating in habitats at either end of the temperature range 
from the Polar Regions to the tropics. Although they are thought to have optimal growth 
temperatures of above 20°C, cyanobacterial mats can be found in environments ranging in 
temperature from 0 – 60°C. However, isolated strains of Cyanobacteria from Polar Regions 
were not psychrophilic (i.e. temperature optimum of growth below 15°C) but had on 
average an optimal growth temperature of approximately 20°C (ranging from 15 – 35°C) 
and were therefore considered to be psychrotolerant (Tang et al., 1997). The most 
prominent effect of temperature on a living cell is that it determines the rate of metabolic 
reactions within de physiological limits of the organism. It is therefore not surprising that 
N2 fixation rates are much lower in Polar Regions than in warmer environments. 
Moreover, one has to take into account that Polar Regions are characterized by a 
multitude of other harsh conditions besides low temperature (e.g., UV-stress, desiccation 
and long dormancy-periods). The slow growth rate also demands much lower rate of 
nitrogen supply. 
Growth and metabolic activity is possible only when liquid water is present. Microbial 
mats are found on the bottom of Antarctic lakes where most of the water is frozen except 
just above the bottom. In cracks and fissures in rocks the temperature may rise above zero 
allowing the growth of Cyanobacteria. In pockets in sea ice brines are present due to 
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exclusion of sea salt from the frozen water. These brines have very low freezing points. It 
is well known that algae and Cyanobacteria, including diazotrophic species, grow in these 
pockets at temperatures well below zero (Rysgaard et al., 2001). Hence, these 
Cyanobacteria probably experience the high salinity as a more serious stress than the low 
temperature. The compatible solutes that are required for life at high salinity (see below) 
also serve as anti-freeze protecting the proteins of the cell in case of freezing. Ice crystals 
forming inside the cytoplasm are a serious thread for living cells. Compatible solutes will 
lower the freezing point of the cytoplasm and also protect enzymes. The accumulation of 
ice nucleation proteins in the outer membrane is another way the cell protects itself from 
damage through ice crystals in the cytoplasm. 
Whereas Oscillatoriales and Nostocales are the dominant Cyanobacteria in Polar Regions, 
hardly any other Cyanobacteria than the Synechococcus-morphotype is found at 
temperatures above 55°C (Ward et al., 1998). Thermal environments with lower 
temperatures (~45°C) are known as sites where heterocystous Cyanobacteria such as 
Fischerella sp. and Oscillatoriales form diazotrophic microbial mats. Highest N2 fixation 
rates were measured at ambient but not at experimentally lowered temperatures. Hence, 
adaptation to the effect of high temperature on cell metabolism has occurred. The most 
broadly observed negative effects of elevated temperatures on organisms are 
denaturation of proteins, e.g., enzymes and transport systems, and the disintegration of 
membranes. One way of adaptation to high temperature is the increase of chaperones 
that serve as heat shock proteins by facilitating and maintaining the correct folding of 
proteins under extreme conditions. Furthermore, the proportion of saturated fatty acids 
in membrane structures can be increased to achieve an elevated rigidity. The effect of 
elevated temperature on N2 fixation has been studied for the chemotrophic bacterium 
Klebsiella pneumoniae (Hennecke & Shanmugam, 1979) as well as for the heterocystous 
cyanobacterium Anabaena cylindrica and the unicellular cyanobacterium Gloeothece sp. 
(Gallon et al., 1993). In both Cyanobacteria nitrogenase activity was inhibited but this was 
not the result from thermal inactivation of the enzyme but due to an increased O2-
sensitivity of nitrogenase. Although the mechanism was reported to be different for both 
organisms, no inhibition occurred under anoxic conditions. It can therefore be concluded 
that, unlike in Polar Regions, organisms fixing N2 in thermal environments must have 
evolved specific adaptations. 
Habitats within the temperature range marked by polar and hot spring environments can 
often be found in intertidal areas which are characterized by a strong fluctuation of 
environmental parameters, including temperature. Daily and seasonal temperature 
changes are common for temperate and sub-tropical areas whereas in tropical habitats 
seasonal variability is usually smaller but daily changes can be more pronounced. In these 
environments organisms either have to be tolerant to the temperature regime or occupy 
niches according to their temperature preferences. In any case, microbial mat 
communities have been shown to persist in intertidal areas and exhibit high N2 fixation 
rates. So at least for Cyanobacteria, a distribution according to temperature preferences 
seems likely and the occupation of adequate temperature niches by certain forms allows 
for distribution in a wide range of habitat temperatures. Nitrogenase does not seem to be 
subjected to thermal inactivation by a moderate increase of ambient temperature but 
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oxygen sensitivity might be elevated and thus limit N2 fixation under aerobic conditions 
(Gallon et al., 1993). Moreover, a decrease of temperature will decrease the rate of 
respiration which could result in the inability of the N2-fixing cell to maintain anaerobic 
conditions. An increase in temperature would not have the opposite effect (when the N2-
fixing cell is already anaerobic) although it might select for diazotrophic Cyanobacteria 
that were unable to fix N2 due to the low rate of respiration at the lower temperature. 
Based on these observations, temperatures within physiological limits do not prevent mat-
building diazotrophic organisms from (extreme) habitats all over the world. Furthermore, 
N2 fixation has been found in environments at both ends of the observed temperature 
range and suggests the existence of well-adapted diazotrophs. 
 
 
Salinity 
 
As is the case with temperature, salinity can be a highly variable environmental factor in 
many habitats. And similar to temperature, various niches within these habitats allow the 
existence of a diverse community of mat-building and diazotrophic organisms. These 
organisms are adapted to thrive in high salinity-environments, analogous to the high-
temperature adapted Synechococcus-morphotype in hot spring microbial mats. Such 
organisms must withstand the general problem of water loss in hypertonic habitats 
causing the damage of plasma membranes and renders the cell metabolically inactive and 
eventually prohibits growth. Commonly found Cyanobacteria in hypersaline microbial 
mats are filamentous non-heterocystous species, mostly Oscillatoriales. Among these 
Microcoleus chthonoplastes is particularly important. M. chthonoplastes is common in 
marine microbial mats and hypersaline environments but also dominates desert crusts 
which can experience extreme desiccation. 
Hypersaline Cyanobacteria are adapted to the high osmotic pressure to which they are 
exposed. It has been suggested that the common sheath that encloses bundles of 
trichomes of Microcoleus serves as a means of water retention (Dor & Danin, 2001). This 
strategy may also be used by other Cyanobacteria. However, Cyanobacteria in hypersaline 
microbial mats, as is the case in microbial mats in other environments, are embedded in a 
gelatinous matrix of EPS and this seems in general important as a strategy to protect the 
organisms from desiccation. It is therefore not specific for hypersaline conditions. 
The accumulation of compatible solutes is probably the major adaptation to hypersaline 
conditions. Compatible solutes increase the osmolarity of the cytoplasm thereby 
alleviating osmotic stress. Compatible solutes are low molecular organic compounds that 
are highly soluble and do not infer with enzyme activity even not at high concentrations. 
The higher the salinity the organisms are exposed to the higher concentration of 
compatible solutes is required and this puts specific demands to the properties of the 
solute. Hence, there is a suite of compatible solutes each type particularly suitable for a 
specific range of salinities. 
Halophiles from different habitats are known to modify the structure of their membranes 
when exposed to high concentrations of sodium. Despite the stress imposed on the 
organisms by high salinities, communities were diverse and harbored unicellular 
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Cyanobacteria as well as other microorganisms such as sulfate reducing and sulfur 
oxidizing bacteria. One prominent member of the green non-sulfur bacteria in hypersaline 
microbial mats was Chloroflexus which is also known from hyperthermal environments. 
Although salinity has been proposed as a major environmental factor determining 
microbial community composition (Lozupone & Knight, 2007), the occurrence of microbial 
mats is not restricted by high or rapidly changing salinities. But when it comes to 
functioning, salinity might actually be a limiting factor, even for N2 fixation. Pinckney et al. 
(1995a) investigated the effect of salinity on microbial mats from a hypersaline 
environment on the Bahamas. A decrease of salinity (to half the original value) caused a 
considerable increase in both CO2 and N2 fixation rates. The addition of dissolved organic 
carbon and nutrients had no effect. These findings suggest that, in contrast to high 
temperatures, high salinities suppress both processes carried out by the indigenous 
microbial mat community and may outweigh other potentially limiting factors such as low 
nutrient concentrations. Organisms that are exposed to high salinities must invest a 
considerable part of their metabolic capacities to the accumulation of compatible solutes 
and to the pumping of sodium ions. It is not surprising that this impact the performance of 
the organism and particular N2 fixation, which has a high demand for energy and reducing 
equivalents, competes for the same resources. Therefore, high salinities do not prevent 
settlement of microbial mats but may limit biological processes including N2 fixation. N2 
fixation is difficult under hypersaline conditions and may be absent under very high 
salinities. 
 
 
Summary 
 
For all habitats that were briefly discussed in this chapter it can be concluded that 
microbial mats are present in a variety of environments, many of which among the most 
hostile on this planet and spanning a wide range of conditions. The large (metabolic) 
diversity of mat-organisms enables these micro-scale ecosystems to persist under a wide 
variety of conditions. These conditions, as much as they differ from habitat to habitat, 
select for certain habitat-specific communities and also shape their metabolic 
performance. Temperature and salinity are important parameters influencing the 
occurrence and overall productivity of microbial mats as well as diazotrophy. N2 fixation 
was an important process in all mats that were investigated for it. Temperature and 
salinity are proposed to be of major importance for the degree of mat development and 
diazotrophy but do not exclude mat organisms from thermal and hypersaline 
environments. There are many factors that influence N2 fixation. These include nutrient 
and trace metal availability as well as energy supply and oxygen inhibition. The latter two 
have repeatedly been shown to play a key role in controlling N2 fixation (e.g., Bebout et 
al., 1987; Villbrandt et al., 1990; Steunou et al., 2008). Energy supply and oxygen show 
strong spatial, daily and seasonal as well as year to year variations and therefore shape 
whole community N2 fixation but due to the small-scale variability of these factors, a 
correlation to the global distribution of diazotrophic microbial mats is difficult. 
 




