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Abstract
The undulating ice of the McMurdo Ice Shelf, Southern Victoria Land, supports one of the largest networks of ice-based, 
multiyear meltwater pond habitats in Antarctica, where microbial mats are abundant and contribute most of the biomass and 
biodiversity. We used 16S rRNA and 18S rRNA gene high-throughput sequencing to compare variance of the community 
structure in microbial mats within and between ponds with different salinities and pH. Proteobacteria and Cyanobacteria 
were the most abundant phyla, and composition at OTU level was highly specific for the meltwater ponds with strong com-
munity sorting along the salinity gradient. Our study provides the first detailed evaluation of eukaryote communities for the 
McMurdo Ice Shelf using the 18S rRNA gene. They were dominated by Ochrophyta, Chlorophyta and Ciliophora, consistent 
with previous microscopic analyses, but many OTUs belonging to less well-described heterotrophic protists from Antarctic 
ice shelves were also identified including Amoebozoa, Rhizaria and Labyrinthulea. Comparison of 16S and 18S rRNA 
gene communities showed that the Eukaryotes had lower richness and greater similarity between ponds in comparison with 
Bacteria and Archaea communities on the McMurdo Ice shelf. While there was a weak correlation between community 
dissimilarity and geographic distance, the congruity of microbial assemblages within ponds, especially for Bacteria and 
Archaea, implies strong habitat filtering in ice shelf meltwater pond ecosystems, especially due to salinity. These findings 
help to understand processes that are important in sustaining biodiversity and the impact of climate change on ice-based 
aquatic habitats in Antarctica.
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Introduction

Microbial mats are horizontally stratified biofilms, typi-
cally comprising Bacteria and protists often embedded in 
a polymeric matrix, within which steep physicochemical 
gradients are formed. Many are phototrophic, with Cyano-
bacteria (often filamentous) frequently dominating the 
photosynthetic component. Microbial mat thickness ranges 
from a few layers of cells to elaborate, cm-scaled structures, 
the latter typically developing in locations where physical 

and/or biotic disturbance are minimal (Stal 2012). They are 
abundant in extreme aquatic environments, where grazers 
such as insects and animals are excluded by growth condi-
tions (e.g. geothermal or hypersaline environments) or by 
extreme isolation (e.g. perennially ice-covered polar lakes). 
Such conditions favour the development of thick or elaborate 
microbial mats through slow, uninterrupted accumulation of 
biomass in the absence of bioturbation, such that phototropic 
microbial mats can come to dominate biomass, productiv-
ity and biodiversity (Jungblut and Neilan 2010a; Stal 2012; 
Ward et al. 2012; Wong et al. 2016; Jungblut and Vincent 
2017; Hawes et al. 2019).

The biogeochemical gradients that typically occur in 
microbial mats are related to stratification of organisms and 
function. Across a wide range of environments, similar bio-
logical stratifications emerge, with oxygenic phototrophs 
dominating the upper (illuminated, oxic) parts of the mat 
structure, giving way to anoxygenic production and heter-
otrophic aerobic and anaerobic processes with increasing 
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depth, declining irradiance and increasing hypoxia (Armit-
age et al. 2012; Stal 2012, Schneider et al. 2013; references 
within; Jungblut et al. 2016). Microbial assembly is poten-
tially shaped by a combination of factors including environ-
mental filtration, biotic interactions, biogeographic disper-
sal limitations and neutral stochastic resource-independent 
processes (Rosindell et al. 2011; Leibold and Chase 2018). 
Although studies have captured the bacterial diversity of 
many extreme environments, including the Polar Regions, 
the relative importance of selective and neutral processes to 
community assembly, for Bacteria, Archaea and Eukary-
otes, is still not well understood. It is important, however, 
for understanding biodiversity in extreme environments, and 
particularly for Antarctica, with the potential acceleration of 
environmental change that may accompany polar warming 
(Cowan and Tow 2004; Kennicutt et al. 2014; IPCC 2019).

Microbial mats in meltwater ponds on the McMurdo Ice 
Shelf (Fig. 1), Antarctica, are located in close proximity and 
cover a range of environmental conditions (Online Resource 
1). These features make them particularly well suited for 
the evaluation of selection processes on microbial mat 
communities (Howard-Williams et al. 1989; Vincent and 
James 1996; De Los Ríos et al. 2004; Jungblut and Neilan 
2010b; Archer et al. 2015; Sutherland et al. 2020). Salin-
ity, in particular, varies greatly between ponds. Meltwater 
ponds become salinised when evaporation and sublimation 
becomes a significant component of water balances (Suther-
land 2009; Hawes et al. 2014). The McMurdo Ice Shelf 
meltwater ponds have also been suggested to be source of 
biological material for ice-free regions in Southern Victoria 
Land (Howard-Williams et al. 1990a, b).

Several studies have documented 16S rRNA gene Bacte-
ria and Archaea diversity in relation to environmental vari-
ables on the McMurdo Ice Shelf. They tend to report wide 
environmental tolerance within taxa but have inferred some 
environmental filtering, with salinity playing a role in cyano-
bacterial and heterotrophic bacterial community assembly 

(Jungblut et al. 2005; Archer et al. 2014). These explora-
tory investigations tend to be based on a single sample per 
pond, and do not allow a robust comparison of within- and 
between-pond variance.

No study has yet examined microbial Eukaryotes using 
18S rRNA gene high-throughput sequencing (Jungblut et al. 
2012b; Varin et al. 2012) and evaluated if microbial Eukary-
otes in microbial mats in ice shelf meltwater ponds respond 
in the same way to environmental condition as Bacteria and 
Archaea. Previous surveys of microbial Eukaryotes have 
been restricted to microscopic assessments of diatoms and 
microfauna, clone library surveys and a metagenome from 
one meltwater pond on the McMurdo Ice Shelf, Antarctica 
(Suren 1990; Jungblut et al. 2012a, b; Varin et al. 2012; 
Archer et al. 2015; Sutherland et al. 2020). Therefore, the 
objectives of this study are to use 16S and 18S rRNA gene 
sequencing and community structure analysis to examine 
and compare Bacteria and Archaea, and eukaryotic commu-
nities within, and between, ponds with contrasting salinities 
on the McMurdo Ice Shelf. We utilise multiple, independ-
ent samples from ponds with salinities ranging from fresh 
(126 µS  cm−1) to hypersaline (41,300 µS  cm−1) to address 
the following hypotheses: (1) Salinity is the primary driver 
of inter-pond variability for Bacteria and Archaea, in addi-
tion to microbial Eukaryotes, and (2) environmental filtering 
plays a role in the assembly of microbial mat community 
composition in ice shelf meltwater ponds in Antarctica.

Materials and methods

Study site and sample collection

The McMurdo Ice Shelf (MIS) ablation zone comprises 
an area of about 1500  km2. It is a 10–50-m-thick marine-
derived ice layer floating on the sea (Swithinbank 1970; 
Howard-Williams et al. 1990a, b) and located in Southern 
Victoria Land, Eastern Antarctica. Annual summer thawing 
creates ponds in depressions of the undulating surface of 
the ice shelf, formed from local ice and snow melt (Vincent 
and James 1996). The ponds, which cover 20% of the ice 
shelf surface (De Mora et al. 1994), have individually dis-
tinct geochemical environments driven by variations in melt 
generation and variable input from marine-derived surface 
sediments and salts released by the melting ice (Cowan and 
Tow 2004; Lyons et al. 2012). Almost all of these ponds 
contain thick microbial mats that cover most of the pond 
floor (Hawes et al. 2018).

Microbial mat samples were collected from the 
MIS ponds on 16 and 17 January 2017 (Fig.  2). Mat 
samples were taken from Skua Pond (78.01330′S 
165.55188′E), Duet Pond (78.01588′S 165.54936′E), 
Salt Pond (78.01588′S 165.54936′E), Brack Pond 

Fig. 1  Microbial mat collected from Pond Seventy, McMurdo Ice 
Shelf, Antarctica
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(78 .01580 ′S 165.54502 ′E),  Conophyton Pond 
(78.01400′S 165.54400′E) and Pond Seventy (78.01486′S 
165.55169′E). The ponds were selected because they 
represent the range of salinities that can be found on 
the McMurdo Ice Shelf (Howard-Williams et al. 1989). 
For each pond, six microbial mat samples were taken at 
1 m intervals along a transect, using a sterile stainless-
steel spatula, and transferred to 5 ml cryovial tubes. The 

transect was along the littoral zone and the mat samples 
were all collected from the same depth (Online Resource 
1). Samples were frozen at − 20 °C and transported to the 
Natural History Museum, London, UK. Measurements of 
pH, conductivity and temperature were taken at each sam-
pling location along the transect for every pond, with a 
HQ40d portable multimeter (Hach, Loveland, CO).

Fig. 2  Map showing the six 
ponds Skua, Conophyton, 
Brack, Duet and Salt Ponds as 
well as Pond Seventy on the 
McMurdo Ice Shelf near Bratina 
Island where microbial mats 
were collected for the study, 
Antarctica; small inset showing 
the location of Bratina Island in 
relation to the McMurdo Sound 
and Ross Island, Antarctica
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DNA extraction, polymerase chain reaction (PCR), 
purification, quantification and Illumina MiSeq 
sequencing

DNA was extracted from 0.4 g ± 0.1 g of each sample using 
a PowerBiofilm DNA isolation Kit (MO BIO Laboratories, 
Carlsbad, CA) according to the manufacturer’s instructions. 
Samples were PCR amplified with 16S rRNA gene prim-
ers containing MiSeq sequencing adapters, a 12-nucleotide 
Golay barcode on the reverse primer (Caporaso et al. 2012). 
For 16S rRNA gene sequencing, the forward primer 515F 
and its reverse complement 806R were used to amplify 
260 bp of the V4 hyper-variable region of the Bacteria and 
Archaea 16S small ribosomal subunit rRNA (Caporaso 
et al. 2011). For 18S rRNA gene sequencing, the primer 
pair 1391F and EukBr were used to amplify approximately 
130 bp of the V9 hyper-variable region of the eukaryote 
small ribosomal subunit rRNA (Amaral-Zettler et al. 2009). 
PCRs were run using 20 μl reaction volumes with 9.84 μl 
sterile PCR-grade water, 0.8 μl of 20 mg/ml bovine serum 
albumin (BSA), 4 μl 5X GoTaq reaction buffer (Promega, 
Madison, WI), 2 μl of 25 M  MgCl2, 0.16 μl of 200 M dNTP 
and 0.2 μl GoTaq G2 DNA polymerase (5 U/ μl Promega, 
Madison, WI). 1 μl of 10 μM reverse primer and 1 μl of 
10 μM forward primer were used. To prevent contamina-
tion, the reaction mix was prepared under a laminar hood 
after sterilisation of equipment and surfaces with UV light 
for 30 min. Each sample was run in triplicate and a nega-
tive control was included for each sample. Different con-
centrations of DNA for each replicate (0.5, 1.0 and 1.5 μl) 
were used to compensate for potential amplification bias. 
DNA was amplified in a thermocycler running a program 
of 94 °C for 3 min; followed by 35 cycles of 94 °C for 45 s; 
50 °C (16S rRNA gene amplification) or 56 °C (for 18S 
rRNA gene amplification) for 60 s; 72 °C for 90 s; and a 
final extension of 10 min at 72 °C. Afterwards, amplicons 
were purified using the AxyPrep Mag PCR Clean-Up Kit 
(Axygen, Corning, NY) as per manufacturer’s instructions, 
and the triplicate PCR products per sample were combined. 
Concentrations of the purified PCR products were deter-
mined in duplicate using a Qubit 2.0 Fluorometer (Ther-
moFisher Scientific, Waltham, MA). These values were used 
to determine an equal amount of amplicon from each sample 
for pooling the samples in preparation for sequencing. The 
pooled purified PCR products were sequenced at the Natu-
ral History Museum sequencing facility using an Illumina 
MiSeq platform (Illumina, San Diego, CA).

16S and 18S rRNA gene sequence analysis

Sequences were demultiplexed based on the Golay barcodes 
as a pre-processing step within the Illumina MiSeq platform. 
Illumina data were analysed using QIIME 1.8 (Caporaso 

et al. 2010). Paired-end reads were merged to obtain full-
length amplicon sequence reads. To identify and remove 
chimeric sequences from the 16S data, the UCHIME algo-
rithm (Edgar 2010; Edgar et al. 2011) was used with the 
16S rRNA Greengenes 13_8 database as reference (DeSantis 
et al. 2006). For 18S, the VSEARCH tool (Rognes et al. 
2016) was used alongside the 18S rRNA Silva 123 database 
as reference (Pruesse et al. 2007). Operational Taxonomic 
Units (OTUs) were identified to a threshold of > 97% simi-
larity to the same reference database. An open-reference 
picking method was used in OTU picking, whereby reads 
are clustered against the reference sequence collection and 
any reads that do not hit the reference database are subse-
quently clustered de novo. Sequences were then filtered to 
remove chloroplast and mitochondrial taxonomic units in the 
16S data, as well as OTUs grouping with metazoan phyla 
from the 18S data. Metazoan phyla were removed as they 
are multicellular and bias the relative abundance community 
analysis. Furthermore, the short 18S rRNA gene reads pro-
vide limited taxonomic resolution. Sequences were submit-
ted to the Short Read Archive (Project accession number: 
SUB7342615).

The alpha_rarefaction.py workflow command in QIIME 
was used to generate rarefied OTU tables; compute alpha 
diversity metrics for each rarefied OTU table; collate alpha 
diversity results; and generate alpha rarefaction plots. All 
Bacteria and Archaea samples were rarefied to a sampling 
depth of 136,255 sequences, and eukaryote samples to 4236, 
since these were the minimum sample depths across all 
samples. Multiple alpha diversity indices were calculated 
to overcome the potential bias of any one index. Chao1 and 
ACE (Abundance-based Coverage Estimate) describe the 
richness of OTUs in each sample. By adding a correction 
factor to the observed OTUs, these indices provide estimates 
of the total number that would be observed with infinite 
sampling. Simpson’s and Shannon’s indices were calculated 
as measures of diversity, accounting for both abundance and 
evenness of observed OTUs. Good’s coverage test was used 
as a measure of sample coverage, to estimate the percent 
of the total number of species represented in the samples. 
Rarefaction curves were plotted in QIIME for the observed 
species and Chao1 estimate to assess sampling coverage of 
species richness. Relative abundance of taxa in each sam-
ple was visualised in R at phyla and family/genus level for 
whole Bacteria and Archaea and eukaryote communities, 
respectively, and at the genus level for Proteobacteria and 
Cyanobacteria taxa separately.

Variation in community composition between ponds 
was analysed using non-metric multidimensional scaling 
(NMDS) for the whole Bacteria and Archaea and eukaryote 
communities, and for groupings within the Proteobacteria 
and Cyanobacteria separately. We used metaMDS functions 
in the “vegan” package in R v 3.6.1 (Dixon 2003; R Core 
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Team 2019), to develop Bray–Curtis dissimilarity matrices 
from OTU tables. The matrices were projected onto 2D ordi-
nation plots and ellipses were drawn for each pond around 
95% confidence intervals using the stat_ellipse() function in 
“ggplot2”. Non-parametric analysis of similarity (ANOSIM) 
was conducted in R using Bonferroni-corrected p values, to 
determine whether Bray–Curtis dissimilarities were signifi-
cant between ponds at the OTU level. SIMPER non-para-
metric tests were used to identify the phyla which made the 
largest contributions to Bray–Curtis dissimilarities between 
communities in the Bacteria and Archaea, and Eukaryotes. 
Canonical correspondence analysis (CCA) was used to 
examine the relationships between the sampled communi-
ties and their environment. CCAs were performed using the 
cca() function in the R package “vegan”, with OTU tables 
and environmental variables which were measured at the 
time of sampling. An ANOVA-like permutation test was 
used to assess the significance of constraints in the CCAs 
(termed anova.cca() in “vegan”). Mantel tests were used to 
test for correlation between differences in community com-
position and distance along the sampling transects within 
each pond using Euclidean distances and 700 permutations. 
Mantel tests were used to correlate geographic distance 
between meltwater ponds to community composition of 
microbial mat samples. Distance matrices for environmen-
tal parameters were created using Euclidean distance and 
geospatial matrices were created using Haversine distance. 
These were correlated to Bray–Curtis dissimilarity matrices 
from OTU tables. Mantel tests were based on Spearman’s 
rank correlation with 10,000 permutations and conducted 
using the “vegan” package in R (Hijmans et al. 2012).

Results

Environmental conditions of meltwater ponds 
on the McMurdo Ice Shelf, Antarctica

The hypersaline Salt Pond had the highest mean conductiv-
ity (41,283 µS  cm−1), and Brack Pond the second highest 
average (6,073 µS  cm−1). The other ponds had lower con-
ductivities within in the range of 1,839 to 4,456 µS  cm−1 
(Online Resource 2). pH was highest in Duet Pond (10.8) 
and lowest in Brack Pond (8.8). Mean temperature of each 
pond across samples ranged from 1.1 (Duet Pond) to 8.1°C 
(Pond Seventy) (Online Resource 2).

16S rRNA and 18S rRNA gene richness 
and composition in McMurdo Ice Shelf microbial 
mats

The total OTU count for the 16S rRNA gene data over the 
36 microbial mat samples was 8,624,816, with a mean 

count of 239,578. Good’s coverage values of species rich-
ness confirmed good coverage within the analysis, with a 
minimum (16S rRNA gene) sample score of 0.973 to 0.993 
for ponds. Conophyton Pond microbial mats had the high-
est OTU richness of Bacteria and Archaea taxa, and the 
highest mean Bacteria and Archaea diversity. Salt Pond 
had the lowest Bacteria and Archaea richness (Online 
Resource 3).

Good’s coverage values also indicated good coverage for 
the eukaryotic 18S gene (Online Resource 4), with minimum 
sample score for each pond varying from 0.982 to 0.994. As 
for Bacteria and Archaea, the highest species richness of 
eukaryote taxa was in Conophyton Pond mats but the lowest 
was in Skua. Other ponds clustered between Chao1 values 
of 200–300. Eukaryote diversity was highest in Duet Pond 
and, like richness, lowest in Skua Pond.

Within the Bacteria and Archaea, at the phylum level, 
Cyanobacteria and Proteobacteria were dominant (Fig. 3a). 
Dominance by Cyanobacteria was greatest in the higher 
salinity Brack and Salt ponds. Bacteroidetes (4%), Ver-
rucomicrobia (1%) and Firmicutes (0.5%) were also well 
represented, and together these five phyla comprised more 
than 95% of OTUs across all samples. Cyanobacteria and 
Proteobacteria made the first and second greatest contribu-
tions to Bray–Curtis dissimilarities between Bacteria and 
Archaea communities at the phylum level across all ponds 
(Online Resource 5).

Within the Cyanobacteria, 21 families were identified, 
with Phormidiaceae (16% of all Cyanobacteria), Nosto-
caceae (6%), an unidentified Pseudanabaenales family (6%), 
an unidentified Cyanobacteria family (5%) and Pseudana-
baenaceae (4%) comprising 36% of Cyanobacteria across 
all samples (Fig. 3b). Within the more saline ponds (Brack 
and Salt Ponds), there was a distinct shift from dominance 
of Cyanobacteria by Phormidiaceae to Pseudanabaenales. 
Most ponds showed similar Cyanobacteria profiles across 
samples, though variation between samples was evident at 
Duet and Conophyton Ponds. More than half of all cyano-
bacterial OTUs were present in all ponds and all ponds con-
tained representatives of Nostocaceae, Phormidiaceae and 
Pseudanabaenaceae.

Proteobacteria, the second most abundant phylum, were 
more diverse than the Cyanobacteria with 130 different 
families across all samples (Fig. 3c). Half of Proteobacte-
ria OTUs were found in all six ponds. Comamonadaceae 
were the most abundant (comprising 15% of Proteobacteria) 
followed by Rhodobacteraceae 8% and Xanthomonadaceae 
3%. Comamonadaceae were the dominant group in all 
samples but Salt mats, with Rhodobacteraceae dominating 
across samples in this pond. In Salt pond mats, there was 
also an increase in the abundance of the phyla Alteromona-
daceae, Marinicellaceae and OM60 which have very low 
percentage abundance in the other microbial mats. As with 
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Cyanobacteria, within ponds there was a high convergence 
of Proteobacteria profiles at the family level.

In the Eukaryotes, 24 different phyla were identified fol-
lowing removal of any metazoan OTUs. Bacillariophyta 
(6.63%), Chlorophyceae (6.61%) and Spirotrichea ciliates 
(3.41%) were the dominant groups, together accounting for 
15.64% of eukaryote taxa. While some consistent, pond-
specific tendencies were evident, including abundant Bacil-
lariophyta in Conophyton Pond, heterotrophic Labyrinthulea 
in Skua Pond, and Amoebae (Discosea/Flabellinia) in Duet 
Pond, the degree of inter-sample difference within lakes 
appeared much higher for Eukaryotes than Bacteria and 
Archaea (Fig. 3d). Other families of microalgae included 
Trebouxiophyceae, Ulvophyceae, Cryptophyceae, Chryso-
phyceae, Xanthophyceae and Eustigmatophyceae. The 18S 
rRNA gene communities also comprised fungi and addi-
tional heterotrophic protists including several classes of 
ciliates (Litostomatea, Nassophorea, Oligohymenophorea, 
Phyllopharyngea) and amoeba (Tubulinea, Lobosa) as well 
as Heterolobosea, Endomyxa, Oomycota and Pirsonia.

Comparison of 16S and 18S rRNA gene community 
across meltwater ponds on the McMurdo ice shelf

Community composition of Bacteria and Archaea com-
munities at the OTU level were more similar within than 
between ponds (Fig. 4a). Significant ANOSIM R values 
were observed for all comparisons except Conophyton–Duet 
and Brack–Skua Ponds, which overlapped (Online Resource 
6). NMDS separated ponds primarily along the first axis 
approximately corresponding to salinity, ordering from the 
saline Salt, Brack, Pond Seventy and Skua, Conophyton and 
finally Duet Ponds, the freshest. Separation on axis 2 tended 
to primarily separate samples from within ponds. Salt Pond 
samples were particularly tightly clustered, with Conophy-
ton Pond the least congruent.

Proteobacteria and Cyanobacteria show similar NMDS 
groupings to total Bacteria and Archaea (Fig. 4b and c). 
Salt Pond again showed a distinct, tight cluster, separated 
by Brack Pond from overlapping clusters of the other ponds. 
ANOSIM showed that Salt and Brack pond separation from 
all other ponds was significant at p < 0.05 (Online Resource 

6). For Proteobacteria, ANOSIM showed that communities 
from different ponds were significantly different (p < 0.05 
for all comparisons, Online Resource 7), whereas only some 
of the Cyanobacteria were significantly different (Online 
Resource 8). Ordering, again primarily along axis 1, was 
similar to previous analyses along the pond salinity gradi-
ent. Mantel test analysis found that there was a correlation 
between distance along the sampling transect and dissimilar-
ities for some of the communities (Online Resource 9), but 
this was not seen in all ponds or for all taxonomic groups.

Eukaryote communities at the genus level had less dis-
crete groupings according to pond than the 16S rRNA gene 
taxa (Fig. 5). While a degree of within-pond grouping of 
samples is evident in the NMDS plots, divergent samples 
resulted in pond groupings overlapping. These overlaps 
between pond clusters resulted in fewer significant separa-
tions of ponds by overall eukaryote community composition 
than for Bacteria and Archaea. Eukaryote communities were 
more similar to each other within Conophyton, Duet and 
Salt Ponds than to the other ponds. No clear evidence of a 
salinity-related ordering of ponds was evident in the Eukary-
ote clustering, with even Salt Pond significantly different 
only to Conophyton Pond. When Ochrophyta, Chlorophyta 
and Ciliophora were individually examined, the tendency 
for pond replicates to cluster, but with occasional highly 
distinct samples from each preventing statistically significant 
separation, remains (Online Resource 10). Ochrophyta make 
the greatest contributions to dissimilarities at the phylum 
level (25.39%), closely followed by Chlorophyta (24.58%), 
Online Resource 11).

Environmental drivers of community structure

CCAs were used to examine whether measured environmen-
tal variables corresponded with the 16S rRNA gene compo-
sition (Fig. 6a, CCA-ANOVA: p < 0.001, n = 1000, Online 
Resource 12), Cyanobacteria (Fig. 6b, p < 0.001, n = 1000) 
and Proteobacteria (Fig. 6c, p < 0.001, n = 1000) and 18S 
rRNA gene community (Fig. 7, p < 0.001, n = 1000). For 
the prokaryote community, the first and second CCA axis 
together explained 38% of the total community variability 
amongst all the samples. A separation of Salt (and Brack) 
ponds from all others corresponded to the conductivity vec-
tor. Other pond communities were less clearly ordered along 
the conductivity vector and showed a weaker correspond-
ence with pH and temperature vectors. For Bacteria and 
Archaea, constraints explained 25% of total variation in the 
dataset.

The results from our Mantel tests supported our CCA 
results. There were strong relationships between Bacteria 
and Archaea communities, and the measured environmental 
parameters (Online Resource 13). As samples became more 
dissimilar in terms of temperature, pH and conductivity, they 

Fig. 3  Relative abundance (%) of 16S and 18S rRNA gene microbial 
mat communities in Duet, Conophyton, Pond Seventy, Brack, Salt 
and Skua Ponds for a Bacteria and Archaea phyla and families within 
the b Cyanobacteria, c Proteobacteria and d Eukaryotes. Taxa which 
comprised less than 0.1% of total relative abundance for Bacteria and 
Archaea phyla, 0.01% for proteobacteria, 0.01% for Cyanobacteria, 
and 0.1% for Eukaryotes were summarised under “other”. The area 
of a dot is proportional to the relative abundance (%) of a particular 
taxon as indicated in the legend. For b and c percentages are based on 
taxa within the Cyanobacteria and Proteobacteria only, rather than 
total relative abundances

◂
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also became more dissimilar in terms of microbial commu-
nity composition. This effect was strongest for conductivity. 
Relationships between environmental parameters and com-
munity composition were lower for Eukaryote communi-
ties than for the Bacteria and Archaea (Online Resource 
13). Relationships between the community composition 
of microbial mats, and distance along the transect within 
ponds, were less clear, with fewer significant correlations.

Discussion

In this study, we describe Bacteria, Archaea and eukaryote 
assemblages in microbial mat communities that dominate 
the biomass in ponds on the MIS. We examine within- and 
between-pond variability and produce the first 18S rRNA 
gene high-throughput sequencing report for the McMurdo 
Ice Shelf, Antarctica. We use these data to investigate how 
changes in mat community assembly could be related to 
environmental conditions, in particular salinity. These obser-
vations help us to gain a better understanding of assembly 
processes in microbial mats on the McMurdo Ice Shelf, Ant-
arctica, and to understand the consequences of changes in 
environmental conditions to the maintenance of microbial 
biodiversity.

Distinct 16S and 18S rRNA gene microbial 
communities along a salinity gradient

The Bacteria and Archaea components were dominated by 
Cyanobacteria and Proteobacteria, which agrees with previ-
ous studies on polar microbial mats using 16S rRNA gene 
surveys and metagenomics (Varin et al. 2010; Kleinteich 
et al. 2017; Dillon et al. 2020a, b). There was consider-
able overlap between ponds at a family level and approxi-
mately half of the OTUs in each of these dominant phyla 
were common to all ponds. However, when analysed as an 
assemblage, both Cyanobacteria and Proteobacteria com-
munities in individual ponds were quite distinct, with much 
higher between-pond than within-pond variability, and there 
was a consistent ordering of the ponds along what appears 
to be a conductivity gradient. The Salt Pond community 
was most distinct, which can be attributed to the challenge 
imposed by extreme high conductivity due to near satura-
tion with sodium sulphate (Wait et al. 2006). Duet Pond’s 
distinct communities, and its exceptionally high pH and low 

Fig. 4  NMDS ordination plots for a prokaryote community com-
position for absolute counts of OTUs (stress = 0.09, R2 = 0.992); b 
Cyanobacteria (stress = 0.10, R2 = 0.989); c Proteobacteria only 
(stress = 0.05, R2 = 0.997). Points indicate the NMDS scores of indi-
vidual samples and colour denotes pond. Ellipses are drawn around 
95% confidence intervals

▸
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temperature, may reflect the fact that it differs from all of 
the others in having perennial ice cover. Summer ice cover 
explains both the high pH (through photosynthetic  CO2 
and  HCO3

− depletion in the absence of atmospheric gas 
exchange) and its low temperature. Sutherland et al. (2020) 
also found that ice-covered ponds had particularly distinct 
diatom communities to those with open water, which they 
also suggested could be related to the requirement for toler-
ance of a mix of high pH, low irradiance and temperature. 
Low OTU richness, diversity and high evenness in both Salt 
and Duet Ponds are also consistent with increased filtering 
under these more extreme environmental conditions. A pre-
vious study of sediment and bacterioplankton in meltwater 
ponds on the McMurdo Ice Shelf also identified conduc-
tivity and pH as dominant correlates of the composition 
of communities. The authors found a correlation with the 
geochemical composition of the ponds such nitrite  (NO2), 
silver (Ag109) and vanadium (V51) (Archer et al. 2014). In a 
nutrient amendment experiment using a combination of 16S 
rRNA gene sequencing, morphological and pigment analy-
ses, Kohler et al. (2016) showed how enrichment of sodium 
nitrate and potassium phosphate can affect Cyanobacteria, 
diatoms and Bacteroides in microbial mats from streams in 
the McMurdo Dry Valleys. Chemical composition of the 
meltwater ponds was not assessed in the current study but 
may account for some of the unexplained variation in com-
munities between ponds.

Cyanobacteria form the structural matrix of microbial 
mats and, as we found here, it is common to find them 

dominated by trichomatous, motile genera such as Lep-
tolyngbya, Phormidium and Oscillatoria (Sumner et al. 
2016; Jungblut and Vincent 2017). Nitrogen fixation by 
microorganisms is an important source of nitrogen for MIS 
ponds (Fernandez-Valiente et al. 2001; Jungblut and Neilan 
2010a), where nitrate concentrations are low, but phosphate 
is abundant (Hawes et al. 2014). Fernandez-Valiente noted 
that N-fixation was found in ponds across a wide range of 
salinities, and universal N-fixation was implicated in our 
study by the considerable abundance of Nostocaceae (Nod-
ularia and Nostoc) in all samples, with all Nostocaceae 
OTUs found in all ponds. There was a consistent change 
in dominance within Nostocales from Nostoc spp. in low 
conductivity ponds to Nodularia spp. at high salinity, but the 
ability of all to persist implies either broad tolerance about 
distinct conductivity optima or frequent recolonisation and/
or diapause. Previous work suggested that the Nodularia on 
the McMurdo Ice Shelf were similar to N. spumigena and 
N. haveyana genus (Jungblut et al. 2005), which are well 
adapted to growth in brackish water, with varying salinity 
(Lyra et al. 2005; Voss et al. 2013). The Nodularia on the 
McMurdo Ice Shelf might therefore be better adapted to salt 
stress than Nostoc, and a shift from Nostoc to Nodularia may 
therefore be due to environmental filtering. It suggests the 
potential for functional resilience to changing conductivity 
in mats by acclimation of community composition while 
maintaining key function of nitrogen-fixation. Likewise, the 
presence of a diversity of Oscillatoriales across all ponds, 
with different organisms dominating mats under different 
environmental conditions, could imply a reservoir of organ-
isms capable of performing optimally at a range of salt con-
ditions, creating high potential resilience of the mat-forming 
habit to environmental change.

Proteobacteria assemblages were even more distinct 
across ponds than Cyanobacteria. Salt Pond was particu-
larly distinct and coherent. The Proteobacteria were domi-
nated by the Comamonadaceae, a metabolically diverse 
group of mostly motile members of the Betaproteobacteria 
class. Alteromonadaceae, a mostly marine family of aerobic 
decomposers, and Rhodobacteraceae displaced Comamona-
daceae with increasing conductivity and were particularly 
abundant in Salt Pond. This might be explained by their 
affinity for high salt and sulphate concentrations. Previ-
ous studies on the MIS ponds also found Proteobacteria 
to be the dominant phylum in bacterial benthic communi-
ties (Archer et al. 2015). As with our study, Archer et al. 
(2014) found the lowest Proteobacteria diversity was in Salt 
Pond and communities in Salt Pond were unique compared 
to all other ponds. The low relative abundance of Archaea 
agrees with previous works on ice shelf and terrestrial melt-
water ponds using metagenomics and amplicon sequencing 
(Varin et al. 2010, 2012; Archer et al. 2014). The present 
study also found taxa from the order Methanomicrobiales 

Fig. 5  NMDS ordination plot of eukaryote community composi-
tion for absolute counts of OTUs (stress = 0.08, R2 = 0.993). Points 
indicate the NMDS scores of individual samples and colour denotes 
pond. Ellipses are drawn around 95% confidence intervals
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(family Methanosarcinaceae). However, universal 16S 
rRNA gene primers might be less well suited to cover all 
archaeal groups, and these may be under-reported (Parada 
et al. 2016).

Our study is the first detailed 18S rRNA gene high-
throughput sequencing analysis of microbial mats on the 
McMurdo Ice Shelf. The 18S rRNA gene analysis suggested 
that microbial Eukaryotes had a lower richness than the Bac-
teria and Archaea, which was also found for microbial mats 
in the perennially ice-covered Lake Untersee and Lake Fryx-
ell, Antarctica (Greco et al. 2020), and been described from 
other ecosystems such as cryoconite holes in the McMurdo 
Dry Valleys (Sommers et al. 2018). The communities were 
dominated by Ochrophyta, Chlorophyta and Ciliophora, 
and previous work on 18S rRNA gene clone library and 
morphological surveys had demonstrated that microalgae, 
especially diatoms, are present in meltwater ponds (Suther-
land 2009; Jungblut et al. 2012b). Sommers et al. (2018) 
and Greco et al. (2020) also found abundance of ciliates 
and similar groups of ciliates in Lake Untersee and cryoco-
nite holes from Taylor Valley glaciers; however, it appears 
that more ciliate 18S rRNA gene sequences were recovered 
from microbial mats on the McMurdo Ice shelf. In contrast, 
fungi had a lower relative abundance on the McMurdo Ice 
Shelf and cryoconite holes than in the microbial mats in 
the ice-covered Lake Untersee. Our studies also identified 
the presence of a wide range of other heterotrophic protist 
taxa grouping within Rhizaria, Labyrinthulea, Excavata and 
Amoeba. The pond eukaryote communities varied in their 
assemblages within and across ponds which meant that few 
ponds had significantly different assemblages. There was 
also no consistency in clustering within different taxonomic 
groups and little evidence of consistent ordering along the 
environmental gradients that were measured. Broad toler-
ances for the range of conditions, biotic and abiotic, pro-
vided by the ponds are implied. Our study did not find the 
same strong correlation between Bacteria and Eukaryotes as 
described for ice-lidded cryoconite hole microbial commu-
nities in the McMurdo Dry Valleys (Sommers et al. 2018).

16S rRNA gene and 18S rRNA gene microbial 
assembly processes in microbial mats 
on the McMurdo Ice Shelf

Our study identified high within-pond congruity in Bac-
teria and Archaea communities that could suggest the 

Fig. 6  CCA of a prokaryote community composition for absolute 
counts of OTUs, b Cyanobacteria and c Proteobacteria. Each point 
represents a single sample. Vectors show environmental variables 
(temperature (°C), pH and conductivity (µS  cm−1) which were meas-
ured at the time of sampling, with arrowheads indicating their direc-
tion of increase

▸
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environmental conditions within these ponds lead to habi-
tat filtering, providing support for homogenous microbial 
mat assemblies. Microbial mats accumulate over many 
years and there are relatively few disturbance processes 
that could provide opportunities for colonisation and suc-
cession, and thereby introduce spatial variability. Physical 
disturbance is limited to exposure to wind abrasion follow-
ing a decline in water level (Hawes et al. 2014) and “lift-
off events” as described by Wharton et al. (1983). Lift-off 
occurs when mats accumulate sufficient gas bubbles for 
buoyancy to exceed tensile strength, allowing mats to tear 
off the pond sediment and float to the surface (authors’ 
observations). The frequency and extent of disturbance is 
poorly constrained in these ponds, but recovery from lift-
off events will require full or partial regrowth of microbial 
mats on the newly exposed pond sediments. We anticipated 
that disturbance events would create diversity within ponds 
where colonisation and succession were necessary to build a 
mature mat structure. Within each of the ponds, we observed 
that there was limited correlation between community dis-
similarity and separation distance within any of the stud-
ied meltwater ponds. The simplest explanations of this are 
that disturbance is infrequent and/or any stochastic effect in 
recolonisation of newly exposed pond sediment is dominated 

by the high biomass of the resident organisms (Shea et al. 
2012) or residual populations within the lift-off scar. In this 
scenario, long-term environmental filtering is sustained 
over time by the high probability of existing taxa occupying 
newly exposed substrate, but with any directional change, in 
e.g. conductivity, gradually moving composition towards a 
new normal. Neutral processes (Hubbell 2008) can prevail 
when sympatric species show a high degree of ecological 
convergence, which reduces the selection power of niche-
driven processes and allows dispersal, chance and survival to 
play significant roles in determining composition. However, 
despite the presence of multiple taxa potentially capable of 
forming functional mats within each pond, evidenced by 
the shared diversity of filamentous Oscillatoriales, differ-
ent subsets of which dominate mat formation in different 
ponds, high levels of stochastic within-pond variation are not 
evident. This we suggest implies sufficient niche separation 
between bacterial taxa to allow ponds to develop distinct 
assemblages over time.

The assembly of microbial Eukaryotes within the ponds 
also provides some evidence of niche-driven processes with 
within-pond communities showing more resemblance than 
between-pond communities. However, measured environ-
mental variables show limited capacity to explain the dissim-
ilarities between ponds. A comprehensive study on diatoms 
using microscopic species identification by Sakaeva et al. 
(2016) of terrestrial ponds on Ross Island and McMurdo Dry 
Valleys suggested that chemistry and the type and composi-
tion of the microbial mat may play a role at local scale while 
geography, dispersal and historical environmental conditions 
influence structuring of diatom assemblages across larger 
spatial scales. Sutherland (2009) and Sutherland et al. (2020) 
similarly noted that many diatom morphospecies were 
widely distributed across ponds of a wide range of salini-
ties on the MIS, and suggest broad habitat tolerance and/
or dispersal ability. James et al. (1995) using microscopy-
based identification reported that between-pond distinction 
of planktonic protist populations was best explained by pond 
size rather than salinity. The implication is of considerably 
greater overall niche convergence amongst eukaryotic pro-
tists, and a wide physiological tolerance to salinity, though 
a wider range of potentially explaining variables would need 
to be examined to confirm the former. We suggest that a low 
biomass of microbial Eukaryotes in the MIS ponds in con-
nection with greater mobility and greater overlap of optimal 
conditions amongst taxa may allow for stochastic processes 
to have a greater effect on community assembly for Eukary-
otes than Bacteria and Archaea.

There are additional community assembly theories such 
as the island species–area relationships (MacArthur and 
Wilson 1967) which describes the macroecological pattern 
of an increase in number of species with an increase in area 
of an island. Sommers et al. 2020 showed that relationship 

Fig. 7  CCA of eukaryote community composition for absolute counts 
of OTUs. Each point represents a single sample. Vectors show envi-
ronmental variables (temperature (°C), pH and conductivity (μS 
 cm−1)), which were measured at the time of sampling, with arrow-
heads indicating their direction of increase
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between 16S rRNA gene and 18S rRNA gene communities 
in cryoconites from glaciers in the McMurdo Dry Valleys 
can be explained by the species–area theory. However, com-
parison of the area of meltwater ponds in our study based 
on personal observations of sampling sites by the authors 
and approximate sizes provided in Fig. 2 with determined 
16S and 18S rRNA gene OTUs richness (Online Resource 
3) suggests that there is not a clear link between area of 
meltwater ponds and number of species. The highest rich-
ness was found in Conophyton Pond, which was one of the 
smaller ponds, and Duet Pond with the largest area had the 
median richness, with Salt Pond being of medium size hav-
ing the lowest richness. However, a larger number of sam-
ples and bigger range of habitat areas would be needed to be 
able to apply the mathematical model as done in the study 
by Sommers et al. (2020).

Conclusions

We present an in-depth characterisation of Bacteria and 
Archaea and microbial Eukaryote communities in micro-
bial mats in meltwater ponds of the McMurdo Ice Shelf, 
Antarctica. Diverse populations were observed in all ponds 
and Bacteria and Archaea assemblages were highly pond-
specific and appear to order along environmental gradients. 
Eukaryotes were less diverse than Bacteria and Archaea and 
were also characterised by less between-pond dissimilarity. 
These findings will help to understand processes that are 
important in sustaining biodiversity in ice-based habitats, 
especially in Antarctica, with potential acceleration of envi-
ronmental change that may accompany polar warming.
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