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photorespiration product, and retain a larger pool of carbon in the mat. Clumping thus 
benefits filamentous mat builders whose incorporation of inorganic carbon is sensitive to 
oxygen. The morphogenetic sequence of mm-scale clumps, reticulate ridges and conical 
stromatolites from the 2.7 Ga Tumbiana Formation likely records similar O2-dependent 
behaviors, preserving currently the oldest morphological signature of oxygenated 
environments on Early Earth. 
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The modern biosphere exhales and inhales oxygen on a planetary scale, and uses this gaseous 
metabolite in many biosynthetic pathways (e.g., [1]). Multiple indicators document the first rise of 
atmospheric oxygen, also known as the Great Oxidation Event (GOE), at around 2.48–2.3 billion years 
ago (Ga, e.g., [2,3]). Locally oxygenated environments existing under an anoxic atmosphere also may 
have left geochemical signatures in some older, Neoarchean successions (see Farquhar ",)?-. [4] for a 
recent review). Cautionary notes accompany interpretations of these geochemical indicators. Not only 
is the authenticity questioned [5,6] of lipid indicators of oxygenated environments as old as 2.7 Ga 
(e.g., [7]), but alternative explanations for the observed trends in Neoarchean sulfur isotopes and 
concentrations of transition elements also may be possible [4].  

The question remains of how l
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fabric-destroying fenestrae produced during extensive organic decay [17–19]. With possible  
exceptions [10,16,20], analogous fenestrate textures are yet to be identified or confirmed in  
Archean stromatolites.  

Recognition of oxygenic photosynthesis in Archean stromatolites requires further field studies and 
experiments. Field studies can improve the rather sparse record of 
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in intact than mechanically dispersed cm-scale cyanobacterial tufts and cones, an enhanced uptake of 
inorganic carbon by dispersed aggregates in the presence of sulfide, and detected sulfide in some 
natural aggregates in YNP [33]. Walter [15] assumed that the requirement for microaerophilia [33] 
applied to smaller cyanobacterial clumps as well as cones and attempted to look for fossil clumps in 
the laminae of various Archean conical stromatolites. This early attempt called both for a better 
understanding of processes that lead to the formation of modern clumps, and an expansion of the limited 
database of Archean stromatolites [15]. However, the proposed requirement for microaerophilia is 
inconsistent with the recent measurements of oxygen in YNP cones and laboratory-grown  
cones [17,34]. In both settings, actively photosynthesizing structures contain more oxygen than the 
ambient water and their interiors are oxic during the photosynthetic period [17,34]. Moreover, the  
role of O2 both in the initial shaping and the persistence of cyanobacterial clumps remains to  
be demonstrated.  

To this end, this study describes the organization, motility and density of cyanobacteria and 
exopolymeric substances in clumps and flat mats, evaluates the persistence of clumps as a function of 
changing O2 and dissolved inorganic carbon (DIC) concentrations, and identifies conditions when 
clumping may be beneficial. Implications of these experimental insights for the recognition of 
cyanobacterial textures and stromatolites are discussed and used to interpret the morphogenesis of 
some recently recognized Archean conical stromatolites [13]. 
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2.1.1. Morphological Stages in the Growth of Cone-forming Microbial Mats 

Enrichment cultures consisting of motile, filamentous cone-forming cyanobacteria and other 
microbes (Electronic Supplement, [34]) were enriched by serial harvesting and culturing of cones in a 
modified Castenholz medium D [17], as well as by the selection of the fastest-gliding phototactic 
filamentous cyanobacteria [34]. These organisms were identified as cyanobacteria using 16S rRNA 
sequences and chlorophyll ? (Chl ?) autofluorescence (described in more detail in [34] and Electronic 
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concentrations were much greater than the Km for nitrate (several tens of ȝM, [35]) and the Km for CO2 
and HCO3

í (in the ȝM range, [36]), clumping under our experimental conditions could not be 
interpreted as a direct response to low concentrations of nitrate and inorganic carbon. 
To the naked eye, clumps appeared as circular features darker than the adjacent flat mats (Figure 2B). 
Confocal microscopy showed that the newly discernible clumps were not elevated by more than  
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in clumps (Figure 6A). These measurements indicated that filaments in clumps and flat areas had 
comparable gross photosynthetic rates. More surprisingly, oxygen concentrations at the surfaces of 
clumps were lower than those at the surfaces of mats (Figure 6B, Experimental Section 3.4), although 
clumps grew upward faster than the surrounding areas (Figure 1).  

T;/?80' )K Photosynthetic rates and oxygen concentrations in intact, clumped mats and 
dispersed mats. (C) Volumetric gross photosynthetic rates in clumps and flat areas. Each 
triangle represents 10 measurements from one mat. Different triangles represent mats 
grown in independent culture experiments. 
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To learn more about the cycling of carbon and oxyge
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reduces photorespiration and enhances the aerobic respiration. These two processes are not 
independent, because aerobic respiration lowers the O2/CO2 ratio, which, in turn, can reduce 
photorespiration. Second, clumping might increase F in Equation 2, if clumped mats contain more 
heterotrophic bacteria that prefer glycolate to other organic compounds. This scenario is unlikely under 
our experimental conditions, because clumped and dispersed mats preserved the ratios of  
non-photosynthetic cells, cyanobacteria and particulate material larger than ~1 ȝm (Experimental 
Section 3.4). We thus expect F (Equation 2) to be the same in clumped and dispersed mats. Third, the 
diffusion coefficients for the diffusion of small molecules and ions in clumps may be lower than those 
of the surrounding areas. This mechanism augments the first one by increasing the availability of 
glycolate and oxygen for aerobic respiration within the clumped mats. 
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2.2.1. Initiation of Clumping 

The characteristic pattern in clumped cyanobacterial mats (Figures 1B and 2B) arises from the 
ability of filamentous non-heterocystous cyanobacteria to bow, bend and reverse gliding directions. 
These processes initially distribute filaments in clumps, ridges and less dense surrounding areas and 
continue to influence the orientation of filaments during later growth (Figure 5, Electronic 
Supplement). The persistence of newly formed clumped mats strongly depends on the concentration of 
O2 (Figure 5), because high O2
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T;/?80' (K Proposed model of microbial distribution, spatial organization, carbon and O2 
cycling in clumps and adjacent areas. (C) Clumps contain denser cyanobacterial filaments 
and heterotrophic microbes (Figures 1C, 3, 4B). The initial differences in density depend 
on cyanobacterial motility and can be established over short timescales (<2 h, Figure 5, 
Electronic Supplement). Darker blue color outside of the clump indicates higher oxygen 
concentrations in areas adjacent to clumps (Figure 6B). Oxic media increase the reversal 
frequencies of any filaments that begin to leave the clumps (see the movies in the Electronic 
Supplement), thereby reducing the net migration away from the clump (Figure 5). This 
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T;/?80' ZK Clumps in a cyanobacterial cone from Yellowstone National Park. (C) Mosaic 
light micrographs of the vertical thin section through the cone. The black and white 
rectangles, respectively, outline areas with clumped filaments in the tip of the cone which 
are magnified in (F) and (B), respectively. 

'

In quiet, stratified solutions, the flow of nutrients into the mat and the flow of waste products out of 
the mat depend on the microbial organization within the mat [30,42,43,46]. Assuming that the initial 
transition from the “flat” mats (Figure 2A) to the clumped ones is a behavioral adaptation that allows a 
better use of resources, one can develop a simplified model of clump spacing. In this geometric model, 
a flat mat becomes clumped when the surface area to volume ratio of the clumps is higher than that of 
a flat mat. Consider a volume of bacteria I distributed over an area *. The bacteria can either be 
distributed as a flat sheet of thickness į or organized into hemispherical clumps of radius +. In flat 
mats, the surface area to volume ratio is 1/į. In clumped ones, the surface area to volume ratio is 3/+. 
Consequently, if +/į > 3, nutrients and waste products flow more easily into and out of a flat mat, but 
the biofilm becomes more efficient by forming clumps if +/į < 3. Thus, the biofilm should form 
clumps when 


ఋD)J (3) 

'
At the very transition from flat to clumped mats, the thickness of biomass from clumps, if spread 

over the entire area occupied by a clumped mat, is equal to the thickness of the flat mat spread over the 
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same area. If the clumps are arranged on a hexagonal lattice (spaced by Ȝ; Figures 1B and 2B), then the 
area per clump is: 

?)D)ξଷ
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porous laminae in the presence 
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T;/?80'[K Morphogenetic sequence from clumps to cones preserved in an Archean conical 
stromatolite from the Tumbiana Formation [11]. (C) Vertical cross-section through cones; 
(F) Clumps in the magnified area shown by the white rectangle in (C); (B) Small, cm-scale 
cones and mm-scale clumps crop out on elsewhere reticulate plan-view surfaces; 
(4) Clumps in top view of the area shown by the white rectangle in (B).  
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Samples of cone-forming microbial mats were collected in 2008 in ponds fed by springs in Sentinel 
Meadows in Yellowstone National Park (permit #YELL-2008-SCI-5758 from the U.S. National Park 
Service). The samples designated for later culturing experiments were excised by a sterile surgical 
blade, placed in a 50 mL plastic tube containing water from the sampled pond, and stored in the dark at 
ambient temperature during transport. Separate samples of field cones were designated for microscopic 
examination, fixed with with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h 
and prepared for microscopy as previously described [17,18,34,46]. 

Motile, filamentous cone-forming cyanobacteria were enriched by serial harvesting and culturing of 
cones in a modified Castenholz medium D [17], as well as by the selection of the fastest-gliding 
filaments [34]. These organisms were identified as cyanobacteria using 16S rRNA sequences and Chl 
? autofluorescence (described in more detail in [34] and Electronic Supplement). The medium was 
equilibrated with an anaerobic atmosphere (90% N2, 5% CO2
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carbon cycles in clumps are beneficial to filamentous mat builders whose incorporation of inorganic 
carbon is sensitive to oxygen because clumped mats retain more soluble organic products of 
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