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Abstract 

Background and aims At the West Antarctic Peninsula, snow algae blooms are composed of complex microbial 
communities dominated by green microalgae and bacteria. During their progression, the assembly of these microbial 
communities occurs under harsh environmental conditions and variable nutrient content due to fast snow melting. 
To date, it is still unclear what are the ecological mechanisms governing the composition and abundance of micro-
organisms during the formation of snow algae blooms. In this study, we aim to examine the main ecological mecha-
nisms governing the assembly of snow algae blooms from early stages to colorful stages blooms.

Methods The composition of the microbial communities within snow algae blooms was recorded in the West 
Antarctic Peninsula (Isabel Riquelme Islet) during a 35-day period using 16S rRNA and 18S rRNA metabarcoding. In 
addition, the contribution of different ecological processes to the assembly of the microbial community was quanti-
fied using phylogenetic bin-based null model analysis.

Results Our results showed that alpha diversity indices of the eukaryotic communities displayed a higher varia-
tion during the formation of the algae bloom compared with the bacterial community. Additionally, in a macronu-
trients rich environment, the content of nitrate, ammonium, phosphate, and organic carbon did not play a major 
role in structuring the community. The quantification of ecological processes showed that the bacterial community 
assembly was governed by selective processes such as homogenous selection. In contrast, stochastic processes such 
as dispersal limitation and drift, and to a lesser extent, homogenous selection, regulate the eukaryotic community.

Conclusions Overall, our study highlights the differences in the microbial assembly between bacteria and eukary-
otes in snow algae blooms and proposes a model to integrate both assembly processes.

40, 69]. This scenario has caused strong variations in the 
physicochemical characteristics of the cryosphere [26], 
providing favorable conditions for snow algae prolifera-
tion [20, 46]. However, climate change might also impact 
the processes such as dispersal phenology, successional 
trajectories [38], and the assembly of the microbial com-
munity of snow algae blooms. It has been reported that 
snow algae blooms might reduce the albedo by up to 20% 
at Maritime Antarctic snowfields [28]. Thus, the presence 
of snow algae does not only contribute to the productiv-
ity and biodiversity of the cryosphere, but also affects the 
energy balance at a global scale. However, despite the 
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Introduction
The Maritime Antarctic has been regarded as one of the 
most sensitive world regions to global warming, with an 
accelerated ice and snow melting in the last decades [32, 
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relevance of snow algae blooms, the processes governing 
the formation of these communities in their early stages 
are not well understood.

Although multiple mechanisms (e.g., selection, dis-
persal, drift, and speciation) may be responsible for con-
trolling the diversity, distribution, and succession of the 
microbial community, quantifying their relative impor-
tance remains challenging [45]. Moreover, in the case 
of Antarctic snow ecosystems, logistical and tempo-
ral restrictions limit the study of these communities in 
their early stages. In the West Antarctic Peninsula, snow 
algae blooms are rapidly formed during the short spring 
period, which makes tracking the transition from fresh 
snow to colored snow algae blooms difficult.

Based on studies of visible and colorful snow algae 
blooms, it has been established that their functional 
profiles consistently exhibit genes involved in the toler-
ance to environmental stressors, which filter and select 
only adapted organisms [64]. Likewise, nutrient stoichi-
ometry also affects the microbial community structure 
of snow algae blooms. For instance, the proliferation of 
snow algae is favored by the release of elements such as 
Fe, Mn, and P from melting glaciers [19], and abundances 
of snow algae species such as Chloromonas cf. alpina and 
Chloromonas polyptera have been shown to correlate 
positively with dissolved organic carbon (DOC) in the 
Arctic [36].

In addition, metagenomes of Antarctic snow algae 
blooms have shown that community functional potential 
was conserved among three different sites, regardless of 
the color of the bloom. The only significant differences 
were detected in genes related with tolerance to abiotic 
stress which were more abundant in one snow sample 
collected at Isabel Riquelme Islet [64]. These findings 
suggest that stochastic processes could explain partially 
the assembly of microbial communities in snow algae 
blooms [64].

Furthermore, genome-scale metabolic model recon-
struction revealed potential biotic interactions within the 
bacterial community of snow algae blooms, e.g., competi-
tion for available resources. This could indicate that these 
communities show a low potential to self-support their 
nutrient requirements only the exchange of metabolites 
[64]. However, it has been reported that in the micro-
biome of some alpine snow algae communities, Proteo-
bacteria like Oxalobacteraceae, Pseudomonadaceae, and 
Sphingomonadaceae show genus-specific co-occurrences 
with distinct species of microalgae [34]. Thus, as some 
co-cultivation experiments suggest, inter-kingdom mutu-
alistic relationships are likely to occur in these systems 
[30, 34, 68].

Considering that the assembly of a community is a 
dynamic process, the mechanisms and composition of 

organisms may change over time [21]. In the present 
study, we examine the main ecological mechanisms 
operating during the early stages of the assembly of the 
microbial community within an Antarctic snowpack. In 
a 35-day field experiment, we collected successively snow 
samples from a locality in the West Antarctic Peninsula 
and witnessed the transition from white snow to colorful 
snow algae blooms during the spring–summer season. 
Using 16S rRNA and 18S rRNA gene metabarcoding, 
the temporal patterns in microbial diversity and some 
key functional interactions during the formation of snow 
algae blooms were assessed. We hypothesize that the for-
mation of colorful snow algae blooms is mostly driven 
by selective ecological mechanisms and to a lesser extent 
by stochastic processes. Thus, a decline in the micro-
bial diversity is expected during the formation of algal 
blooms because species that are not able to cope with 
environmental harsh conditions are filtered out. Like-
wise, cooperative interactions between algae and bacteria 
may be selecting and facilitating the colonization of the 
dominant species in snow algae blooms. Therefore, co-
occurring patterns between bacteria and algae species are 
expected during the formation of snow algae bloom.

Materials and methods
Study sites
Snow samples were collected from an area near the 
Chilean O’Higgins Base Station located on the Isa-
bel Riquelme Islet (63° S; 57° W) during November and 
December of 2019 (Fig. 1). Snow from four 2 × 2 m quad-
rats was sampled twice a week over a 35-day period with 
a total of 46 samples.

The main criteria to choose the snow patches were that 
they should be in an area without constant human transit 
and with safe access to the sampling sites even during bad 
weather conditions. Between the first and second sam-
pling days, the snow of the two sites melted completely; 
therefore, the quadrats were moved to other snow 
patches that fulfilled the previously stated criteria (see 
new coordinates in Supplementary Table  1). These two 
samples were not considered for further analyses. More-
over, because the progression of the snow algae blooms 
was unpredictable, two very light-green snow patches 
(sites 1 and 2) and two white snow patches (sites 3 and 
4) were originally selected. The colors of the blooms 
changed during the experiment.

Snow sample collection and preparation
For the molecular analyses (metabarcoding), superficial 
snow was sampled into two 1260-mL Whirl-Pak bags 
(Nasco, WI, USA) using sterile gloves and a small metal-
lic shovel. In this study, each individual 2 × 2  m quad-
rant was considered a sampling point, thus during the 
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time series, we swept the area randomly until the sam-
pling bags were full, without digging deep into the snow 
patches.

After sampling, the snow was melted at a low tem-
perature inside a cool box. Then, samples were filtered 
through 0.22-μm mixed cellulose esters membranes 
(47  mm, Millipore). Depending on the intensity of the 
bloom color, different volumes were filtered. For clear 
white snow, 1 L was filtered, while for colored snow, only 
100–150  mL was filterable before the filter saturation. 
Finally, the filters were stored at −20 °C inside individual 
aluminum foil envelopes and transported in a dry ship-
per to the laboratory at the Universidad Austral de Chile 
(Valdivia). Here, samples were stored at −80 °C until fur-
ther DNA extraction.

Environmental parameters
For the determination of the nutrient content  (NH4

+, 
 NO3

−, and  PO4
3−), superficial snow samples were col-

lected in a 1260-mL Whirl-Pak bag from each sampling 
point site, every time we sampled the snow patches. 
Additionally, for the determination of the content DOC, 
snow samples were collected using sterile 50-mL centri-
fuge tubes. After collection, snow samples were trans-
ported to the laboratory at O’Higgins Base Station for 
further processing.

The nutrient concentrations of  NH4
+,  NO3

−, and  PO4
3− 

in snow samples were quantified using a portable pho-
tometer (9300 Kit, YSI Inc., Yellow Springs, OH, USA). 
This instrument measures the change of color when 
chemical reagents react with the sample and whose inten-
sity is proportional to the concentration of the parameter 
under test. Previously, samples were melted and filtered 
through 0.45-µm mixed cellulose esters membranes 
(47  mm, Millipore). Afterwards, the filtered liquid was 

added to the commercial kit used for quantifying the 
nutrients following the manufacturer’s instructions. 
All samples were measured within 24 h after collection. 
For the determination of DOC, samples were stored at 
−80 °C and transported in a dry shipper to the Centro de 
Investigación en Ecosistemas de la Patagonia (CIEP) in 
Coyhaique for quantification using the combustion cata-
lytic oxidation/non-dispersive infrared (NDIR) method 
[67]. The chlorophyll a concentration was determined 
in 5-mL aliquots of melted snow filtered onto Whatman 
GFF filters. The filters were kept frozen at −20  °C and 
transported to the Universidad Austral de Chile in Val-
divia, until extraction in 90% ethanol at 75 °C, and spec-
trophotometric measurements [63]. No acid correction 
for phaeophytin was made. Daily records of maximum 
and minimum temperatures and snowfall at O’Higgins 
Base Station during the study period were obtained from 
the Dirección Meteorológica de Chile (https:// clima tolog 
ia. meteo chile. gob. cl/).

DNA extraction and metabarcoding
Total DNA from snow samples was extracted using the 
DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) 
following the instructions from the manufacturer. DNA 
was extracted from filtered samples thawed in ice and 
cut into small pieces with a sterile scalpel. Half of the 
filters were used for DNA extraction and the other half 
was kept at −20 °C as a backup. Negative controls using 
ultrapure water were included during the DNA extrac-
tion (one negative control for each 23 samples). Finally, 
DNA quantification was performed using the Qubit® 
dsDNA HS Assay Kit and a Qubit 3.0 fluorometer 
(Thermo Fisher Sci., Waltham, MA, USA). Samples were 
normalized to a DNA concentration of 5 ng/μL.

Fig. 1 Location of the sampling site near the O’Higgins Base Station at the West Antarctic Peninsula. For full details, see Supplementary Table 1

https://climatologia.meteochile.gob.cl/
https://climatologia.meteochile.gob.cl/
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Metabarcoding libraries of the 16S rRNA and 18S 
rRNA genes were generated at the AUSTRAL-omics 
core research facility of the Universidad Austral de 
Chile. Primers 341F/805R were used for the amplifi-
cation of the hypervariable regions V3–V4 of the 16S 
rRNA gene [33], while primers 528F/706R were used 
for the hypervariable region V4 of the 18S rRNA gene 
[10]. Both primer pairs included an Illumina-sequenc-
ing adapter, an index sequence, and a heterogeneity 
spacer according to the design of Fadrosh et  al. [17]. 
For multiplexing, three pools (with 16, 18, and 18 sam-
ples each) of equimolar DNA concentration of 16S 
rRNA amplicons were generated. Each pool included 
two negative controls, one of them consisting of an 
indexed PCR product using ultrapure water as a tem-
plate and the other one a negative control obtained 
during the DNA extraction. For the 18S rRNA ampli-
cons, three pools (27, 20, and 5 samples per pool) were 
generated. Two negative controls were included in 
each pool. Finally, the protocol for the library prepara-
tion was the same as previously detailed in Soto et al. 
[64].

In the case of bioinformatic analyses of 16S rRNA 
and 18S rRNA gene amplicons, first samples were 
demultiplexed and barcodes were removed using an 
in-house python script. Demultiplexed raw sequences 
were analyzed using the open-source software pack-
age DADA2 v1.26.0 [9]. The pipeline consisted of filter-
ing and trimming the raw sequences, setting the error 
rate of the amplicons datasets, inferring the number of 
true sequence variants, and obtaining the full denoised 
sequences. Finally, the taxonomy of the amplicons 
sequence variants (ASVs) was assigned using the SILVA 
v132 training set of reference sequences [55] for the 
16S rRNA gene sequences and the PR2 v4.12.0 training 
set [22] for the 18S rRNA gene sequences. The taxon-
omy of Chlorophyta algae was manually curated blast-
ing the sequences of each ASV against the Nucleotide 
collection nr/nt database (Genbank database). ASVs 
with the same best hit were classified into taxonomic 
groups named after the most representative taxon. 
The detailed list of the groups formed and the ASVs 
gathered in each group is provided in Supplementary 
Table  2. After filtering and chimera’s removal, a total 
of 1,536,943 unique sequences for the 16S rRNA gene 
amplicon were obtained, and 2450 ASVs were identi-
fied after removing singletons, sequences that occurred 
in only one sample, and potential contaminants. With 
regard to the 18S rRNA gene amplicon, we obtained 
a total of 3,511,719 unique sequences, and 500 ASVs 
were identified. Rarefaction curves were constructed to 
verify the sequencing depths for the samples (Supple-
mentary Fig. 1).

Inferring community assembly mechanisms
The sequence alignments of the 16S rRNA and 18S rRNA 
gene ASVs were conducted under the ClustalW method 
using the R package msa [5] with the default parameters. 
In addition, maximum likelihood phylogenetic trees were 
constructed using FastTree 2.1.11 [51] and the substitu-
tion model GTR+Γ [73].

Quantification of the relative influences of community 
assembly processes was assessed using the R package 
iCAMP, which is a phylogenetic bin-based null model 
framework [45]. iCAMP divided taxa into different 
groups (bins) based on their phylogenetic relationships. 
In this study, the generated bins were based on the phylo-
genetic relationships of all the ASVs within the microbial 
community. Then, the process governing each bin is iden-
tified based on null model analysis of the phylogenetic 
diversity using the beta Net Relatedness Index (βNRI) 
and taxonomic β-diversities with the modified Raup–
Crick metric (RC). For each bin, the fraction of pairwise 
comparisons with βNRI < − 1.96 and βNRI > + 1.96 are 
considered as the percentages of homogeneous and het-
erogeneous selection, respectively [66]. Homogeneous 
selection is a deterministic process, leading to similar 
community structures caused by similar environmental 
conditions, while heterogeneous selection is a process 
that leads to dissimilar community structures because of 
heterogeneous environmental conditions.

Additionally, pairwise comparisons with |βNRI|≤ 1.96 
and RC < − 0.95 are treated as the percentages of homog-
enizing dispersal, while those with RC > + 0.95 as disper-
sal limitation [66]. The remainders with |βNRI|≤ 1.96 
and |RC|≤ 0.95 represent the percentages of drift, diver-
sification, weak selection, and/or weak dispersal [45, 74]. 
Finally, to estimate the relative importance of individual 
processes at the whole community level, the fractions of 
individual processes across all bins are weighted by the 
relative abundance of each bin.

Statistical analysis
Rarefaction curves were generated using the Vegan pack-
age under R v3.6.1 [47]. In addition, the Shannon-Wiener 
index and Chao 1 richness were calculated and illustrated 
using the packages phyloseq [42] and ggplot2 [71]. Meta-
barcoding RDA was based on Hellinger distance [35] 
which was calculated using the R package Biodiversi-
tyR [31] and the reads count of bacterial and eukaryotic 
ASVs. RDA models were constructed considering the 
concentration of  NH4

+,  NO3
−,  PO4

3−, and DOC as con-
straining variables and test the significance of each vari-
able performing an ANOVA-like permutation test for 
redundancy analysis (permutations = 999).

Correlation (Pearson correlation) matrices between 
bacteria and eukaryote abundances were computed and 
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plotted using the Hmisc and corrplot R packages, respec-
tively [23, 70]. For this analysis, we used the bacterial and 
eukaryotic bins that most contributed to the assembly 
of the microbial communities and were taxonomically 
assigned at their most resolved level. Finally, the figures 
were generated using the R package ggplot2.

Results
Temporal variation on the microbial composition of snow 
algae blooms
During the field experiment, over 60 cm of accumulated 
snow melted over a 35-day period (Fig.  2). In addition, 
snowing led to the accumulation of 2–3 cm of fresh snow, 
which melted fast due to the increase in air temperatures 
above 0  °C during the second half of December (Fig. 2). 
This increase was also associated with the development 
of the snow algae blooms, reflected in an increase of Chl 
a towards the end December (Fig. 2, Table 1), producing 
both green and red blooms (Fig. 3).

At the beginning of the temporal series (November 
25), we observed that sites 3 and 4 displayed a similar 

Fig. 2 Snow conditions and air temperature during the time series at O’Higgins Base Station. Accumulated snow, fresh snow, and minimum 
and maximum atmospheric temperatures were recorded from November 25, 2019, to December 31, 2019. Black dots indicate the sampling days, 
and the green bar at the top illustrates the Chl a (μg/L) and the average concentration in four snow packs on the same sampling dates

Table 1 Mean values of the chlorophyll a concentration in snow 
samples at each sampling day. Chl a concentration of every 
sample is detailed in Supplementary Table 1

Date Chl a (μg/L)

Mean sd

25-11-19 2.38 ± 2.02

28-11-19 47.26 ± 79.83

02-12-19 108.59 ± 57.51

04-12-19 20.13 ± 13.43

07-12-19 37.69 ± 38.66

11-12-19 26.97 ± 24.94

14-12-19 15.07 ± 13.24

17-12-19 142.80 ± 101.44

20-12-19 156.19 ± 50.11

23-12-19 895.97 ± 524.19

26-12-19 892.50 ± 991.68

29-12-19 859.78 ± 733.20
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bacterial composition, except for the bacterial genus Tes-
saracoccus that only was present at site 3, reaching a rela-
tive abundance of 12%. In these two sites, the bacterial 
genus Psychrobacter was the dominant taxon, account-
ing for more than 60% (relative abundance) of the most 

abundant sequences. Likewise, the bacterial genus Tis-
sierella reached similar relative abundances in sites 3 and 
4 (13% and 16%, respectively), while the genus Sporosar-
cina reached 11% and 16%, respectively (Fig.  4). As the 
snow algae blooms progressed, the composition of the 

Fig. 3 Time series of snow algal bloom development. The coordinates of each sampling site (2 × 2 m quadrants) are indicated in Supplementary 
Table 1. Snow color on each sampling day is indicated in the bar above each figure. Referential photos (date shown in the top left corner) illustrate 
the sampling days highlighted by bold borders squares
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bacterial communities changed. In the case of site 3, we 
observed a fluctuating relative abundance of Flavobacte-
rium, Polaromonas, and Tessaracoccus. Also, we recorded 
a decline in the relative abundance of Psychrobacter 
towards the end of the field experiment (December 29) 
down to 19% of the most abundant sequences in the 

bacterial community (Fig.  4). In addition, the bacterial 
composition in site 4 was characterized by the changing 
relative abundances of Marinobacter, Flavobacterium, 
and Psychrobacter. In contrast with the observations on 
site 3, the relative abundance of Psychrobacter bacteria 
was so low at the end of the field experiment, where it 

Fig. 4 Changes in the bacteria composition within snow algae blooms. For illustrative purposes, only genera with mean relative abundances 
higher than 5% were considered. Snow colors as in Fig. 3. Chlorophyll a concentrations (μg/L) are shown inside the boxes that illustrate the color 
of the blooms at each sampling date
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did not reach 5% and thus did not appear in Fig. 4. How-
ever, despite the differences observed during the progres-
sion of the bloom, on December 29, sites 3 and 4 overall 
showed a high relative abundance of bacteria of the gen-
era Flavobacterium and Polaromonas. Site 4 though also 
was characterized by the presence of Rhodoferax bacteria 
that reached up to a relative abundance of 26% (Fig. 4).

In the case of sites 1 and 2, the progression of the 
bloom was recorded from November 29. At first, the bac-
terial community at site 1 was dominated by Flavobac-
terium (47%), Psychrobacter (28%), Marinobacter (14%), 
and Polaromonas (11%). In contrast, site 2 was mostly 
dominated by Psychrobacter bacteria whose relative 
abundance peaks up to 69%, while Flavobacterium, Mar-
inobacter, and Tessaracoccus reached relative abundances 
around 10% (Fig. 4). Similar to what was observed in site 
4, the relative abundance of Marinobacter fluctuated dur-
ing the bloom progression. In addition, at the end of the 
field survey (December 29), sites 1 and 2 were dominated 
by bacteria of the genera Flavobacterium, Polaromonas, 
and Rhodoferax, similar to what was observed at sites 3 
and 4 (Fig. 4).

Regarding the eukaryotic community, the algae blooms 
of the four study sites displayed different progressions 
of their community structure. On November 25, the 
bloom on site 3 was dominated by Davidiella fungi. This 
taxon was the only one that reached a relative abundance 
higher than 5% and thus is the only one that appears in 
Fig.  5. In contrast, the bloom on site 4 was dominated 
by taxa classified into the group Prasiolales A algae that 
accounted for 85% of the reads (Fig. 5). The progression 
of blooms at site 3 showed a clear dominance of Chlo-
romonas (group Chloromonas B) that turned red towards 
the end of the field experiment. In contrast, the bloom 
on site 4 was dominated by a mix of algal species such 
as Chlorominima, Chlamydonomas A, and Microglena 
sp. groups. In addition, this was a green bloom that 
never turned red during the field experiment (Fig.  5). 
Blooms on sites 1 and 2 were recorded from Novem-
ber 29 and showed that the first site was dominated by 
algae of the group Chloromonas D whose relative abun-
dance accounts by 90% of the most abundant taxa, and 
the latter was dominated by algae belonging to the group 
Chloromonas B that reached up to the 85% of the reads 
included in Fig. 5. Thus, these blooms likely started ear-
lier than those at sites 3 and 4. Towards the end of the 
field experiment, the bloom in site 1 was still dominated 
by Chloromonas D algae, but on December 29, the com-
position of the blooms was a mix of fungal and algal spe-
cies. Also, this bloom was one of those that turned red 
towards the end of the study (Fig. 5). Finally, the bloom 
at site 2 progressed with increasing abundances of algae 
that could not be classified taxonomically at a deep level: 

here, uncultured Chlamydomonadales reached a relative 
abundance of 55% on December 29. In addition, a fluc-
tuating, but abundant presence of Rhyzophidiales fungi 
was also recorded in this bloom reaching relative abun-
dances between 12 and 68% within the most abundant 
taxa (Fig. 5).

Diversity and richness of snow algae blooms
Results of the Shannon-Wiener index and Chao1 rich-
ness index (Supplementary Fig. 2) indicated that, in gen-
eral, eukaryotic communities were less diverse and rich 
than bacterial communities but displayed a higher varia-
tion during the formation of the algae bloom. The bacte-
rial communities on sites 1 and 3 were similar in terms 
of species diversity and richness during the formation 
of the blooms. In both sites, the Shannon-Wiener index 
reached a mean value of 5.8 ± 0.3 (mean ± sd). In the case 
of the Chao1 index, it reached a mean value of 629 ± 187 
on site 3 and 606 ± 182 on site 1. Likewise, sites 4 and 2 
were similar to each other reaching a Shannon-Wiener 
index mean value of 5.2 ± 0.3, while the Chao1 values 
were 413 ± 197 for site 2 and 434 ± 271 for site 4.

In the case of eukaryotes, the four sites showed a dif-
ferent pattern. The highest average diversity in terms of 
the Shannon-Wiener index was recorded on site 4 with 
a mean value of 2.7 ± 0.5 and the lowest on site 1 with a 
mean value of 2.0 ± 0.6. Likewise, in terms of species rich-
ness, the highest Chao1 score was recorded on site 4 with 
a mean value of 84 ± 44, and the lowest value was 55 ± 22 
recorded at site 1.

Influence of nutrients content in the microbial community 
structure
The contribution of the levels of nutrients  (NH4

+,  NO3
−, 

and  PO4
3−, and DOC) on the community structure of 

bacteria and eukaryotes inhabiting snow algae blooms 
was assessed through an RDA model and ANOVA-like 
permutation tests. Our results showed that the bacte-
rial community structure was significantly affected by 
the levels of  NO3

− (F1,41 = 2.1012, P = 0.011) and DOC 
(F1,41 = 1.9364, P = 0.016), while eukaryote community 
structure was affected significantly by the levels of DOC 
(F1,41 = 2.9688, P = 0.003). However, it must be mentioned 
that our RDA model captured a small percentage (bacte-
ria = 7.9%; eukaryotes = 7.7%) of the variation of bacteria 
and eukaryotes (Fig. 6). The concentration of each nutri-
ent in each snow sample is detailed in Supplementary 
Table 1.

Ecological processes governing the microbial assembly 
in snow algae blooms
Based on the principle of the null models employed by 
iCAMP, our results show that both deterministic and 
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stochastic processes drive the temporal variation of snow 
algae blooms. However, the contribution of each ecologi-
cal process differed between the bacterial and the eukary-
otic communities. For bacteria, the estimated importance 
of stochasticity (dispersal limitation, homogenizing dis-
persal, and drift) during the formation of algae blooms 
ranged between 12 and 48% (Table 2). Among these pro-
cesses, dispersal limitation contributed the most to the 
assembly of the community, but its contribution declined 
from a mean value of 30%, recorded between December 

4 and December 7 (Int 4), to 7% at the end of the field 
experiment (Int 11) (Table 2). This decline in the contri-
bution of the stochastic process was observed in the four 
study sites (Fig. 7). In contrast, the importance of deter-
ministic selection (homogeneous and heterogeneous 
selection) reached its peak between December 26 and 
December 29 (Int 11) accounting for 88% and its lowest 
level (50%) between December 4 and December 7 (Int 4) 
(Table 2). Finally, homogeneous selection was the selec-
tive process with the highest contribution in all the study 

Fig. 5 Changes in the eukaryotes composition within snow algae blooms. For illustrative purposes, only genera with mean relative abundances 
higher than 5% were considered. Snow colors as in Fig. 3. Chlorophyll a concentrations (μg/L) are shown inside the boxes that illustrate the color 
of the blooms at each sampling date
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sites (Fig.  7). In the case of the eukaryotic community, 
changes in diversity due to stochasticity varied between 
30 and 87% (Table 3). Dispersal limitation and drift were 
the two processes that most contributed to stochastic-
ity. In the case of dispersal limitation, its contribution 
was more noticeable on site 2 (Fig. 7), and in the case of 
drift, its contribution was more prominent on sites 3 and 
4 (Fig. 7).

In addition, the importance of the ecological pro-
cesses governing the assembly of the eukaryotic 

communities fluctuates during the formation of the 
algae blooms. For instance, the contribution of homo-
geneous selection declined as the formation of the 
blooms progressed, reaching its highest level between 
December 2 and December 4 (Int 3) and its lowest level 
(12%) between December 26 and December 29 (Int 11) 
(Table  3). Likewise, the importance of drift increased 
from 10%, at the beginning of the field experiment, to 
~58% towards the end of December (Int 11). However, 
this increase was not linear, and the importance of drift 
fluctuated over time in every study site (Fig. 7).

Fig. 6 Biplots from RDA based on Hellinger-transformed ASVs (16S rRNA and 18S rRNA genes) and major nutrients content. The percentage 
of variance explained by each axis and its significance (***P < 0.001, **P < 0.01) are indicated. rM is the Mantel correlation coefficient 
between the Hellinger distance among samples and the Euclidean distance among the corresponding symbols in the graph

Table 2 Contribution of different ecological processes to the assembly of the bacterial communities within snow algae blooms. IntN 
represents the interval of comparison between consecutive sampling days

Interval Heterogeneous selection Homogeneous selection Dispersal limitation Homogenizing dispersal Drift

Mean sd Mean sd Mean sd Mean sd Mean sd

Int1 1% ± 2% 74% ± 13% 20% ± 9% 1%  ± 0% 4%  ± 2%

Int2 5% ± 4% 62% ± 17% 29% ± 15% 1% ± 0% 4% ± 1%

Int3 0% ± 1% 67% ± 13% 21% ± 8% 3% ± 2% 9% ± 6%

Int4 1% ± 1% 50% ± 11% 30% ± 5% 5% ± 2% 13% ± 7%

Int5 2% ± 2% 54% ± 16% 25% ± 8% 5% ± 5% 15% ± 9%

Int6 3% ± 6% 71% ± 19% 17% ± 13% 2% ± 1% 7% ± 4%

Int7 3% ± 4% 70% ± 7% 16% ± 8% 5% ± 2% 7% ± 4%

Int8 1% ± 0% 83% ± 10% 8% ± 11% 1% ± 0% 7% ± 3%

Int9 2% ± 2% 84% ± 7% 5% ± 3% 1% ± 1% 9% ± 3%

Int10 0% ± 10% 87% ± 10% 5% ± 5% 2% ± 1% 6% ± 5%

Int11 0% ± 0% 88% ± 8% 7% ± 6% 2% ± 1% 3% ± 2%
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Fig. 7 Relative importance of different ecological processes during the assembly of the bacterial and eukaryotic community. Bar plots indicate 
the process contribution when samples of two successive sampling dates were compared. IntN, N represents the interval of comparison. 
For instance, N = 1 means comparisons between sampling days 1 and 2

Table 3 Contribution of different ecological processes to the assembly of the eukaryote communities within snow algae blooms. IntN 
represents the interval of comparison between consecutive sampling days

Interval Heterogeneous selection Homogeneous selection Dispersal limitation Homogenizing dispersal Drift

Mean sd Mean sd Mean sd Mean sd Mean sd

Int1 3% ± 4% 50% ± 11% 30% ± 12% 7% ± 10% 10% ± 8%

Int2 1% ± 2% 58% ± 23% 17% ± 21% 3% ± 3% 21% ± 27%

Int3 0% ± 0% 70% ± 43% 0% ± 0% 2% ± 3% 28% ± 44%

Int4 0% ± 0% 33% ± 20% 1% ± 2% 24% ± 47% 42% ± 29%

Int5 0% ± 0% 25% ± 11% 32% ± 39% 0% ± 0% 43% ± 30%

Int6 0% ± 0% 67% ± 22% 9% ± 17% 7% ± 14% 16% ± 14%

Int7 0% ± 0% 52% ± 37% 23% ± 17% 0% ± 0% 25% ± 26%

Int8 1% ± 1% 62% ± 39% 22% ± 44% 3% ± 3% 12% ± 8%

Int9 0% ± 0% 38% ± 33% 17% ± 33% 3% ± 3% 42% ± 39%

Int10 0% ± 0% 37% ± 40% 28% ± 33% 1% ± 1% 34% ± 39%

Int11 2% ± 3% 12% ± 11% 28% ± 35% 1% ± 1% 58% ± 37%
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Taxonomy of phylogenetic bins groups and potential 
biotic interactions
In this study, bacterial and eukaryotic taxa were classified 
into 45 and 19 phylogenetic bins, respectively. The top 
ten most abundant bins are detailed in Table 4.

Our results showed that bacteria such as Flavobacte-
rium (bins 37 and 38), Polaromonas (bin 17), Marino-
bacter (bin 10), and Psychrobacter (bins 1 and 7) had the 
highest contribution to homogeneous selection. Flavo-
bacterium bacteria impacted the microbial assembly dur-
ing the whole period of snow algae blooms formation, 
increasing their contribution towards the end of the field 
experiment (Fig. 8). In addition, the influence of Psychro-
bacter and Marinobacter to homogenous selection was 
greater at the early stages of the bloom formation, con-
trasting with Polaromonas bacteria that played a more 
prominent role in the microbial assembly during the last 
half of December.

The assembly of eukaryotic communities of snow 
algae blooms was mostly defined by dispersal limita-
tion, drift, and homogenous selection. The greatest 
contributions to dispersal limitation were from algal 
species classified into the genus Chlamydomonas (bin 
8) and into the order Chlamydomonadales_X (bin 5). 
In contrast, algae of the genus Chloromonas (bin 4) and 
the order Prasiolales (bin 7) could be mostly associated 
with drift and homogenous selection (Fig.  8). Finally, 
fungi of the family Chytridiomycetes (bin 13) impacted 
drift and homogenous selection. The most representa-
tive taxon within the phylogenetic bin of Chloromonas 
is part of the group classified as Chloromonas D, while 
the most representative taxon of Chlamydomonas was 
part of the group named uncultured Chlamydomon-
adales (Supplementary Tables  2 and 4). In the case of 

the bin denominated Chlamydomonadales_X, the most 
abundant taxon was part of Chlorominina. Finally, 
within the bin of Prasiolales, the most representative 
taxon could not be classified deeper than order level 
and belongs to Prasiolales A (Supplementary Tables  2 
and 4).

Correlations between phylogenetic bins that con-
tributed to the microbial assembly revealed significant 
correlations between several eukaryotic and bacterial 
taxa. For instance, Dothideomycetes fungi were posi-
tively correlated with Prasiolales algae and bacteria of 
the genera Tissierella, Gottschalkia, Sporosarcina, and 
Psychrobacter. In contrast, Chytridiomycetes were neg-
atively correlated with the same algal and bacterial taxa 
(Supplementary Fig. 3).

Regarding algae taxa, the bin of Chloromonas nega-
tively correlated with other algal bins and with bacteria 
of the genus Rhodoferax. The only positive correlation 
of this bin was with the bacterial genus Marinobac-
ter. Likewise, bins Chamydomonadales_X and Chla-
mydomonas did not correlate with other algal taxa, and 
in the case of Chamydomonadales_X, it did not corre-
late with any other taxa, while Chlamydomonas posi-
tively correlate with bacteria of the genera Rhodoferax 
and Polaromonas.

In addition, bacteria-bacteria correlated taxa 
were characterized by positive correlations between 
bacteria of the genera Polaromonas, Rhodoferax, 
Cryobacterium, and Flavobacterium which domi-
nated the colored blooms. Likewise, positive cor-
relations between bacteria of the genera Tissierella, 
Gottschalkia, Sporosarcina, and Psychrobacter, which 
were more abundant in the early stages of algae 
blooms, were detected.

Table 4 Top 10 most abundant phylogenetic bins. Taxonomy indicates the most representative taxa within each bin at its most 
resolved level according to Silva (bacteria) and PR2 (eukaryotes) databases. The complete list of taxa for all bins can be found in 
Supplementary Tables 3 and 4

Bacteria Eukaryotes

Bin ID Relative abundance (%) Taxonomy Bin ID Relative abundance (%) Taxonomy

Bin17 12.9 Polaromonas Bin4 37.7 Chloromonas

Bin1 9.9 Psychrobacter Bin13 16.7 Chytridiomycetes

Bin37 9.2 Flavobacterium Bin5 12.2 Chlamydomonadales_X

Bin10 7.3 Marinobacter Bin8 11.0 Chlamydomonas

Bin15 5.1 Rhodoferax Bin7 8.1 Prasiolales

Bin7 4.4 Psychrobacter Bin9 2.7 Dothideomycetes

Bin38 4.4 Flavobacterium Bin12 2.4 Pucciniomycotina

Bin34 4.4 Chloroplast Bin17 2.1 Sandonidae

Bin30 3.6 Cryobacterium Bin16 1.9 Sandonidae

Bin35 2.6 Chloroplast Bin6 1.2 Ulotrichales
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Discussion
During the 2019/2020 Austral summer, exceptionally 
high temperatures were recorded across Antarctica, lead-
ing to the melting of ice and exposure of new ice-free 
areas [58]. These exceptional conditions were driven 
by anomalously long periods of sustained air tempera-
tures ≥ 0  °C (55 to 90  h) from late November onwards, 
which affected meltwater refreezing [2]. Our results 
showed that at the Isabel Riquelme islet (in the northern 
part of the West Antarctic Peninsula), these warm con-
ditions led to a fast development of snow algae blooms 
during December 2019. Moreover, along with the estab-
lishment of snow algae blooms, we also observed a rapid 
color change from green to red in the lapse of a two-week 
period. Thus, as previously reported, the appearance of 
snow algae was likely determined by periods of not abun-
dant snowfalls and air temperatures above the melting 
point [48].

In this rapid progression of the snow algae bloom for-
mation, we could record the temporal variation in the 
microbial composition and the dynamics of the main 

mechanisms that governed the community assembly 
highlighting that both the taxonomic groups and the eco-
logical process change with time.

Dominant snow algae within blooms vary even 
between nearby sites
Microbial communities within Antarctic snow algae 
blooms have been described as heterogeneous and highly 
variable even in closely related snowpacks are compared 
[64]. In this study, we provide a temporal perspective on 
the composition of snow algae blooms highlighting the 
differences in the process that led to the taxonomic con-
figuration of their microbial community.

The molecular survey performed in the four study sites 
at Isabel Riquelme Islet revealed the presence of four dif-
ferent blooms characterized by distinct species of snow 
algae. Site 1 was a bloom that started green but turned 
into red and was dominated by Chloromonas classified 
into group D (Supplementary Table  2). Chloromonas D 
is a group formed by sequences obtained from algae iso-
lated previously by Segawa et al. [59] in red snow samples 

Fig. 8 Contribution of bacterial and eukaryotic taxa to the ecological processes governing the community assembly. Bar plots represent 
the contribution of different ecological processes when samples of successive sampling dates were compared and designated as IntN. N represents 
the interval of comparison. For instance, N = 1 means a comparison between sampling days 1 and 2. For illustrative purposes, only taxa whose 
contribution was > 5% were considered. Bin’s taxonomy is detailed in Supplementary Tables 3 and 4 
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from Antarctica (Otu025, [59]) and Alaska (Otu005, 
[59]). The second site that formed a red bloom (site 3) 
was dominated by algae classified into the group Chlo-
romonas B, with a sparse presence of algae classified into 
groups Chloromonas A, and Chloromonas D. Taxonomi-
cally, the group Chloromonas B is formed by species iso-
lated from red snow, orange snow from localities that 
included Antarctica, Czech Republic, Poland, and Japan. 
In the case of Chloromonas A, it gathered almost the 
same sequences that Chloromonas B, but also included 
several sequences of the study of Matsuzaki et  al. [41]. 
The multiple geographical sources of these algae high-
light their cosmopolitan distribution that includes polar 
and sub-polar environments. This contrasts with the 
Chloromonas D group, which has been only described in 
polar environments.

On sites 2 and 4, we observed only green algae blooms. 
In the early stages of the bloom on site 2, algae of the 
groups Chloromonas A, B, and C were detected; how-
ever, the advanced stage of the blooms was dominated 
by algae of the group uncultured Chlamydomonadales. 
Regarding the latter algae group, the best hit after align-
ing the sequences against the Nucleotide collection (nr/
nt) using BLAST, returned the sequence of a microor-
ganism isolated from lake water in Luxemburg (Acces-
sion: GU067821.1). With no more information available, 
we propose that this finding emphasizes the incomplete 
knowledge regarding the true diversity of snow algae 
blooms, especially in sites with limited access, like Ant-
arctica. Likewise, the bloom on site 4 was dominated by 
algae of the groups Chloromonas B and D in the early 
stages, but as the bloom progressed, algae classified into 
the groups Chlorominima, Chlamydomonas A, Micro-
glena, and uncultured Chlamydomonadales increased 
their abundances. Therefore, contrasting with the blooms 
in the other study sites, this bloom was a mix of algal spe-
cies with not a clear consistent dominance of none of 
them. The group Chlorominima gathered sequences iso-
lated mostly from Antarctica, except for one of them that 
was obtained from freshwater from the Arctic (Acces-
sion: KU886306.1). The Antarctic sources include red 
snow (LC371433.1, [59]; MW553075.1, [18]), freshwater 
(JQ926737.1), and snow without additional informa-
tion about the color (HQ404890.1). In the case of the 
group Chlamydomonas A, the best BLAST hit returned 
a single sequence (Accession: LC371424.1, [59]) obtained 
from a red snow sample from Antarctica. Based on these 
findings, the bloom on site 4 was dominated by algae spe-
cies likely endemic to Antarctica. Finally, algae within 
the group Microglena appeared in the snow samples col-
lected on December 26 and December 29. This group was 
formed by algal taxa isolated from diverse Antarctic and 
Arctic ecosystems such as sea ice, snow, and freshwater.

Deterministic processes govern the assembly of bacterial 
communities
During the formation of snow algae blooms, the bacte-
rial community assembly was mostly governed by selec-
tive pressure resulting from consistent environmental 
conditions (homogeneous selection). One of the environ-
mental factors that might impose a selective pressure on 
the community is the availability and levels of nutrients. 
For instance, phosphorus has commonly been regarded 
as a major nutrient controlling freshwater productiv-
ity, whereas nitrogen drives the productivity of marine 
coastal waters [12, 49]. However, in this study, we showed 
that although DOC and  NO3

− impacted the community 
structure of bacteria inhabiting snow algae blooms, their 
contribution was low. During the summer season, some 
coastal snowfields across the Maritime Antarctic receive 
a high input of these nutrients due to the presence of 
penguin colonies [1]. In fact, due to their role as nutri-
ent reservoirs and sites with highly dynamic carbon flux, 
coastal snowpacks have been regarded as “power plants” 
of microbial diversity [46]. In our study, values of,  NH4

+, 
 NO3

−, and  PO4
3− for green blooms averaged 3.7 ± 3.9 

(mean ± sd), 1 ± 1, and 4.3 ± 3.6 mg/L, respectively. While 
for red blooms, the mean values are close to 5.4 ± 8.5, 
0.5 ± 0.5, and 6.2 ± 6.6 mg/L, respectively. These values are 
10 times higher than those recorded in other snowpacks 
from Antarctica [46]. Therefore, it could consistently be 
argued that snow algae blooms in this region flourish in 
a macronutrient-rich environment and the variation of 
nutrient levels has a minor role in the assembly of the 
bacterial community.

Another possible selective force is environmental 
stressor filtering. This type of filtering selects related 
taxa that share evolutionarily conserved traits that allow 
them to withstand harsh environmental factors, while 
taxa lacking these traits fail to become established [25]. 
It has been reported that bacteria inhabiting snow algae 
blooms share a consistent functional profile with features 
related to cold environments [64], thus factors such as 
low temperatures, high solar radiation, changing water 
availability, play a major role in selecting the species that 
configure the bacterial community [64].

Selective pressures also arise from biotic interactions 
[3] and highly abundant microbial taxa may inhibit other 
microbes or may benefit from positive interactions with 
different community members [11]. Our results showed 
that bacteria diversity and richness did not vary signifi-
cantly during the formation of the blooms. However, as 
snow algae increased their abundance, the bacterial com-
munity was dominated by a couple of taxa frequently 
reported in snow algae blooms such as Polaromonas and 
Flavobacterium [13, 65, 72]. Here, bacterial taxa that sig-
nificantly contributed to the assembly of the community 
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such as Polaromas correlated positively with Chla-
mydomonas, as well as bacteria of the genera Cryobacte-
rium, suggesting potential biotic interactions further to 
be explored.

Stochastic processes govern the assembly of eukaryotic 
communities
Despite the contribution of selective forces (homogenous 
selection) to the assembly of the eukaryotic community 
in snow algae blooms, stochasticity (dispersal limitation 
and drift) can be regarded as the most relevant factor. 
Dispersal is predominantly passive [44] and when selec-
tion pressure is weak, and the dispersal rate between 
communities is limiting, the turnover dynamics within a 
community are subject to stochastic changes in species 
abundance and random variations in population [16].

At first, this finding might be contradictory because the 
ubiquitous presence of snow algal species across different 
cryospheric ecosystems supports the idea that there is a 
global dispersal mechanism influencing the distribution 
of these organisms [7, 59]. Moreover, snow algae have a 
consistent functional profile related with the tolerance to 
the environmental stressors in cold habitats [18, 53, 54, 
64] and it has been proposed that highly specialized taxa 
may be more likely to be cosmopolitan [6, 14]. However, 
regarding their proliferation patterns, it has been shown 
that snow algae colonize discrete snow patches produc-
ing colorful blooms and that each species within a patch 
is highly clonal [8].

A key factor reconciling the cosmopolitan nature of 
snow algae and the dispersal limitation recorded in this 
study might be their life cycle. Snow algae of the order 
Chlamydomonadales have a distinct life cycle consist-
ing of a vegetative flagellate stage and an immobile cyst 
or spore stage [56]. The encysted phase of snow algae is 
characterized by the accumulation of secondary carot-
enoids that may act as photoprotective compounds by 
absorbing visible wavelengths and dissipating the excess 
radiant energy as heat [4, 15]. In addition, encysted cells 
have a high abundance of storage and reserve metabolites 
likely to face stressful conditions [37]. In contrast, dur-
ing the vegetative phase of snow algae, their metabolic 
profile is characterized by key metabolites involved in 
growth and proliferation and the dominant pigment is 
chlorophyll.

During the melting season, snow algae usually germi-
nate from underlying resting spores on the ground sur-
face that have been dormant from the previous melting 
season [27, 29]. The formation of dormant cysts is likely 
a key factor in the dispersion of snow algae [39]. In fact, 
dispersion has been regarded as a pivotal mechanism 
connecting very distant communities and is particu-
larly relevant for microorganisms with dormant phases 

in their life cycle [43]. Moreover, studies carried out on 
the Raphidonema complex appear to indicate that ances-
tral cosmopolitan phylotypes dispersed globally and that 
following microevolutive processes, the actual endemic 
phylotypes found in different places were formed 
[60]. Thus, our findings confirm a diversity marked by 
endemic groups, which could show dispersal limitation 
and be governed by drift when their cells are in a vegeta-
tive state. In contrast, the presence of dormant phases in 
some groups could be related with cosmopolitan features.

Finally, it has been pointed out that the increasing tem-
peratures in the West Antarctic Peninsula along with the 
nutrient availability are key factors determining the dis-
tribution of green snow algae in this region [20]. As the 
0 °C isotherm is predicted to increase its elevation, tem-
peratures above 0 °C would occur more frequently in the 
southern areas of the Antarctic Peninsula [62]. This con-
dition in addition with higher temperatures that increase 
the number of airborne bacteria and fungi [24, 61], and 
eventually increase the airborne snow algae, might open 
spaces for the colonization of new areas. However, the 
dispersal of snow algae might be limited to certain life 
stages able to cope with the environmental factors that 
influence airborne microbiota such as wind speed, tem-
perature, and exposure to UV light and solar radiation 
[50].

Integrative model explaining the microbial assembly 
in snow algae blooms
Our results revealed that the assembly of bacterial and 
eukaryotic communities within snow algae blooms is 
driven by different ecological mechanisms. At first, we 
propose that snowing events allow the eolian deposi-
tion of microorganisms. Then, in the case of bacteria, the 
first selective force is likely the environmental filtering 
that selects taxa highly adapted regardless that they are 
less likely to have dispersal barriers. Thus, post-deposi-
tional selection occurs because factors like low tempera-
tures, rapid osmotic shifts, and high radiation filter those 
taxa able to tolerate these abiotic stressors. In addition, 
snow algae cells remain dormant until the environmen-
tal conditions become favorable for their flourishing. In 
a macronutrient-rich environment, selection is driven 
by the constant environment constraints present in Ant-
arctic snow (initial selection, Fig.  9). In the context of 
climate change, the homogenous environmental con-
ditions that select microorganisms might change (e.g., 
warmer temperatures), affecting the composition of the 
bacterial community. Thus, bacterial species that would 
otherwise be selected out from the community might 
now proliferate in less challenging environmental con-
ditions. In the second stage, snow melting increases the 
water availability that along with high radiation during 
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the spring-summer season and allows the development 
of snow algae. Consequently, encysted dormant cells 
change to vegetative and increase their abundance form-
ing colored blooms. Although snow algae should cope 
with harsh environmental conditions, selective forces 
related with stress filtering are weaker at this stage than 
processes such as dispersion limitation and drift. When 
algal propagules successfully establish under favorable 
conditions, they reproduce asexually with a low disper-
sion potential in this vegetative stage. Alternatively, snow 
algae flourishing may be a result of the reestablishment of 
algae in situ from the previous growing season (flourish-
ment of snow algae, Fig. 9). In contrast, bacteria remain 
governed by selective pressure with the potential of gen-
erating biotic interactions (e.g., Chlamydomonas algae 
and Polaromonas bacteria). Meanwhile, fungal species 
increase their abundance probably because of the high 
nutrient availability.

Finally, after snow algae complete their life cycle, cells 
increase the production and accumulation of secondary 
carotenoids, lose their flagella, and become dormant. In 

this state, snow algae may remain in the same site until 
the next melting season ([52, 57]) or be air transported to 
other sites (end of the cycle, Fig. 9). Therefore, despite the 
increasing occurrence of snow algae blooms in maritime 
Antarctica, these microbial communities are threatened 
if the snow melts faster than the transition of snow algae 
from vegetative cells to dormant propagules.

Final remarks
The study of snow algae has shown notable advances dur-
ing the last couple of years. However, ecological aspects 
regarding their community assembly and dispersion of 
snow algae remain in an early stage of development com-
pared with the knowledge about the physiology, distribu-
tion, and diversity of snow algae species.

In this study, using amplicon sequencing, we addressed 
the ecological question of how the community of bacteria 
and eukaryotes progresses over time from early stages to 
colorful algae blooms. Despite that the number of inde-
pendent experiments is limited and were performed in 
only one site, our findings and the proposed model can 

Fig. 9 Proposed model for the assembly of Antarctic snow algae communities
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be used to generate further hypotheses regarding the 
environmental constraints influencing the establish-
ment of snow algae communities. In addition, it opens 
questions about the role and relevance of the physiologi-
cal state of snow algae (red/encysted cells versus green/
vegetative cells) in the dispersal and occurrence of algae 
blooms.

Finally, we acknowledge that the findings of this study 
might be constrained to the specific environmental fea-
tures of Antarctic snow ecosystems such as high nutrient 
content or the presence of endemic snow algae species. 
Therefore, the replication of a temporal series study in 
different sites and conditions is a necessary next step for 
the understanding of the ecological processes governing 
the assembly of snow algae communities globally.
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