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ABSTRACT
The McMurdo Dry Valleys are a cold and arid environment with low biomass relative to most ice- 
free environments. The ice-covered lakes in the valleys, however, provide a refuge for diverse 
microbial communities where liquid water persists year-round. Within these lakes, benthic micro
bial assemblages form ornate structures in the absence of burrowing and grazing organisms. In 
Lake Vanda, the microbial communities create pinnacles with features including tip, web, and ridge 
ornaments and brown, green, purple, and beige pigmented zones. Bacterial 16S rRNA gene 
composition differed between lake depths for all sampled features. Within each depth, community 
composition correlated with the relative distance into the pinnacle and there were also some 
significant differences between assemblages in certain zones. The bacterial community composi
tion in the zones may reflect how they respond to environmental changes as the mat is buried, 
altering the internal light environment and affecting 16S rRNA gene assemblages across niches 
from the surface to the interior.
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Introduction

The McMurdo Dry Valleys (MDVs) are among the 
coldest and driest environments on Earth (Fountain 
et al. 1999). As a result, they contain little biomass with 
few macroscopic organisms (Friedmann 1982; 
Matsumoto et al. 1992; Vincent and James 1996). 
However, the valleys contain seasonal streams and ice- 
covered lakes teeming with life—oases in an otherwise 
inhospitable environment (Spaulding et al. 1997; Priscu 
et al. 1998; Zhang et al. 2015; Horn et al. 2016; Jungblut 
et al. 2016; Sumner et al. 2016; Kwon et al. 2017; Mackey 
et al. 2018; Dillon et al. 2020a, 2020b; Salvatore et al.  
2021). In particular, unusually elaborate phototropic 
microbial mats, dominated by filamentous cyanobac
teria coat the floor of the ice-covered lakes in the 
MDVs to depths where sufficient light penetrates. 
These microbial mats therefore contribute much of the 
biomass in Lake Vanda as well as many of the terrestrial 
aquatic ecosystems in Antarctica. In some cases, the 
productivity of these mats exceeds that of planktonic 
phototrophs (Hawes et al. 2001; Moorhead, Schmeling, 

and Hawes 2005). The mats accumulate biomass in the 
form of annual growth layers. In the virtual absence of 
disturbance, elaborate macroscopic features emerge dur
ing multidecadal growth, including pinnacles and flat 
and honeycomb-shaped structures (Sumner et al. 2016; 
Mackey et al. 2017; Dillon et al. 2020a, 2020b). These 
structural features appear to host unique microbial com
munities (Zhang et al. 2015; Sumner et al. 2016; Dillon 
et al. 2020b). Annual laminations allow growth to be 
hindcast (Sutherland and Hawes 2009), and their simi
larity to ancient stromatolites (Wharton, Parker, and 
Simmons 1983) can help inform the interpretation of 
fossil stromatolites in the rock record (Sumner et al.  
2016; Mackey et al. 2017) and as analogs of potential 
life on other planets.

Both microbial community composition and emer
gent microbial structures vary along environmental 
gradients within and among the MDV lakes, though 
many cyanobacterial taxa are shared, including genera 
of Oscillatoriales, such as Phormidium, Microcoleus, 
Tychonema, Leptolyngbya, and Pseudanabaena 
(Zhang et al. 2015; Greco et al. 2020). Several factors 
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are potentially influential, though these can be difficult 
to isolate, because lakes and depth zones within lakes 
differ in multiple physicochemical parameters that 
often co-vary, including the availability of photo
synthetically active radiation, temperature, pH, ionic 
composition, and the concentration of nitrogen and 
phosphorus (Zhang et al. 2015). Within a single lake, 
the availability of photosynthetically active radiation 
decreases with depth, and geochemical parameters, 
including dissolved oxygen, the concentration of sul
fide, and conductivity, also vary (Dillon et al. 2020a,  
2020b). These gradients can influence microbial com
munities (Zhang et al. 2015; Ramoneda et al. 2020), 
including at the millimeter scale (Dillon et al. 2020b). 
Similarly, photosynthetically active radiation decreases 
rapidly (on millimeter scales) with distance into 
a single mat (Vopel and Hawes 2006; Sumner et al.  
2016). The microenvironments within a mat may be 
associated with differences in microbial community 
structure, including in populations of cyanobacteria 
(Mackey et al. 2015; Jungblut et al. 2016; Dillon et al.  
2020a, 2020b).

In this study, we focus on Lake Vanda a large, endor
heic (closed basin) perennially ice-covered lake in 
Wright Valley of the MDVs, with an approximately 
3.5- to 4-m-thick perennial ice cover that transmits 15 
to 20 percent of incoming solar irradiance (Hawes and 
Schwarz 2001; Castendyk et al. 2016). Lake Vanda con
tains two thermohaline convection cells separated by 
a distinct pycnocline (Spigel and Priscu 1998). In 2015, 
the upper convection cell (4.5°C, 900 μS/cm specific 
conductivity) occupied the depth range 4 to 24 m, and 
the lower convection cell (6.5°C, 1,555 μS/cm specific 
conductivity) occupied the depth range 26 to 50 m 
(Castendyk et al. 2016). Based on sediment accumula
tion and historical records, the upper convection cell 
likely formed within the last 100 years as lake level rose 
following a climate shift that altered the balance between 
the influx of meltwater and efflux via ablation and eva
poration (Castendyk et al. 2016).

The water column is exceptionally clear (Howard- 
Williams et al. 1998; Hawes and Schwarz 2001), and 
microbial pinnacles coat the lake floor to depths of at 
least 50 m (Mackey et al. 2017). A back-of-the-envelope 
calculation of lake bottom area shallower than 50 m 
suggests that Lake Vanda contains more than 109 micro
bial pinnacles >1 mm tall, with some reaching tens of 
centimeters. The physiology of these photosynthetic 
mats and their temporal evolution were studied pre
viously (Hawes et al. 2013; Sumner et al. 2016; Mackey 
et al. 2017), which revealed within-mat vertical organi
zation evident as zones of different pigmentation 
(Hawes and Schwarz 2001).

Compositional and functional differences among the 
mat communities that develop in the distinct zones of 
the Lake Vanda water column have been demonstrated 
and suggest that variation in mat composition between 
depths can provide insights into the ecological drivers 
controlling community composition (Ramoneda et al.  
2020). This initial study, however, did not resolve micro
bial attributes within the various layers within mats. 
Given that these zones are temporally related (the sur
face of the mat at time zero will be subsurface in several 
years’ time), more spatially resolved analysis of these 
pinnacles may provide the opportunity to examine the 
relationship between community composition and (1) 
between the depth in the lake and (2) zone in the mat. 
Lastly, we can test the competing hypotheses that unique 
microbial communities form unique pinnacle structures 
or that the structures are independent of community 
composition.

Methods

Site description

Lake Vanda occupies a closed basin in Wright Valley of 
the MDVs, Antarctica (77°31.60 S, 161°36.30 E). The ice 
cover is 3.5 to 4.0 m thick, although open water leads can 
form, and the ice around the lakeshore melts in summer 
to produce an open-water moat. The ice cover transmits 
15 to 20 percent of incident photosynthetically active 
radiation, and the lake water is clear with a vertical 
extinction coefficient of 0.06 m−1 (Howard-Williams 
et al. 1998).

In 2013, scientific divers collected samples at two 
depths, 19 and 31 m, which correspond to absolute 
elevations of 76 and 64 m, respectively (Castendyk 
et al. 2016). In 2013, mats at 19 m received 32 percent 
of irradiance penetrating the ice cover. Mats at 31-m 
depth received approximately 16 percent of irradiance 
(Howard-Williams et al. 1998). The mats at 19-m depth 
grew in a slowly convecting cell within the lake with 
a temperature of ~4°C and conductivity of ~0.6 mS/cm. 
Mats at 31-m depth grew within a lower convecting cell 
at ~6°C and conductivity of 1.55 mS/cm (Castendyk 
et al. 2016). At both depths, pH was 8 to 9, and the 
water was oxic year-round (Castendyk et al. 2016).

The water column contained a planktonic commu
nity that had a low biomass, likely due to nutrient 
limitations (Vincent and Vincent 1982), whereas 
benthic microbial mats had high biomass (Love et al.  
1983; Hawes and Schwarz 2001; Hawes et al. 2013; 
Sumner et al. 2016). Photosynthetic organisms, includ
ing filamentous cyanobacteria and pennate diatoms, 
were abundant in the mats, and moss was present, but 
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not abundant, in mats below ~30-m depth (Kaspar et al.  
1982; Love et al. 1983; Rankin et al. 2017).

Benthic mats down to ~50-m depth formed pinnacles 
<1 to 300 mm tall (Sumner et al. 2016). The maximum 
height and the abundance of tall pinnacles increased with 
depth through the first convecting layer, and lake depth 
correlated with the duration of mat growth due to lake 
level rise (Hawes et al. 2013). The pinnacles had multiple 
features including ornaments on their surfaces, including 
banners of entwined filaments extending from their tips, 
ridges running up their sides, and webs of vertically 
oriented biofilm between pinnacles or between a pinnacle 
and surrounding flat mat (Figure 1; Sumner et al. 2016).

The upper parts of the mats were cohesive and lami
nated distinctly on millimeter scales, with alternating 
sediment-rich and sediment-poor bands that have pre
viously been shown to represent annual growth 
(Sutherland and Hawes 2009; Hawes et al. 2013; Sumner 
et al. 2016). These laminae change color with depth into 
the mat, with the upper two to four laminae forming an 
orange-brown zone, rich in carotenoids, below which 
laminae form zones with patchy green and purple pig
mentation due to phycobilin pigmentation (Hawes and 

Schwarz 2001). Below approximately a dozen annual 
laminations, the mat became flocculent and lamination 
became difficult to distinguish, with a beige color due to 
a paucity of photosynthetic pigments (Hawes et al. 2013). 
Throughout we use the terms “lamina” to describe an 
annual growth layer and “zone” to describe a collection 
of laminae forming an optically coherent group. The 
mat’s ornaments and brown, green, and purple zones 
contained Cyanobacteria with active photosynthetic sys
tems (Hawes et al. 2013; Sumner et al. 2016). 
Photosynthetically active wavelengths of light penetrated 
these mat regions, and biomass accumulated within the 
subsurface of the pinnacles, suggesting active photosynth
esis in green- and purple-pigmented subsurface areas 
(Hawes et al. 2013; Sumner et al. 2016).

Pinnacle sample collection and processing

In December 2013, scientific divers collected microbial 
mat into alcohol-sterilized containers with a knife and 
spatula. The containers were sealed and transported to 
the surface. Sampling equipment was sterilized with 
alcohol or antimicrobial wipes before use.

Figure 1. Morphology of pinnacles in Lake Vanda.
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Twenty-two pinnacles were collected for this project, 
sixteen from 19-m depth and six from 31-m depth. 
Pinnacles were dissected into subsamples in the field 
using aseptic sampling techniques using ethanol and 
flame-sterilized forceps and scalpels. Zones were 
selected based on previous descriptions of the macro
scopic structure and pigmentations of pinnacles in Lake 
Vanda (Sumner et al. 2016). Subsamples were obtained 
of the outer brown-pigmented, inner green- and purple- 
pigmented, and nonpigmented beige microbial biomass 
at the center of the pinnacles. The pinnacle web, ridge, 
and tip features were also subsampled for sequencing 
analyses (Figure 1, Table 1).

The dissected mat subsamples were placed in Zymo 
Xpedition buffer in Zymo ZR Bashing Bead tubes. Cells 
were disrupted via bead beating in the field. The stabi
lized samples were frozen on dry ice and transported 
frozen to University of California Davis and stored at 
−80°C until further analysis.

DNA extraction and 16S rRNA gene sequencing

DNA was extracted from the dissected microbial mat 
sections using the Zymo Soil/Fecal miniprep kit follow
ing the manufacturer’s instructions. The extracted DNA 
was quantified using Qubit. 16S rRNA genes were 
amplified via polymerase chain reaction (PCR) using 
the Kapa HotStart PCR kit. Concentrations of PCR 
mix components were as follows: 1× Kapa Hot Start 
Kit Buffer A, 10 μM DNTPs, 100 nM of each primer, 
and 1 U Kapa HotStart Taq per reaction. Cycling con
ditions were as follows: initial melting step 95°C for 
2 minutes; then twenty-eight cycles of 95°C for 15 sec
onds, 52°C for 30 seconds, 72°C for 1.5 minutes; and 
a final extension step of 3 minutes at 72°C. The primers 
used were barcoded universal 16S rRNA gene primers 
515 F (TGCCAGCMGCCGCGGTAA) and 806 R 

(GGACTACHVGGGTWTCTAAT; Caporaso et al.  
2011). Positive PCR reactions were normalized, pooled, 
and sequenced at the University of California Davis 
Genome Center Core Facility using paired-end 250 
base pair read length and paired-end Illumina MiSeq 
sequencing.

Data Analysis

Reads were trimmed to removed regions less than Q20 
and then screened for adapter and primer contamina
tion using Trimmomatic 0.36 (Bolger, Lohse, and 
Usadel 2014).

16S rRNA data were processed in DADA2 1.26.0 
(Callahan et al. 2016). Based on their quality profiles, 
forward reads were trimmed to 160 bp and reverse reads 
to 225 bp and reads with Ns or more than two expected 
errors were removed. Error rates for forward and reverse 
reads were modeled using the learnErrors command and 
applied using the dada command to infer true sequence 
variants. Forward and reverse reads were merged using 
the mergePairs command to obtain the amplicon 
sequence variants (ASVs). ASVs that were longer than 
254 or shorter than 252 bp were removed. The target 
product was 253 bp. Chimeras were identified and 
removed using the removeBimeraDenovo command. 
Taxonomy was assigned to the remaining sequences 
using the assignTaxonomy command and the Silva non
redundant training set (v132; Quast et al. 2013). 
Bacterial-specific primers were used; therefore, mito
chondrial, chloroplast, and sequences not classified as 
Bacteria were removed. Samples containing fewer than 
1,000 sequences were removed. The number of ASVs 
present in and Simpson diversity for each sample was 
calculated using the plot_richness command in the 
R package phyloseq v1.42.0 (McMurdie and Holmes  
2013). Sequence counts were transformed to relative 
abundance. Individual permutational multivariate ana
lysis of variance tests using a Bray-Curtis distance 
matrix were performed independently for features 
within each depth and the same zones between depths 
using the adonis function in the R vegan package v2.6.4 
and implemented by the adonis.pair function (Oksanen 
et al. 2020). p Values were adjusted for multiple compar
isons using the p.adjust function and Benjamini- 
Hochberg method (Benjamini and Hochberg 1995). 
For features that differed significantly, the simper func
tion in the R Vegan package v2.6.4 (Oksanen et al. 2020) 
was used to identify taxa that differed between the fea
tures. Here, we report on taxa that have significantly 
different abundances between zones (p < .05) and con
tribute to 1 percent or more of the dissimilarity between 
the communities. The Basic Local Alignment Search 

Table 1. The number of samples, average number of ASVs, and 
Shannon diversity for each subsample type.

Feature Number of samples Number of ASVs Simpson diversity

19 m
Web 3 132 (16.6) 3.43 (0.08)
Tip 4 166 (29) 5.02 (0.39)
Ridge 5 113 (16.2) 3.33 (0.24)
Brown 14 147 (72.7) 3.62 (1.1)
Green 15 241 (134) 4.41 (0.66)
Purple 12 240 (74.6) 4.66 (0.28)
Beige 10 260 (37.2) 4.81 (0.19)

31 m
Web — — —
Tip 4 116 (46.5) 3.12 (0.46)
Ridge 4 142 (24.5) 3.59 (0.20)
Brown 6 188 (30.1) 3.95 (0.20)
Green 5 220 (40.8) 4.40 (0.13)
Purple 4 230 (39.4) 4.47 (0.38)
Beige 3 173 (45.9) 4.37 (0.34)
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Tool was used to search for its nearest relatives of taxa 
that are different between zones and contribute to 1 per
cent of the dissimilarity between communities (Altschul 
et al. 1990).

Nonmetric multidimensional scaling (NMDS) was 
performed using Bray-Curtis distance using the ordinate 
function of the phyloseq package and standard para
meters (McMurdie and Holmes 2013). Separate NMDS 
analyses were performed for each of the 19- and 31-m 
depths using the same methodology. For each of the 
depth-specific NMDS ordinations, the envfit function 
in the R Vegan package was used to fit the variable 
“relative depth into pinnacle” to the NMDS ordination 
using standard parameters including 999 permutations. 
The “relative depth into pinnacle” variable identified the 
relative position of each feature. It was a dimensionless 
unit with surface samples (web, tip, rod, and brown) 
equal to zero, green and purple zones equal to one, 
and beige zone equal to two. The relative abundance of 
photosynthetic cyanobacteria, members of the class 
Cyanobacteria, in surface communities (web, tip, ridge, 
and brown) was compared to that in interior commu
nities (green, pink, and beige) using a two-tailed hetero
scedastic t test in Microsoft Excel.

16S rRNA sequences were deposited to the NCBI 
Sequence Read Archive under BioProject accession 
PRJNA891318.

Results

After quality control and removal of samples with less than 
1,000 sequences, our data set contained eighty-nine samples 
(Table 1). The samples included web communities from 
19 m and tip, ridge, brown, green, purple, and beige com
munities from 19- and 31-m depth in Lake Vanda. The 
median number of reads per sample was 20,968. After the 
removal of nonbacterial sequences, there were 3,725 unique 
ASVs from thirty-six phyla. The most abundant phyla 
included the Cyanobacteria, Proteobacteria, Chloroflexi, 
Bacteroidota, and Planctomycetota (Figure 2). The average 
number of ASVs in a feature was between 113 and 260 and 
the average Simpson diversity was 3.1 to 4.8 (Table 1). The 
most abundant Cyanobacterial orders were the RD011, 
Pseudanabaenales, Cyanobacteriales, RD017, and 
Obscuribacterales (Figure 3).

The communities at 19- and 31-m depths differed 
for all subsample types that could be compared 
(Table 2). Fifteen taxa had different abundances and 
contributed to 1 percent or more of the dissimilarity 
between two or more of these communities 
(Supplemental Table S1). These taxa included members 
of the Cyanobacteria (ASVs 2, 4, 7, 11, 51, and 188), 
Chloroflexi (ASVs 5 and 8), Bacteroidota (ASV 10), 

Proteobacteria (ASVs 14, 331, and 449), 
Planctomycetota (ASV 38 and 44), and Zixibacteria 
(ASV 47; Supplemental Table S1).

Within 19-m depth samples, the bacterial communities 
obtained from the purple, green, and beige pigmented 
zones differed from the communities in all other features. 
The communities from the web and ridge features and 
brown-pigmented biomass did not differ from one another 
(Table 3). Twenty-one taxa had different abundances and 
contributed to 1 percent or more of the dissimilarity 
between two or more of these communities. These taxa 
included members of the Cyanobacteria (ASVs 1, 2, 3, 4, 7, 
11, 12, 17, 20, 22, and 51), Chloroflexi (ASVs 5 and 8), 
Bacteroidota (ASV 6, 10, and 27), Planctomycetota (ASVs 
13 and 21), and Proteobacteria (ASVs 14, 15 and 40; 
Supplemental Table S2).

Within 31-m depth, the bacteria assemblages in the 
purple-pigmented zone did not differ from the tip or 
ridge feature communities, and the ridge community 
did not differ from the community in the brown- 
pigmented zone of the pinnacles (Table 3). All other 
comparisons were significantly different. Twenty taxa 
had different abundances and contributed to 1 percent 
or more of the dissimilarity between two or more com
munities, including members of the Cyanobacteria (ASVs 
1, 2, 3, 4, 7, 12, 17, 20, and 188), Chloroflexi (ASVs 5 
and 8), Bacteroidota (ASV 6), Planctomycetota (ASVs 19, 
38, and 44), Acidobacteriota (ASV 43), Proteobacteria 
(ASVs 14, 331, and 449), and Zixibacteria (ASV47; 
Supplemental Table S3).

Twelve cyanobacterial taxa differed in one or more 
community comparisons (Figure 4, Supplemental Tables 
S1–S3). The taxonomy and nearest relatives of each of 
these taxa can be found in Supplemental Table S4.

The zone within the pinnacle was significantly corre
lated with the NMDS ordinations of the full microbial 
community at 19 m (p < .01, R2 = 0.81) and 31-m depth 
(p < .01, R2 = 0.73) and with the photosynthetic cyano
bacterial community at 19- and 31-m depths (p < .01, 
R2 = 0.84 and 0.86, respectively). Photosynthetic cyano
bacteria (members of the Cyanobacteria based on 
SILVA database) were more abundant in surface com
munities than in the interior communities in both the 
19- and 31-m depth pinnacles (p < .01; Figure 5 and 
Supplemental Figure S1).

Discussion

Pinnacle-shaped microbial mats cover the Lake Vanda 
in the McMurdo Wright Valley from under the lake ice 
to at least 50 m. Community composition varies inside 
the differently pigmented zones within the microbial 
mats and by lake depth. Irradiance, water chemistry, 
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Figure 2. Relative abundance of the eight most abundant phyla in Lake Vanda. Samples are separated by depth, with 19-m samples on 
the left and 31-m samples on the right, and by feature (indicated by gray bars).
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and community history may influence microbial com
munity composition, but the mechanisms are not well 
understood yet.

Microbial communities vary with lake depth

The microbial communities that form pinnacles at 
19 m are distinct from those growing at 31 m 
(Table 2). The pinnacles growing at 31 m receive less 
photosynthetically active radiation than those at 19 m. 
Additionally, these pinnacles have had a longer growth 
history because the lake depth has increased since the 
first observations in 1947 (Castendyk et al. 2016). The 
level of photosynthetically active radiation may influ
ence the composition of the photosynthetic commu
nities, which may, in turn, have cascading effects on the 
heterotrophic communities. Eight cyanobacterial taxa 
differed between the shallow and deep communities. 
ASV 4 and ASV 22 (Leptolyngbya ANT.L67.1) and ASV 
51 (Pseudanabaenaceae) were more common in deep 

Figure 3. Relative abundance of Cyanobacteria. The six most abundant orders are indicated. Less abundant orders are grouped into the 
“other” category. Samples are separated by depth, with 19-m samples on the left and 31-m samples on the right, and by feature 
(indicated by gray bars).

Table 2. Adonis comparisons between the same 
subsample types at 19- and 31-m depth.

Between-depth comparisons

p Value R2

Tip .0326 0.39044
Ridge .0114 0.39741
Brown .0035 0.20939
Green .0035 0.12719
Purple .0330 0.12322
Beige .0065 0.24241

Note. Taxa that are more abundant in one community 
than the other and contribute to 1 percent or more of 
the dissimilarity between the communities are listed 
under the depth at which they are more abundant.
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subsamples (Figure 4; Supplemental Table S1). These 
three cyanobacterial groups are common in Antarctic 
lakes (Komárek and Elster 2008; Mackey et al. 2015; 
Koo et al. 2017), soils (Davey and Clarke 1991), melt
water ponds (Kleinteich et al. 2014), and cryoconite 
holes (Buda et al. 2020). Members of these groups 
inhabit many light environments. However, the distri
bution of these taxa suggests a potential that the taxa or 
genotypes inhabiting Lake Vanda are also capable of 
inhabiting low-light environments. Differences in bac
terial community composition by layer and lake depth 
have also been observed in three-dimensional micro
bial mats in the Antarctic ice-covered Dry Valley lakes 
Fryxell and Joyce (Zhang et al. 2015; Jungblut et al.  
2016). However, in Lake Fryxell, changes in the com
munity composition were associated with different 
macroscopic morphologies of the microbial mats 
(Jungblut et al. 2016; Dillon et al. 2020a).

Microbial mats in the Dry Valley lakes contain micro
bial eukaryotes including diatoms, protist, and fungi as 
shown by microscopy analysis and limited number of 
DNA-based papers (Sutherland and Hawes 2009; Rojas- 
Jimenez et al. 2017; Dillon et al. 2020a, 2020b). To our 
knowledge, there are no 18S rRNA gene studies for the 
pinnacle-shaped microbial mats in Lake Vanda. 
However, in the ice-covered Lake Untersee, 18S rRNA 
gene eukaryote communities comprised microalgae, 
fungi, rhizaria, and other protist groups. These commu
nities differed between pinnacle-, cone-, and prostrate- 
shaped microbial mats. However, cyanobacteria and 
other bacterial groups were more heterogeneous than 
eukaryotes (Greco et al. 2020). Similarly, study of 16S 
rRNA gene and 18S rRNA gene communities in micro
bial mats in meltwater ponds on the McMurdo Ice Shelf 
described a stronger habitat filtering in particular sali
nity for Bacteria and Archaea than microbial eukaryotes 
(Jackson, Hawes, and Jungblut 2021).

Microbial communities vary with the zone in the mat

The microbial pinnacles contain multiple distinctly pig
mented zones. The upper zones of the mat are brown 
and overlie zones with patchy green and purple pigmen
tation. Deeper into the interior of the mats, it becomes 
flocculent, lacks lamination, and has a beige color due to 
a paucity of photosynthetic pigments (Sumner et al.  
2016). Similar pigmentation has also been reported 
from microbial mats in the perennially ice-covered Dry 
Valley Lake Hoare, Antarctica (Hawes et al. 2016). These 
zones host different bacterial communities.

In Lake Vanda, the availability of photosynthetically 
active radiation is a key environmental factor that can 
influence microbial community composition. As the mats 
grow and as sediment is deposited, less light is available in 
the interior of the pinnacle (Sumner et al. 2016). In NMDS 
space, microbial community composition correlates with 
the relative distance into the pinnacle. The cyanobacterial 
communities also correlate with the relative distance into 
the pinnacles. The surface ornaments and brown surface 
zones group together and grade into the green and purple 
communities, which grade into the inner beige commu
nities (Figure 5). This pattern supports the hypothesis that 
the different pigmented mat zones represent community 
progression as the local light environment changes with the 
distance into the pinnacle. The findings agree with micro
scopic evaluation of cyanobacteria in Lake Vanda, where 
differences in morphotypes were observed in differently 
pigmented zones in microbial mats (Hawes et al. 2013). 
Stratification of distinct cyanobacteria and bacteria com
munities in three-dimensional microbial mats has also 
been documented from Lake Fryxell, McMurdo Taylor 
Valley, Antarctica, where photosynthetically active radia
tion and O2 were suggested to be important drivers of 
community richness and composition (Jungblut et al.  
2016; Dillon et al. 2020a).

Table 3. Adonis comparisons between different mat subsample types within the same depth.
Web Tip Ridge Brown Green Purple

p Value R2 p Value R2 p Value R2 p Value R2 p Value R2 p Value R2

19-m depth comparisons
Tip .07 0.30
Ridge .37 0.15 <.01 0.1714
Brown .16 0.08 <.01 0.2667 .07 0.0877
Green .00 0.28 <.01 0.291 <.01 0.3487 <.01 0.3858
Purple .01 0.31 <.02 0.4402 <.01 0.3875 <.01 0.403 <.01 0.0939
Beige .01 0.47 <.01 0.44 <.01 0.5289 <.01 0.5307 <.01 0.2333 <.01 0.19

31-m depth comparisons
Ridge .04 0.325
Brown .01 0.2926 .57 0.0882
Green .02 0.4944 .01 0.5211 <.01 0.3923
Purple .08 0.3962 .13 0.3346 .04 0.2429 .04 0.23
Beige .04 0.539 .04 0.6261 <.01 0.5118 .03 0.4274 .04 0.326

Note. Taxa that are more abundant in one community than the other and contribute to 1 percent or more of the dissimilarity between the communities are listed 
under the subsample type at which they are more abundant.
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Higher light–adapted cyanobacteria would likely 
have a growth advantage in in newly developing 
regions of the pinnacle—in all newly forming pinna
cles and on the exterior surfaces of existing pinnacles. 
Through time, lower light–adapted phototrophs may 
predominate in the zones that had been buried. Based 
on these data, we expect that ASV 1 (RD011) cyano
bacterium may be capable of living in higher light 
than other cyanobacteria in the pinnacle commu
nities because it is more abundant in the surface 

features of the pinnacles at 19- and 31-m depths 
(Figure 4, Table 3). This species may be a taxon 
that is one of the first to colonize newly available 
lake bed or the space above the pinnacle surface. 
However, these data are only a snapshot of the com
munity at a single point in time. Therefore, it is not 
clear whether the different pigmented zones repre
sent the temporal sequences of succession or whether 
differences in their community composition are 
merely due to the recruitment of species well suited 

Figure 4. Average relative abundance of cyanobacterial ASVs in Lake Vanda. Only taxa that differ between two or more communities 
and contribute 1 percent or more toward their dissimilarity are shown. Error bars denote standard error. Note that axes differ between 
rows.
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for environmental conditions at each location within 
the mat, which has been shown to be an important 
process in structuring microbial communities in Lake 
Vanda (Ramoneda et al. 2020). Careful experimental 
analyses could detangle these patterns (Cole et al.  
2014) and would lead to a greater understanding of 
ecology in this and other microbially dominated eco
systems and their potential response to climatic- 
driven environmental change.

Pinnacle surface ornaments are not associated with 
distinct microbial communities

Surface ornaments in pinnacles, like tips, webs, and 
ridges, may form due to unique microbial communities. 
Alternately, these ornaments may result from microbial 
behaviors rather than specific microbial communities. If 
unique communities are responsible for forming the 
ornaments, we would expect (1) that the ornaments 
contain distinct microbial communities and (2) that 

these communities are consistent regardless of depth. 
The tip communities were distinct from all other com
munities except the web communities at 19 m and from 
the brown, green, and beige communities at 31 m. ASV 
2, a member of the family Pseudanabaenaceae, was more 
abundant in the tip communities than all other commu
nities except the brown community at 19-m depth and 
the purple community at 31-m depth. Similarly, ASV 7, 
a member of the family Phormidiaceae, often distin
guishes the tip community from other communities, 
especially at 31-m depth (Figure 4, Supplemental Table 
S3). Therefore, these taxa may play an essential role in 
forming the tip structure. However, although tip orna
ments form at both 19- and 31-m depths, the tip com
munity differs between these depths. Additionally, no 
single taxon distinguished tip communities from other 
communities. Therefore, though ASVs 2 and 7 appear to 
be important components of the tip-building commu
nities, they are not solely responsible for forming these 
ornaments; other community members are likely 

Figure 5. NMDS ordination of all samples. Features are shown in separate panes. Colors denote the feature type, and shapes denote 
the lake depth. Squares show 19-m depth communities, and triangles represent 31-m depth communities. The stress of the NMDS 
shown is 0.12.
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important. It is possible that a microbial behavior, such 
as upward motility, shared across these taxa leads to this 
ornament type. For example, some filamentous cyano
bacteria move using gliding and twitching motility as 
a strategy to response to physical and chemical condi
tions, and it has been shown that cyanobacteria in 
Antarctic microbial mats can respond to changes in 
irradiation (Vincent et al. 1993; Quesada and Vincent  
1997).

Other surface ornaments were not distinguishable 
by their component microbial communities. The web 
community was not distinguishable from any other 
surface community at 19-m depth. The ridges were 
not distinct from the brown zones at 19- or 31-m 
depths (Table 3). Therefore, the web and ridge fea
tures are likely not formed due to unique microbial 
consortia. Furthermore, the communities from the 
same structures but found at different depths were 
distinct. This may indicate that these mat ornaments 
are common emergent structures that form indepen
dently or quasi-independently from microbial com
munity composition. Multiple species can act as 
“builders,” “tenants,” and “squatters” (Petryshyn 
et al. 2021) and create structures that are morpholo
gically similar despite originating from and hosting 
different microbial taxa. Thus, the ornaments result 
from microbial community behavior in response to 
environmental or ecological conditions.

Conclusions

The community composition of phototrophic mats 
inhabiting Lake Vanda differed between different 
pigmented zones and by lake depth. We hypothesize 
that the availability of photosynthetically active 
radiation is likely a key environmental factor influen
cing the community composition. Ornaments on the 
mat surface do not appear to be formed by unique 
microbial communities and may be the result of 
microbial behavior rather than a specific microbial 
community.
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