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Abstract

Cryoconite holes are supraglacial depressions containing water and microbe-mineral aggre-
gates. Their autotrophic component plays a central role in reducing the albedo of glaciers and
could contribute to sustaining the cryoconite food web. However, knowledge of its diversity
is still limited, especially in Antarctica. Moreover, the study of cryoconite microalgae is chal-
lenging due to the limitations of molecular approaches, such as incomplete genetic databases
and the semiquantitative nature of the data. Furthermore, it is equally difficult to examine the
development of microalgae in sediment by using standard counting methods for water-living
organisms. By using an adaptation of the high-speed density gradient centrifugation method, we
provide a comprehensive description of the phenotypic characteristics, abundance and commu-
nity structure of microalgae and Cyanobacteria in different cryoconite holes located in different
glaciers of Northern Victoria Land, East Antarctica. We described 36 morphotypes belonging to
Cyanobacteria, green algae and diatoms, revealing that cryoconite holes encompass a remarkably
high diversity of photoautotrophs. The adapted protocol enabled the application of a standard
microscopic approach, which provided crucial and comparable information on morphological
characteristics, biovolume and community organization from a unique environment. The study
poses the basis for the taxonomy of photoautotrophs as well as their diversity and distribution in
cryoconite habitats.

1. Introduction

The cryosphere covers about one-fifth of the Earth’s surface, sustaining a surprising abundance
of life above, within, and below the ice (Boetius and others, 2015). On the surface of glaciers
and ice sheets, particular hotspots of biodiversity occur in cryoconite holes, small depressions
(from millimeters to tens of centimeters) in the ice surface filled by water and sediment at the
hole base. The term ‘cryoconite” has been used to describe granular sediment in the ice surface
comprising both mineral and biological material (Cook and others, 2016). Cryoconite holes
form when dark material (e.g. soil or dust) is deposited onto the glacier’s surface. They can
cover a large portion of a glacier, with percent cover ranging from 0.002% to 8.6% (Hells Gate
Ice Shelf, Antarctica) (Traversa and others, 2024) and values of cover up to 16% in several other
areas (Hodson and others, 2013), and are now recognized as an important microbial habitat and
a major component of supraglacial ecosystems (Anesio and Laybourn-Parry, 2012).
Cryoconite biota may be delivered to glacier surfaces directly from the atmosphere via
both wet and dry deposition, and only cryo-tolerant species survive (Cook and others, 2016;
Rozwalak, 2022). Because cryoconite sediment has low albedo relative to the surrounding
ice, it efficiently absorbs solar radiation, causing an acceleration of the melting of ice beneath
accumulations of cryoconite sediment (Cameron and others, 2012; Di Mauro, 2017). This
reduction in albedo may result mainly from abiotic factors (for example humic substances
and mineral particles) but also from biological components, such as algae, that have been
shown to play a determining role through their pigmentation (Di Mauro, 2020; Hotaling, 2021).
In glaciers, snow and ice algae pigments have been shown to reduce albedo by as much as
48% and 56%, respectively, when compared to a ‘clean’ surface (Boggild and others, 2010;
Di Mauro, 2024). Cryoconite holes, even if they can cover a large portion of a glacier, have
lower effects on glacier-wide albedo compared to snow and ice algae and dispersed sedi-
ment, as they are narrow and vertical, and thus only receive direct radiation for short periods
(Boggild and others, 2010; Traversa and others, 2024). However, warm conditions are able to
collapse cryoconite holes by melting the ice surface faster than the solar-heated cryoconite, thus
deepening the hole and re-dispersing cryoconite sediment onto the ice surface (Takeuchi, 2018).
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Previous studies have demonstrated that cryoconite commu-
nities tend to be dominated by Proteobacteria, Bacteroidetes,
Cyanobacteria, and microalgae (Cameron and others, 2012;
Edwards, 2013; Sommers, 2018). Notably, filamentous pho-
totrophic Cyanobacteria and coccal heterotrophic bacteria have
been demonstrated to act as cryoconite ‘engineers, forming dis-
crete dark granules up to 3 mm in diameter (Takeuchi and others,
2001; Langford and others, 2010). These granules act as a sub-
strate for the growth of bacteria, microalgae, and protozoa (Mueller
and others, 2001; Christner and others, 2003; Cameron and oth-
ers, 2012). Phototrophic microalgae also play a crucial role in
sustaining the entire food web in cryoconites, as these primary
producers convert atmospheric CO, into organic matter, which
acts as a substrate for heterotrophs. Among the primary pro-
ducers, Cyanobacteria frequently dominate both biomass and C
fixation in cryoconite holes (Cook and others, 2016). In addition,
Cyanobacteria in cryoconite holes in Antarctica have been shown
to play an important role in nitrogen cycling, as they fix nitrogen
and provide key nutrients to other cryoconite microbiota (Tranter,
2004). Despite the essential ecological role of cryoconite primary
producers, the diversity, composition, and morphological features
of these organisms in glacial habitats remain poorly understood.

Much of the current knowledge about cryoconite has come
from works in the Arctic; for example, in the recent list of taxa
reported from cryoconite holes, 60% are known from polar glaciers
in the Arctic while only 43% are known from Antarctic regions
(Kaczmarek and others, 2016). However, several studies found a
contrasting biota between Antarctic and Arctic cryoconites (Millar
and others, 2021), probably explained by the geographic isola-
tion of the Antarctic continent and by extreme hydrochemical
conditions within cryoconite holes that are unique to Antarctica
(Tranter, 2004; Hodson, 2008). These conditions could result from
continuous periods of isolation from atmospheric exchange (of up
to 11 years) that have been observed in the Antarctic (Fountain and
others, 2004; Tranter, 2004; Bagshaw and others, 2007). In addi-
tion, a recent study showed that both biological and biochemical
parameters among the different zones of an Antarctic glacier are
characterized by a certain complexity and heterogeneity caused by
local factors (depth of cryoconite holes, diameter, organic matter,
total carbon, particle size, and mineral diversity), local inocula-
tion sources, and long-range atmospheric transport mechanisms
(Weisleitner and others, 2020). Thus, there is a lack of studies on
cryoconite microalgae in the Antarctic, even though they can par-
ticipate in the reduction of ice albedo (Traversa and others, 2024),
and phototrophic processes are complex and expected to increase
in the future (Cook and others, 2016). Indeed, prolonged ablation
season caused by climate change will likely extend the growing
periods for photoautotrophs, which in turn will potentially boost
cryoconite granule formation and surface algae proliferation, fur-
ther reducing ice surface albedo (Hodson, 2007, 2010). This impact
of algae blooms on snow melt and its associated indirect feed-
back effects, conceptualized by the term ‘bio-albedo feedback] can
largely accelerate the effects of warming, with severe repercussions
on the global carbon cycle (Cook and others, 2017). For example,
warming was estimated to strengthen net autotrophy and increase
atmospheric C fixation on the Greenland ice sheet (Cook, 2012).

Studies addressing the diversity of Antarctic microalgae based
on morphological features are scarce; the only group that makes an
exception to this rule is diatoms, which have long been studied in
the Antarctic region based on morphological diagnostics and are
well-described (Sabbe and others, 2003). A broad taxonomic revi-
sion of Antarctic diatoms conducted over the last 20 years has thus
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revealed a unique flora with a high degree of endemism, with, in
some areas of Antarctica, at least 40 percent of the species being
endemic (Vyverman, 2010). Other than this, most of the stud-
ies that have addressed the diversity of Antarctic microalgae have
used molecular methods, with a particular focus on Cyanobacteria
(Zhang and others, 2015; Jungblut, 2016; Lizieri and others, 2022).
The information provided by molecular approaches, despite help-
ing species identification and unraveling cryptic diversity, is lim-
ited by the incompleteness of genetic databases and the semiquan-
titative nature of data and is dependent on isolation and cultivation
processes (Borics and others, 2021). Numerous photoautotrophs
from these extreme environments are not easily cultivable in con-
trolled conditions (Prochazkova and others, 2021), implying that
individuals that cannot be cultivated are largely undervalued. In
addition, molecular tools provide limited information on abun-
dance and community structure, making these parameters difficult
to compare with other environments. Unlike molecular methods,
morphological feature identification (such as filamentous, colo-
nial, or unicellular forms, color, or presence of heterocysts) allows
for highlighting consistent features and common characteristics
among identified species. It provides valuable information rel-
ative to the bio-albedo effect, the ecological dynamics of these
microorganisms, and the habitat characteristics (Lizieri and others,
2022), which is especially important in the understudied Antarctic
cryoconite holes (Wejnerowski, 2023).

With the intent to fill these existing gaps, this study presents
the morphological descriptions of Cyanobacteria and microalgae
taxa obtained from cryoconite holes sampled across four glacial
locations in Northern Victoria Land, East Antarctica. By provid-
ing a highly comprehensive description of the diversity of primary
producers in cryoconite holes, this study aims to (1) assess how
much the community of primary producers changes (in terms of
diversity and composition) within and among different glaciers,
(2) broaden the list of organisms living in cryoconite holes by cou-
pling their description at the most detailed taxonomic level with
the characterization of their morphological features.

Ultimately, the knowledge gained in this study should con-
tribute to a better understanding of the ecological role of primary
producers within the food web of cryoconite habitats and their
capacity to reduce the ice albedo in Antarctic glaciers. This study
will also lay the basis for future investigation of the photoautotroph
taxonomy in extreme environments. Furthermore, this work will
yield a wealth of information on Antarctica’s biodiversity, which
is urgent to assess before rapidly escalating human activity and
changing environmental conditions. This is particularly important
in order to identify rare or endemic glacial species that could be
endangered as a result of climate change, as well as species that
could serve as a source of organisms for the emergent ice-free area.

2. Materials and methods
2.1. Sampling

Samples of cryoconite from 26 individual holes were collected
in the Northern Victoria Land in Antarctica between November
2022 and January 2023. Four separate glacial locations were
sampled: Hells Gate Ice Shelf, Priestley Glacier, Nansen Ice
Shelf—Tarn Flat area (hereafter reported as Tarn Flat), and Nansen
Ice Shelf—median area (hereafter reported as Nansen) (Fig. 1).
Priestley was the most distant location from the others, namely
about 46 km from Hells Gate, 49 km from Nansen, and 61 km from
Tarn Flat. Hells Gate was about 15 km distant from Nansen and
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Figure 1. Northern Victoria Land (East Antarctica) and locations of the four glacial areas. in each glacial area, orange points correspond to the sampled cryoconite holes.
Blue arrows represent the direction of the glacier flow. Satellite images from Google Earth.

about 33 km distant from Tarn Flat, and the Nansen and Tarn Flat
were separated by about 18 km. The distribution of the cryoconite
on the sampled area averaged 4 cryoconite holes every 100 m?,
with maximum peaks in certain areas of 84 cryoconite holes every
100 m? (Traversa and others, 2024). An example of the cryoconite
cover on the glacial area is shown in the different pictures in Fig.
S1. The sampled cryoconites differed in the presence or absence
of lids, the dimension (from 10 to 300 cm of diameter, with an
average of 70 4 13 cm), and their depth (from 5 to 50 cm). The
details of each sample and its associated coordinates are reported
in Table S1. Within each glacier, cryoconite samples were collected
from a distance of about 40 m (Tarn Flat samples), 300 m (Priestley
samples), 600 m (Hells Gate samples), and 7 km (Nansen samples)
from each other. Cryoconite samples were collected using ster-
ile spoons, stored in sterile 50 mL Falcon tubes and immediately
frozen (-20°C) for transportation to Italy. At the laboratory, sam-
ples were kept frozen at —20°C, following the sampling procedure
for glacial algae (Di Mauro, 2020). Abiotic parameters (water tem-
perature, electrical conductivity, pH, and dissolved oxygen) were
measured in situ at least in one cryoconite hole from each glacial
location using a multiparametric probe (HANNA-HI98194). The
water temperature in the cryoconite holes ranged between 0.0 and
0.7°C (average 0.25 4 0.07°C) and the mean pH was 6.9 4+ 0.13
(Figure S2). Electrical conductivity averaged 218.7 + 52.8 pS cm™
and the mean value of dissolved oxygen was 14.0 4 0.4 ppm.
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For each glacial location, pictures at different magnifications
were used to characterize the cryoconite sediment (Fig. 2). In Hells
Gate, the cryoconite tone was dark, and both granular and loose
material were detected. Granules were mainly oval. In Priestley
Glacier, cryoconite was in the form of sand, light, and brown-
ish. In Tarn Flat, the cryoconite tone was light-colored, and small
granules with irregular surfaces were detected. In the Nansen
location, cryoconite was composed of diverse mineral irregular
grains.

2.2. Microalgae and Cyanobacteria separation from sediment

For morphological identification, cryoconite samples were thawed
and homogenized for 10 min. Then, subsamples of 10 mL
were transferred into pre-weighted sterile 50 mL Falcon tubes.
Purification through high-speed density gradient centrifugation
was performed by the use of Nycodenz as a density gradient
medium (density 1.31 gmL™!), adapting the protocol of Amalfitano
and Fazi (2008) for microalgae samples. Thus, 10 mL of Nycodenz
was carefully placed at the bottom of the Falcon tube beneath
the cryoconite sediment, using a Pasteur pipette with adequate
length to reach the bottom of the tube (Fig. 3). All tubes were cen-
trifuged (10 000 rpm) for 60 min at 4°C. After the centrifugation,
four distinct layers were clearly visible (from bottom to top): (1)
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Figure 2. Description of cryoconite from each glacial location, at x8 and x25 magnifications. (A) Hells gate; (B) Priestley; (C) Tarn Flat and (D) Nansen.

sediment pellet, (2) Nycodenz, (3) cell layer, (4) supernatant. The
layer containing microalgae and Cyanobacteria was then collected
using a Pasteur pipette, transferred into sterile 15 mL Falcon tubes,
and frozen (-20°C) until microscopic identification and counting.
The remaining cryoconite sediment pellet was rinsed three times
with distilled water, dried at 60°C, and weighed to calculate the
biovolume of taxa by dry weight of sediment.

2.3. Sample preparation, measurements and biovolume
calculation

Algae counting was performed at 400x magnification under
an IM35 inverted microscope, following the Utermohl (1958)
method. Identification of Cyanobacteria and green algae was
based on the microscopic analysis of their morphological fea-
tures, according to specific identification keys (Ettl and Gértner,
1999; Komarek and Anagnostidis, 2005; Hinddk, 2008; Rosen and
Amand, 2015; Nienaber and Steinitz-Kannan, 2018), allowing to
identify the taxa at the genus level and species level when possible.
In addition, for a given taxon, we distinguished between differ-
ent morphotypes, i.e., differences in pigmentation, morphology, or
size. Filamentous taxa were counted at the trichome (50 pm) level,
as cells were not always distinguishable.
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Concerning diatom identification, permanent slides were pre-
pared using standard procedures: samples were heated with 30%
hydrogen peroxide (H,0,) for a minimum of 4 h in order
to oxidize organic material. Then, carbonates were removed by
adding concentrated hydrochloric acid (HCI, 1 M); and the pro-
cessed material was then rinsed with distilled water in four cen-
trifugation steps (Battarbee, 2001). Cleaned material was trans-
ferred on a 24 x 24 mm coverslip and the slides were mounted
using a drop of Naphrax (R.I. = 1.7). Diatoms were identified using
an optical microscope at 1000x magnification under oil immer-
sion. Identification of diatom species was based on the microscopic
analysis of their morphological features, according to specific iden-
tification keys (Lange-Bertalot and others, 2017), updated to recent
specific taxonomic literature (Kopalova and others, 2011; Van de
Vijver and others, 2011, 2016; Zidarova and others, 2016a, 2020).

Cell biovolume was estimated by assimilating each taxon to a
simple geometric form, according to the literature (Druart and
Rimet, 2008; Laplace-Treyture and others, 2021). When it was pos-
sible, a number of 30 specimens were measured according to the
European standard, to calculate a mean cell biovolume (um?); how-
ever, due to the small size of the population, at least 10 individuals
were measured for low-abundant specimens. The final biovolume
was obtained by multiplying the mean cell biovolume of each taxon
by the dry weight of sediment and expressed in pm® g™'.


https://doi.org/10.1017/jog.2025.12

Journal of Glaciology

®

Cryoconite
Ice hole

) Freezing -20°C

Laboratory

®

-
Observation

Figure 3. Schematic representation of the microalgae isolation from cryoconite samples using the purification through high-speed density gradient centrifugation method.
Cryoconite sediment was sampled from cryoconite hole (A) and then stored in sterile 50 mL Falcon tubes at =20°C (B). At the laboratory, cryoconite samples were thawed and
mixed for 10 min (C). Subsamples of 10 mL were placed in sterile 50 mL Falcon tubes and Nycodenz (density 1.3 g mL™) was carefully placed beneath the sediment using
a Pasteur pipette (D). It resulted in two layers (from bottom to top: 1. Nycodenz and 2. Cryoconite sediment) (E). All tubes were centrifuged (10 000 rpm) for 60 min at 4°C.
After the centrifugation, four distinct layers (bottom to top, 1. Sediment pellet, 2. Nycodenz, 3. Cell layer, 4. Supernatant) were clearly visible (F). The cell layer containing
microalgae was then collected using a Pasteur pipette (G), transferred into sterile 15 mL Falcon tubes (H), and Frozen (-20°C) until microscopic identification (1).

2.4. Statistical analyses

The Shannon diversity index and the richness (number of gen-
era) were calculated at the genus level with the vegan package in R
(Oksanen, 2010). Similarity percentage (SIMPER) analyses (Clarke
and Warwick, 1994) were performed to estimate the percentage
contribution of the main taxonomic groups in the cryoconite holes.
To test possible variations in biovolume or community structure
among the holes within a glacier, we performed a Levene’s test
(for algal biovolume) and its multivariate analog (Betadisper test)
for community composition. The difference in photoautotroph
biovolume, Shannon diversity, and richness between the four dif-
ferent locations was assessed by using a one-way analysis of vari-
ance followed by post-hoc tests. The pairwise comparisons were
performed using Tukey HSD method. Variation in the commu-
nity composition was analyzed by nonmetric multidimensional
scaling (NMDS). The NMDS analysis was based on Bray-Curtis
dissimilarity matrices (Legendre and Legendre, 1998) calculated
from the biovolume of taxa at the genus level. The NMDS was
performed by using the metaMDS procedure in the R package
vegan, which uses adequate dissimilarity measures, runs NMDS
repeatedly with random starting configurations, compares results,
and stops after finding a similar minimal stress solution twice
(Oksanen, 2010). Additionally, we used permutational analysis of
variance (PERMANOVA) using the adonis function in the R pack-
age vegan to test a possible effect of the location on community
composition. The difference in temperature, electrical conductiv-
ity, dissolved oxygen, and pH among the four glacial locations
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was assessed by using a one-way analysis of variance. Regarding
the absence of significant differences in the abiotic parameters
among the locations, we did not report the data in the Results sec-
tion. Ranges of abiotic parameters for the four glacial locations are
reported in Fig. S2. All the statistical analyses were processed using
R software (R Development Core Team, 2018).

3. Results
3.1. Distribution of the taxa

The description of the diversity and composition of Cyanobacteria
and microalgae assemblages in cryoconite holes allowed the iden-
tification of 36 morphotypes belonging to Cyanobacteria, green
algae, and diatoms. A major part of the taxa, i.e. 12 morphotypes of
36, were observed in only one sample (Fig. 4). Among these taxa,
only one specimen was counted for Cymbella sp. and Stigonema
minutum, while for all other morphotypes, several specimens were
counted within the same sample. Nine morphotypes were observed
in less than five samples and eight others between five and ten
samples. Seven morphotypes were counted in more than 10 sam-
ples, including the cyst stages of Sanguina sp., Luticola gaussii,
Pseudanabaena sp., and the Oscillatoria sp. Mph 4.

The photoautotroph biovolume and Shannon diversity did not
differ significantly within each glacial location (p-value = 0.8 and
p-value = 0.4, respectively). However, the photoautotroph biovol-
ume was significantly different according to the location (F = 5.1,
p-value = 0.007) (Fig. 5A and B). The total biovolume was higher


https://doi.org/10.1017/jog.2025.12

Hells Gate Priestey

F

Oscillatoria sp. Morphotype 1 ({Cya)
Oscillatoria sp. Morphotype 2 (Cya)
Oscillatoria sp. Morphotype 3 (Cya)
Oscillatoria sp. Morphotype 4 (Cya)
Oscillatoria sp. Morphotype 5 (Cya)
Oscillatoria sp. Morphotype 6 (Cya)
Crinalium glaciale var. helicoides (Cya)
Gloeocapsopsis sp. Morphaotype 1 (Cya)
Gloeocapsopsis sp. Morphotype 2 (Cya)
Nodularia sp. (Cya)

Lyngbya sp. (Cya)

Phormidium sp. Morphotype 1 (Cya)
Phormidium sp. Morphotype 2 (Cya)
Anagnostidinema sp.(Cya)
Pseudanabaena sp. (Cya)
Komphovoron sp. (Cya)

Nostoc cf. microscopicum (Cya)
Stigonema minutum (Cya)
Pleurocapsa sp. Morphotype 1 (Cya)
Pleurocapsa sp. Morphotype 2 (Cya)
Chroococcus sp. (Cya)

Klebsormidium flaccidum (Charo)
Sanguina sp. red cyst (Chloro)
Sanguina sp. red-green cyst (Chloro)
Sanguina sp. green cyst (Chloro)
Chlamydomonadales Flagellated cell (Chloro)
Achnanthidium sp. (Diat)

Luticola gaussii (Diat)

Luticola muticopsis (Diat)

Cymbelia sp. (Diat)

Nitzschia angustata (Diat)

Craticula cf. antarctica (Diat)
Psammothidium rostrogermainii (Diat)
Psammothidium cf. helveticum (Diat)
Mayamaea sp. (Diat)

Fragilaria sp. (Diat)

Flavia Dory et al.

Total

Tarn Flat Nansen

0246 81002 46 8102 46810246810 p 5 10 15 20 25

Number of samples

Figure 4. Frequency of occurrence of taxa in the studied samples. The colors refer to the level of occurrence: Red and black for taxa observed in only one sample, as a unique
specimen (red) or several times (black); blue for taxa observed in <5 samples; yellow for taxa observed in >5 and <10 samples; green for taxa observed in more than 10

samples. Cya: Cyanobacteria; Diat: Diatoms; Chloro: Chlorophytes; Charo: Charophytes.

in the Hells Gate samples (2865 + 988 pm® g™!). The total bio-
volume was also high in the Priestley location (852 + 534 pm?
g™!). Finally, the photoautotroph biovolume was lower in the Tarn
Flat (126 + 82 um? g™!) and Nansen locations (117 + 37 pm?®
g!). The Shannon diversity and the richness calculated on the
photoautotroph genera also significantly differed among the loca-
tions (F = 4.5, p-value = 0.01 and F = 5.5, p-value = 0.005,
respectively). In particular, the Shannon diversity was significantly
different between Hells Gate and Nansen (p-value = 0.03) and
between Hells Gate and Priestley (p-value = 0.03), and the rich-
ness of genera was significantly different between Tarn Flat and
Nansen (p-value = 0.03), and between Nansen and Hells Gate (p-
value = 0.01). The higher diversity and richness were found in Tarn
Flat samples (1.2 £ 0.1 and 8.5 4 2.5, respectively). Mean diversity
and richness were also high in Hells Gate samples (1.1 4 0.2 and
7.3 4+ 0.4, respectively) but highly variable, with maximal values
of 1.7 for Shannon diversity and 9 for richness. The lower diver-
sity and richness were found in the Nansen and Priestley locations.
The non-metric multidimensional scaling based on the microalgae
and Cyanobacteria genera and the PERMANOVA showed that the
community composition did not differ among the glacial locations
(F = 1.14, p-value = 0.27).

The SIMPER analysis showed that the photoautotroph com-
munity in the cryoconite holes was dominated by Chlorophytes
(45%) followed by Cyanobacteria (40.1%), Diatoms (14.6%),
and Charophyta (<1%). The Oscillatoriales (Cyanobacteria), the
Chlamydomonadales, and the Diatoms (especially Achnanthales,
Naviculales, and Cymbellales) showed the highest biomass
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in the Hellsgate location (Fig. 5B). At the genus level, the
dominant taxa were Sanguina sp. (24%), the flagellated stage of
Chlamydomonadales (21%), Oscillatoria sp. (20%), Phormidium
sp. (7%), Gloeocapsopsis sp. (6%), and Luticola sp. (5%).

3.2. Morphological description of the taxa

1. Cyanobacteria

Oscillatoria sp. Morphotype 1 (Fig. 6a) Trichome generally
forms long filaments of 18 4 4 cells per 50 pm (mean + se),
relatively straight. Cells are shorter (1.9-3.9 pm) than wide
(7.4-9.9 pm), with a ratio length/width of 0.34. Trichome biovol-
ume (for a given length of 50 pm) is high (2837 + 606 pm?). Cells
are green to yellow-green, without visible sheath, heterocyst, or
granules. End cells are attenuated and slightly capitated. Separation
disks are often present.

Remarks: The shape and dimensions of Mph 1 correspond with
the genus Oscillatoria and was present in two samples (one sample
from Hells Gate, biovolume of 2300 pm® g1, and one from Nansen,

biovolume of 49 pm?® g™1).

Oscillatoria sp. Morphotype 2 (Fig. 6b) Trichome is a straight
filament, with a biovolume of 903 + 78 um? for 50 um. Cells
are shorter (1.4-2.9 pm) than wide (4.0-6.2 pm) with a ratio
length/width of 0.42. The trichome counts approximately 27 + 3
cells for 50 pm. Separation disks and sheaths are not visible. Cells
are yellow to brownish, sometimes green. Pores are rarely observed
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Figure 6. Morphotypes in cryoconite holes in Northern Victoria Land belonging to the Cyanophyceae. (a-f) Morphospecies belonging to the Oscillatoria genus: (a) Oscillatoria
sp. (Mph 1); (b) Oscillatoria sp. (Mph 2); (c) Oscillatoria sp. (Mph 3); (d) Oscillatoria sp. (Mph 4); (e) Oscillatoria sp. (Mph 5); (f) Oscillatoria sp. (Mph 6). Black scales represent
50 pm.
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but may be present in the chromoplasm. Although the apex of the
trichome does not exhibit clear differentiation from its base, the
terminal cell is slightly oval and attenuated.

Remarks: Mph 2 was present in five samples, mainly in the Nansen
location. This morphotype was distinguished from Mph 1 by the
width and a smaller biovolume.

Oscillatoria sp. Morphotype 3 (Fig. 6c) Trichome of Mph
3 is straight, with a biovolume of 1588 + 305 pm® for 50 pm.
Cells are shorter (1.5-5.2 pm) than wide (5.0-10 um) with a
ratio length/width of 0.48. The trichome counts approximately
18 + 2 cells for 50 pm. Color varies from blue-green to brown,
relatively dark. A lot of blue-green granules are always present,
many localized in the region of the centroplasm. Terminal cells
are often oval and attenuated, sometimes capitate. Separation disks
are also observed. The sheath is absent. Cells are not always easily
distinguishable because of the numerous granules.

Remarks: Mph 3 was observed in seven samples from Hells Gate
and Nansen locations, often together with other Oscillatoria mor-
photypes. It counts among the morphotypes characterized by the
higher biovolume. The morphotype is distinct from the others by
the numerous granules and the width, higher than Mph 2 but
smaller than Mph 1.

Oscillatoria sp. Morphotype 4 (Fig. 6d) The trichome is straight
and long, with a biovolume of 822 + 69 pm? for 50 pum. Cells are
always shorter (1.4-5.0 pm) than wide (3.6-6.6 pm) with a ratio
length/width of 0.63. The trichome counts approximately 19 4- 1.9
cells for 50 um. The apex of the trichome does not exhibit clear
differentiation from its base. The color of the trichome is bright
blue-green, relatively homogeneous among cells. Pores, granules,
and separation disks are not observed. Cells are not always easily
distinguishable.

Remarks: Morphotype 4 was the most common Oscillatoria mor-
photype and was found in eleven samples from the four different
locations. Mph 4 is distinguished from the other morphotypes by
the high ratio of length/width and the color of the cells. This mor-
photype has the smallest biovolume at the filament level (50 pm).

Oscillatoria sp. Morphotype 5 (Fig. 6e) Trichome is short and
straight or slightly curved, with a biovolume of 961 =+ 40 pm? for
50 pm. Cells are shorter (1.5-4.9 um) than wide (4.5-5.7 pm) with
a ratio length/width of 0.57. Separation disks are observed but not
always present. Sometimes pores are present in the chromoplasm
or localized at the septa. Apical cells are not differentiated. Cells
sometimes constricted at the cross-walls. Cells are yellowish-green
to brownish.

Remarks: Mph 5 was systematically shorter than other trichomes.
The morphotype was present in four samples, from Priestley and
Nansen locations.

Oscillatoria sp. Morphotype 6 (Fig. 6f) The trichome is
long, waved, without sheath and not constricted at the cross-walls.
Separation disks are always observed, and cells have a green or
brightly green color. Apical cells are usually conical and capi-
tate. Cells are shorter (1.8-4.2 pm) than wide (4.7-5.9 pm) with
a ratio length/width of 0.68. The biovolume of the trichome is
1018 + 73 pm? for 50 pum.

Remarks: Mph 6 was present in only one sample from the Priestley
location (biovolume < 60 pm® g™').
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Crinalium glaciale var. helicoides (Fig. 7a) Single filament,
trichome helically coiled, with a bright blue-green color. Separation
disks are often observed. The biovolume of the trichome (50 pm)
is high (7595 + 873 pm?). Cells are largely shorter (1.4-3.4 pm)
than wide (11.3-15.8 pm), and well distinguishable. The species is
characterized by a low ratio length/width (0.18 + 0.0) and a high
number of cells for each 50 pm-trichome (24 cells/50 pm).

Remarks: Crinalium glaciale has been described in the literature
as a new species and previously reported among sediments of cry-
oconite holes on glaciers in Southern Victoria Land, Antarctica,
by Broady and Kibblewhite (1991). Except for one occurrence of
the species in soil found by Broady (2005), the taxa seems to be
restricted to the particular habitats of cryoconite holes (Porazinska
and others, 2004; Mueller and others, 2001; Mueller and Pollard,
2004). In our study, Crinalium glaciale var. helicoides was observed
in three samples from Hells Gate and Tarn Flat locations (biovol-
ume comprised between 3 and 63 pm?® g™!).

Gloeocapsopsis sp. Morphotype 1 (Fig. 7b) The colonies form
irregular, agglomerated, packet-like. Sheaths are sharply delimited,
colorless, or slightly gold-yellow. Cells are spherical to irregular-
spherical or semiglobose, most of the time with a brightly green
color and more rarely greyish color, 3.1-6.9 pm in diameter (cel-
lular biovolume of 58 + 4 pm?®). The colonies can comprise a
minimum of 4 cells, up to hundreds (difficult to distinguish). The
cell division is irregular.

Remarks: Based on the classical literature, the taxon resembles the
species Gloeocapsopsis aurea described by Mataloni and Komarek
(2004) and Zidarova (2008) and seems to be a typical Antarctic
species. However, in both previous papers, Gloeocapsopsis aurea
was observed in the maritime region. The species Gloeocapsopsis
aurea was also reported in microbial mats (Valdespino-Castillo,
2018) and in seepage habitats in Antarctica (Komadrek and
Komarek, 2010), and has been classified as ‘probably endemic
by Komiérek and Komidrek (2010), as the species has not been
found outside of Antarctica. In our study, Gloeocapsopsis sp. was
exclusively observed in four samples from the Nansen location.

Gloeocapsopsis sp. Morphotype 2 (Fig. 7c) The Gloeocapsopsis
sp. Morphotype 2 shares the same characteristics as Mph 1 except
for the color of the sheath. In Mph 2, the sheaths are rusty yellow-
brown to dark orange. The Mph 2 of Gloeocapsopsis sp. is always
present together with Mph 1 and was observed in two samples from
the Nansen location.

Nodularia sp. (Fig. 7d) Filaments are more or less straight
or curved, relatively singular without forming mass populations.
Trichomes are constricted at cross-walls. The heterocysts are
present and spaced more or less regularly from each other, being
larger than vegetative cells. Cells are light green to yellow-green.
Vegetative cells are shorter (2.5-3.8 pm) than wide (6.4-7.7 pum)
with a ratio length/width of 0.44. A colony of 50 pm counts approx-
imately 16 vegetative cells and the biovolume of the colony is
1277 + 59 pm>.

Remarks: The genus Nodularia was previously reported in
Antarctica in various regions, such as in meltwater ponds of the
McMurdo Sound region (Jungblut, 2005; Jackson and others, 2021;
Lizieri and others, 2022), and in aquatic habitats in the James
Ross Island (Komarek and others, 2015). The species Nodularia
harveyana was also reported in cryoconite holes in Antarctica by
Wharton and others (1981). The consistent characters observed
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Figure 7. Species and morphotypes in cryoconite holes in Northern Victoria Land belonging to the Cyanophyceae. (a) Crinalium glaciale var. helicoides (Gomontiellales) (b-c)
Species and morphospecies belonging to the Chroococcidiopsidales order: (b) Gloeocapsopsis sp. (Mph 1); (c) Gloeocapsopsis sp. (Mph 2). (d) Nodularia sp. (Nostocales) (e-g)
Species and morphotypes belonging to the Oscillatoriales order: (e) Lyngbya sp.; (f) Phormidium sp. (Mph 1); (g) Phormidium sp. (Mph 2). Black scales represent 50 pm.

allowed assignment to Nodularia cf. quadrata. The taxon was
present in only one sample from the Hells Gate location (biovolume
of 398 um* g™').

Lyngbya sp. (Fig. 7e) Filamentous trichome, solitary, straight.
The sheath is almost always visible, firm, thin, and colorless. Cells
are green, sometimes yellowish, shorter (3.1-5.2 pm) than wide
(7.6-8.6 pm) with a ratio length/width of 0.51, not constricted
at the cross-walls, without pores or granules. The biovolume of
the trichome is 2673 + 380 um? for 50 pm. End cells are often
attenuated.

Remarks: The taxon was observed in only one sample from the
Tarn Flat location (biovolume of 8.3 um?® g7!), together with
Phormidium and Oscillatoria morphotypes.

Phormidium sp. Morphotype 1 (Fig. 7f) Filamentous tri-
chomes, straight and long, not constricted at the cross-walls,
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without sheath. Cells are quadratic or longer than wide (length
2.1-7.3 pm and width 1.6-5.2 pm) with a ratio length/width of
1.0. Cells are green to blue-green, without granules. Apical cells
are slightly pointed and curved. The biovolume of the trichome is
relatively small (938 4 165 pm? for 50 pm).

Remarks: The Phormidium Mph 1 was among the most observed
taxon and was present in nine samples from the four locations. The
distinction between the Oscillatoria morphotypes was based on the
length/width ratio.

Phormidium sp. Morphotype 2 (Fig. 7g) Filamentous
trichomes, relatively short and straight, not constricted at the
cross-walls, without visible sheath. Cells are quadratic or longer
(3.0-5.9 pm) than wide (3.1-5.0 pm) with a ratio length/width
of 1.1. Cells are colorless to green or yellowish, characterized by
the presence of large blue-green granules in the centroplasm. The
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biovolume of the trichome is small (735 4= 99 pm? for 50 um).
Apical cells are slightly constricted and conical.

Remarks: The Phormidium Mph 2 was observed in eight samples
from all locations except Priestley.

Anagnostidinema sp. (Fig. 8a) Filamentous trichome, thin and
solitary, cylindrical, without sheath. Cells are not constricted at
the cross-walls, elongated, always longer (2.2-2.7 pm) than wide
(1.0-1.5 pm) with a ratio length/width of 2.2. Cell color is usually
olive green to greyish and cells are not always easily distinguish-
able from each other. Apical cells are usually conical, hooked, or
bent. The biovolume of the trichome is one of the smallest, with
63 + 3 pm? for 50 pm.

Remarks: Morphological characteristics of the taxon could allow
assignment to the genus Geitlerinema, which has been docu-
mented many times (Komarek, 1999; Taton and others, 2006;
Lizieri and others, 2022), indicating that the genus is widely dis-
tributed across Antarctica. However, according to Johansen (2017),
the taxon observed in our samples should present more charac-
teristics of Anagnostidinema, especially because of the absence of
capitate apical cells. Nevertheless, these two taxa are morphologi-
cally highly similar, and the main difference must be observed in
the secondary structure of conserved domains of the 165-23S ITS
region by molecular analyses. In our study, Anagnostidinema sp.
was observed in only two samples from the Hells Gate location
(biovolume comprised between 10 and 85 pum? g™).

Pseudanabaena sp. (Fig. 8b) Trichomes solitary, usually straight
or a little waved, consisting of few to several cells, with broad
constrictions at cross-walls. Cells are cylindrical, usually longer
(1.6-4.3 pm) than wide (1.0-2.4 pm) with a ratio length/width of
1.6. Cells are blue-green or greyish, apical cells are not differenti-
ated. The cellular biovolume is small (5.2 & 0.5 pm?).

Remarks: Morphological features of this taxon were consistent
with the species Pseudanabaena galeata. The genus Pseudanabaena
was often observed in Antarctic regions and has been shown to
be important for the formation of the microbial mat matrix struc-
ture as found in ponds in the McMurdo Dry Valleys (Jungblut
and Vincent, 2017; Lizieri and others, 2022). In our study,
Pseudanabaena sp. was observed in 21 samples from the four
locations.

Komphovoron sp. (Fig. 8c) Trichome is a solitary filament,
often straight or slightly flexuous. The filament is short and com-
posed of several cells. The cells are spherical to barrel-shaped and
relatively small. The end cells are mostly rounded. Necridic cells,
akinetes, aerotopes and heterocysts were not observed. The cells
are slightly shorter (2.7-4.1 pm) than wide (3.2-4.6 pm) with a
ratio length/width of 0.85. Cells are bright blue-green to green. The
biovolume of the trichome is 457 4+ 20 pm? for 50 um.

Remarks: The genus Komphovoron was recently observed among
benthic cyanobacterial assemblages in meltwater ponds in the
McMurdo Sound region in Antarctica (Lizieri and others, 2022).
However, to date, no studies have reported the presence of the
taxon in cryoconite holes. In our study, the genus Komphovoron
sp. was only present in one sample from the Tarn Flat location (at
low occurrence, biovolume < 1 pm® g™).

Nostoc cf. microscopicum (Fig. 8d) Filaments always form
a dense, gelatinous mat of constricted cells. The mucilage of the
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colony is firm and varies from colorless to brownish. The vegetative
cells are highly spherical (4.2-4.8 pm in diameter), with a uniform
shape and size along trichome, bright blue-green or olive-green.
Heterocysts are larger than vegetative cells, also spherical (approx-
imately 7 pm in diameter). Colonies are large, often several tens of
micrometers.

Remarks: The taxon was observed punctually (i.e. in one exem-
plary as a colony) in three samples from Nansen and Tarn Flat loca-
tions. The genus has been documented in a wide range of Antarctic
habitats (Broady, 2005; Komarek and Elster, 2008; Fernandez-
Carazo and others, 2012; Lizieri and others, 2022).

Stigonema minutum (Fig. 8, el-e2) The filament (18-28 yum
width) is composed of individual cells arranged in one row in the
sheath. The cells are spherical or elliptic, 5.0-10.4 pm long and
11.4-13.5 pm wide, with a ratio length/width of 0.65. Each cell has
an individual sheath within the common sheath. No heterocyst was
observed.

Remarks: The morphological features of the taxon were consis-
tent with Stigonema minutum described by Ohtani and Kanda
(1987). Taxa belonging to the Stigonema genus have been previ-
ously reported in Antarctica, in moss or soil samples (Ohtani and
Kanda, 1987; Fernandez-Carazo and others, 2012; Das and Singh,
2021; Yakushev, 2022) but to date, the taxon is not reported in cry-
oconite holes. In our study, one specimen of Stigonema minutum
was observed in only one sample from the Nansen location (at low
occurrence, biovolume < 1 pm® g™').

Pleurocapsa sp. Morphotype 1 (Fig. 8f) Colonies form irreg-
ular branching aggregates of light-green cells. Sheath is most of
the time colorless and thin. Cells are spherical or ovoid with sides
appressed by neighboring cells. The diameter of single cells is
3.0-8.3 pm. Cells are united laterally by the confluence of thin
gelatinous sheaths.

Remarks: Morphological characteristics of this genus are consis-
tent with the species Pleurocapsa minor described by Shalygin
(2019). The genus Pleurocapsa has been documented in Antarctica,
mainly in coastal, maritime Antarctica (Komarek, 2014; Velichko
and others, 2021). To date, it seems that this genus has not been
reported in cryoconite substrate. Pleurocapsa sp. was observed in
only one sample of the Tarn Flat location (biovolume < 5 pm® g™!).

Pleurocapsa sp. Morphotype 2 (Fig. 8g) The Pleurocapsa sp.
Morphotype 2 shares the same characteristics as Mph 1 except for
the color of the sheath. In Mph 2, the sheaths are rusty yellow-
brown to dark orange.

Chroococcus sp. (Fig. 8h) Colonies are generally in groups
of two cells. Grouped cells remain hemispherical, mucilaginous
envelopes not always visible. Cells widely oval, blue-green to yel-
lowish with homogeneous content. Cell diameter is relatively small,
3.4-6.0 pm.

Remarks: The genus Chroococcus sp. was observed in three samples
from the Hells Gate and Nansen locations.

2. Green algae

Klebsormidium flaccidum (Fig. 9a) Filament is long, not con-
stricted. Cells are cylindrical, longer (3.0-12.4 pm) than wide
(6.8-9.7 pm). The chloroplast covers approximately 2/3 of the cell
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Figure 8. Taxa and morphotypes in cryoconite holes in Northern Victoria Land belonging to the Cyanophyceae. (a) Anagnostidinema sp. (Coleofasciculales); (b) Pseudanabaena
sp. (Pseudanabaenales); (c) Komphovoron sp. (Gomontiellales); (d) Nostoc cf. microscopicum (Nostocales); (e) Stigonema minutum (Nostocales); (f-h) morphotypes belonging
to the Chroococales order: (f) Pleurocapsa sp. (Mph 1); (g) Pleurocapsa sp. (Mph 2); (h) Chroococcus sp. Black scales represent 10 pm except for el-e2.

inner surface, with smooth margins. Filaments are smooth and
relatively flexuous. Cells are bright green.

Remarks: The morphological features of the taxon are consis-
tent with the species Klebsormidium flaccidum which has been
reported in several habitats in Antarctica (Borchhardt, 2017;
Rippin and others, 2019), other glacial environments such as
alpine biological soil crusts (Mikhailyuk and others, 2015) and
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cryoconite holes in the Arctic (Kastovskd and others, 2005;
Stibal and others, 2006). In our study, the taxon was present
in only one sample from the Hells Gate location (biovolume of
102 pm?® g™h).

Chlamydomonadales—motile stage (Fig. 9b) During the
motile-vegetative (green) stage, Chlamydomonadales cells are
flagellated, and the chloroplast is basal and bright green. The cell
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wall is firm and well-distinguishable. Sometimes, mitotic divi-
sion is observed. The size of the cells during the flagellate phase
is 6.7-28.6 pm long and 4.9-28.6 um wide. The cellular bio-
volume is relatively high (1456 + 337 um?®). Cells are highly
motile.

Sanguina sp. (Fig. 9c-g) The cyst-like stage varies in size and
color, from bright red (Fig. 5¢) and green-orange (Fig. 5d) to
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Figure 9. Microalgae species in cryoconite
holes in Northern Victoria Land belonging to

the Klebsormidiophyceae and Chlorophyceae.
(a) Klebsormidium flaccidum;  (b)  Chlamydomonadales
flagellated phase; (c-g) diverse cyst-like stage of Sanguina
sp. (c) red cyst phase; (d) green-red cyst phase; (e-g) green
cyst phase. Black scales represent 10 pm.

green (Fig. 5e-g). Mature red cysts are highly pigmented, with a
condensed chloroplast and a firm, thick cell wall. Cysts diame-
ters are 7.4-35.8 pm with a cellular biovolume 2147 + 238 pum?.
Transient, young, green-orange cysts vary from visible green parts
of the chloroplast to totally red-orange pigmentation. The diame-
ters of the green-orange cysts are similar to the red stage, but more
variable (15.9 + 1.3 pm), while the cellular biovolume is slightly
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higher (2825 + 739 um?). The green-cyst stage has irregular, non-
lamellate chloroplast, sometimes concentrated in the central part of
the cyst. The cell wall is firm, most of the time colorless, sometimes
irregular, and covered with small particles. The green-cysts present
the highest diameter (19.4 4+ 1.2 pm) and the highest biovolume
(5121 4 846 pm?).

Remarks: The cyst-like stage of the Sanguina sp. belongs to the
blood snow algae, often found in Antarctic habitats (Luo, 2020;
Prochazkova and others, 2021). Especially, this taxon is mainly
found in melting snow (Prochazkova and others, 2019), in the
ablation zone of glaciers (Di Mauro, 2020) and the accumulation
zones, and in proglacial environments (Di Mauro, 2024). Reads of
Sanguina sp. were detected by using 18S rDNA marker in the cry-
oconite of the Forni Glacier (Italy) (Zawierucha, 2022). As it is not
possible to assign the flagellated stage to the blood snow algae with-
out molecular description, we distinguished between the motile
stage of Chlamydomonadales and the cyst-like stage of Sanguina
sp. In our samples, the green and green-orange cyst-like stages of
Sanguina sp. were observed in 19 and 12 samples, respectively. The
red cyst stage and the motile flagellated stage were observed in nine
samples.

3. Diatoms

Achnanthidium sp. (Fig. 10, al-a2) Cells are relatively small,
with cellular dimensions of 16.2-25.4 pm long and 3.6-5.7 pm
wide, with a ratio length/width of 4.18. The valve is elliptic with
ends obtusely to rounded. The raphe is filiform, straight, with a cen-
tral area not highly developed. The number of striae is 15/10 pm.
The cellular biovolume is of 537 + 215 pm>.

Remarks: Diverse species of Achnanthidium have been found in
cryoconite holes and glacial ponds around the world (Yallop and
Anesio, 2010; Pinseel and others, 2015; Kaczmarek and others,
2016), and in streams and small water bodies in the King George
Island region in Antarctica (Z¢bek and others, 2021). In our study,
Achnanthidium sp. was observed in nine samples, from Nansen,
Priestley (low occurrence, i.e. biomass < 0.1 ug g™'), and Hells Gate
(high occurrence, i.e. biovolume > 500 pm?® g™!).

Luticola gaussii (Fig. 10, b1-b2) The valve is elliptic-lanceolate,
with ends broadly rounded. The margins are symmetrical, con-
vex, and rounded in central area and the apices are broadly
rounded and capitate. An isolated pore is present in the central
area, located halfway between valve center and valve margin. The
central area is rectangular, bordered by shortened striae on both
sides. Cell dimensions are 13.6-33.1 pm long and 7.7-11.1 pm
wide, with a ratio length/width of 2.33. The number of striae
is 18-20(22)/10 pm. The cellular biovolume of the species is
1251 4 181 pm®. The central area consists of a moderately wide
fascia ranging to the margins.

Remarks: The morphological features of the taxon are consistent
with the species Luticola gaussii. The taxon was observed in 17 sam-
ples from the four locations (biovolume comprised between 0.04
and 350 pm? g™1). Species of the genus Luticola are typical for ter-
restrial ecosystems in the Antarctic Region (Kopalova and others,
2011; Van de Vijver and others, 2011) and have been described in
detail by Kohler and others (2015).

Luticola muticopsis (Fig. 10, cl-c2) Cell dimensions are
10.0-18.0 pm long and 7.0-9.8 pm wide, with a ratio length/width
of 1.77. The valve is elliptic with ends flat to broadly rounded. The
number of striae is 17/10 pm. The cellular biovolume of the species

https://doi.org/10.1017/jog.2025.12 Published online by Cambridge University Press

Flavia Dory et al.

is 736 + 131 pm?>. The central area consists of a moderately wide
fascia ranging to the margins.

Remarks: The characteristic features of the taxon were consis-
tent with Luticola muticopsis, described in detail by Bishop (2020)
and Kohler and others (2015). The taxon was distinguished from
Luticola gaussii by cell length and striae number. The taxon was
observed in 10 samples from Priestley, Nansen and Hells Gate
locations (biovolume comprised between 0.04 and 542 pm? g™').

Cymbella sp. (Fig. 10, d1-d2) The valve is moderately dorsiven-
tral, lanceolate-elliptic. The dorsal margin is more strongly convex
than the ventral margin, which is slightly radiate throughout. The
axial area is narrow, following the raphe, which is positioned about
in the median line of the valve. Cell dimensions are 24.3-50.2 pm
length and 7.3-13.9 um wide, with a ratio length/width of 3.6. The
number of striae is 10-11/10 pm and the number of stigma are 2.
The cellular biovolume is 2106 pm?.

Remarks: Other species belonging to the Cymbella genushave
been previously reported in Antarctica. For example, Cymbella
cf. falaisensis was observed in the sediment of Lake Hoare
(Taylor Valley), in the McMurdo Dry Valleys region of Southern
Victoria Land, Antarctica (Spaulding and others, 1997). The
species Cymbella proxima has also been reported among the peri-
phytic algae assemblages of microbial mats in streams and small
water bodies in the vicinity of Ecology Glacier (King George Island,
Antarctica) (Zebek and others, 2021). In our study, Cymbella sp.
was counted in only one exemplary in one sample from the Hells
Gate location.

Nitzschia angustata (Fig. 10e) The valve is linear, tapering to
the obtusely wedge-shaped ends. Cell dimensions are 38.1-38.4 pm
long and 3.4-3.5 pm wide, with a ratio length/width of 11.2. The
number of striae is 15/10 pm. Fibulae are not distinguishable. The
cellular biovolume is 1034 4- 12 pm?>.

Remarks: The morphological characteristics were consistent with
the species Nitzschia angustata (synonym Tryblionella angustata).
The taxon was observed in only one sample from Hells Gate
location (at low occurrence, biovolume < 1 pm® g!).

Psammothidium rostrogermainii (Fig. 10, f1-f2) The valve is
broadly elliptic-lanceolate with ends abruptly rostrate. Cell dimen-
sions are 13.3-16.5 pm long and 7.4-9.0 pm wide, with a ratio
length/width of 1.9. The number of striae is 12/10 pm but slightly
variable. The cellular biovolume is 436 4= 13 pm?>.

Remarks: The morphological features of the taxon were consis-
tent with the species Psammothidium rostrogermainii, described by
(Van de Vijver and others, 2016). The taxon has been identified by
the authors in the Antarctic Region, and was observed on several
islands of the South Shetland Archipelago (Livingston Island, King
George Island, Nelson Island, Dart Island, and Deception Island)
and James Ross Island. It should be much more common in the
Antarctic but usually identified as P. germainii (Van de Vijver and
others, 2016). In our study, the taxon was observed in 7 samples
from the four locations (biovolume comprised between 0.2 and
382 pm’ g!).

Craticula cf. antarctica (Fig. 10, gl-g3) The valve is broadly
lanceolate to rhombic lanceolate with ends protracted, subrostrate.
Cell dimensions are 17.3-18.5 pmlong and 3.4-5.3 pm wide, with a
ratio length/width of 3.9. Striae almost parallel to very slightly radi-
ate in the valve center, becoming slightly convergent. The number
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Figure 10. Microalgae species in cryoconite holes in Northern Victoria land belonging to the Bacillariophyceae. (al-a2) Achnanthidium sp.; (b1-b2) Luticola gaussii; (c1-c2)
Luticola muticopsis; (d1-d2) Cymbella sp.; () Nitzschia angustata; (f1-f2) Psammothidium rostrogermainii; (g1-g3) Craticula cf. antarctica; (h1-h3) Psammothidium cf. helveticum;
(i1-i2) Mayamaea sp.; (j) Fragilaria sp. Black scales represent 10 um.
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of striae is 28-30/10 pm, relatively difficult to resolve. The central
area is not visible and the raphe branches are straight and filiform.
The cellular biovolume is 327 4 14 pm>.

Remarks: The morphological characteristics resemble those of
Craticula antarctica described by Van de Vijver (2010). The mor-
phological features could also correspond to Craticula simplex
described by Levkov (2016) and to Craticula autralis described
by Van de Vijver and others (2015) from one sample, taken from
the epilithon of a shallow coastal lake on Ulu Peninsula (James
Ross Island, Antarctica). The taxon was observed in two samples,
in Hells Gate (biovolume of 44 pm?® g™') and Nansen locations
(biovolume of 28 pm? g71).

Psammothidium cf. helveticum (Fig. 10, h1-h3) The valve is
elliptic to linear-elliptic, with ends broadly rounded. Cell dimen-
sions are 12.8-14 pm length and 5.0-5.9 pm width, with a ratio
length/width of 2.4. The number of striae is 24-28 in 10 pm, dif-
ficult to resolve in the smallest specimens. The central area forms
a fascia that almost reaches the margins. The cellular biovolume is
195 + 4 pm®.

Remarks: Taxon similar to P. cf. helveticum was previously found
in soil under vegetation cover in the Antarctic Region by Zidarova
and others (2016a). In our samples, P. cf. helveticum was observed
in only one sample from Hells Gate location (at low occurrence,
biovolume of 4.9 pm? g™1).

Mayamaea sp. (Fig. 10, i1-i2) The valve is rhombic-lanceolate
to rhombic-elliptic with rounded to obtusely-rounded apices. Cell
dimensions are 9.1-10.2 pm long and 3.5-4.2 pm wide, with a ratio
length/width of 2.52. The central area is small and the raphe is
straight. Striae number is difficult to resolve due to the small size
of the cells, approximately 20 in 10 pm. The raphe is filiform, with
distinct central pores. Cell biovolume is 80 + 3 pm?>.

Remarks: The morphological characteristics of the taxon and the
dimensions of the cells were consistent with the Mayamaea genus,
in particular with the species Mayamaea cf. atomus described
by Zidarova and others (2016a). The general features could also
be consistent with the genus Eolimna, however, the cell dimen-
sions are too small and should better correspond to Mayamaea
(Kopalova and others, 2009). The genus Mayamaea has already
been reported in Antarctica, in a lake on Ulu Peninsula (James
Ross Island), and small crack of a coastal rock on Deception
Island (South Shetland Islands) (Zidarova and others, 2016b). The
visible morphological features of the taxon do not allow to deter-
mine more precisely the taxonomic level. In our study, Mayamaea
sp. was observed in only one sample from the Priestley location
(biovolume of 7 pm® g™!).

Fragilaria sp. (Fig. 10j) The valve is narrow, linear to lanceolate.
The cell dimension is 94.1 4 1.8 pm length and 4.0 4- 0.2 pm width,
with a ratio length/width of 23.4.

Remarks: The cell dimensions could correspond to Fragilaria ten-
era, F. perdelicatissima and F. nanana, however, the absence of visi-
ble determination criteria and the scarce observation of individuals
make the identification of the species very difficult. Nonetheless,
Fragilaria species have been observed in meltwater lakes in the
Amery Oasis, East Antarctica (Cremer and others, 2004), but also
in Marian Cove of King George Island, Antarctica (Jeon, 2021) and
in cryoconite holes in the Arctic (Greenland and Svalbard) (Yallop
and Anesio, 2010). As for the other unique specimens found in this
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study, other observations are needed to confirm the presence of
Fragilaria sp. in the cryoconite holes of the Northern Victoria Land
region.

4. Discussion
4.1. Distribution of Cyanobacteria and microalgae

This study describes the diversity and composition of
Cyanobacteria and microalgae assemblages in cryoconite holes
from the Northern Victoria Land, East Antarctica. We observed
that cryoconite holes were mostly dominated by Chlorophytes,
followed by Cyanobacteria. Although these two groups were
found in almost equal proportion (in terms of relative biomass
in all locations), these findings were rather unexpected. Indeed,
Cyanobacteria are traditionally dominant in cryoconite holes and
are considered ‘engineers’ of these ecosystems, due to their role in
the formation of granular cryoconite (Takeuchi and others, 2001;
Hodson, 2008; Cook and others, 2016). However, similar results
with a dominance of algae over Cyanobacteria have also been
observed by Buda (2020) in the cryoconite holes from the Ecology
Glacier (King George Island, located between 61°54’—62°16'S
and 57°35"-59°02"W, West Antarctica). The authors suggested that
the dominance of algae over Cyanobacteria should be caused by
the fact that tidewater glaciers located close to the sea may receive
more aqueous nutrients that favor algae. In contrast, inland ice
sheets and small valley glaciers may receive more inputs of dust
or englacial outcropping minerals, favoring Cyanobacteria that
bind particles and form granules. In our study, this assumption
is consolidated by the elevated electrical conductivities, which
likely indicate a strong proximity with the ocean, and therefore
possible exchanges of marine nutrients, especially in Hells Gate
samples which are the closest to the sea. Our results confirm that
microalgae, especially Chlorophytes, are a crucial component of
the cryoconite ecosystems.

While the algal biovolume and diversity did not differ within
the glacial locations, we observed significant differences in the
total biovolume, the Shannon diversity, and the richness of genera
among the four locations. At the opposite, the community com-
position (at the genus level) did not significantly vary among the
four locations. In a recent molecular study, Segawa (2017) showed
that, within a glacial environment, some species of Cyanobacteria
presented a ubiquitous distribution due to low sensitivity to envi-
ronmental conditions, while the distribution of other species was
more specific, mainly determined by the regional characteristics in
glaciers, due to high sensitivity to different environmental condi-
tions. In our study, we can assume that both environmental con-
ditions and geographical distance among the four glacial locations
were not enough to observe a significant difference in taxa compo-
sition. However, regarding the morphotypes of Oscillatoria species,
of the 6 morphotypes distinguished, one (Mph 4) was present in all
glacial locations, and another (Mph 6) was present in a unique loca-
tion (Priestley). These results could indicate a higher sensitivity of
Mph 6 to specific environmental conditions and a lower sensitiv-
ity of Mph 4, which showed a ubiquitous occurrence among the
locations.

The Shannon diversity values calculated at the genus level
ranged between 0.04 and 1.7, and the richness of genera ranged
between 2 and 11 taxa, with the highest values of diversity and
richness observed in the Hells Gate and Tarn Flat samples. Studies
that compare photoautotroph biomass and diversity among cry-
oconite holes from different locations are quite rare; to date, Buda
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(2020) found no differences in the total biomass of photoau-
totrophs among three elevational patches of an altitudinal gradient
of Ecology Glacier. In our study, the Hells Gate location was charac-
terized by the highest biovolume and high diversity and richness. In
addition, this location was also characterized by a higher propor-
tion of diatoms (20.4%) than in the three other locations (19.2%
in Priestley, 3% in Tarn Flat, and <1% in Nansen). Previous stud-
ies have hypothesized that cryoconite holes are predominantly
seeded by aeolian transport from surrounding aquatic environ-
ments (Christner and others, 2003; Budgeon and others, 2012).
Moreover, diatoms are first-colonizers and have a high range of
ecological tolerances, including freeze-thaw conditions (Yallop and
Anesio, 2010). For example, in a previous study in the Taylor
Valley, Antarctica, Stanish and others (2013) observed a higher
diatom richness in the cryoconite holes situated closest to the
Ross Sea.

The diatom species observed in the cryoconite holes from the
Hells Gate locations seemed not particularly restricted to marine
environments, as the taxa were already observed in other habitats
such as cryoconite holes, ponds, terrestrial systems, or microbial
mats. However, due to the higher proximity of the Hells Gate sam-
ples to the sea, we can argue that the high biovolume, diversity,
richness, and diatom proportion in these samples may be attributed
to the inputs of marine nutrients. Indeed, eolian transportation of
sea salts may occur, which deposits into the cryoconite hole and
acts as an important source of solute (Mueller and Pollard, 2004;
Bagshaw and others, 2013). The proximity of colonies of penguins
and seals from Hells Gate samples could also act as a means of
diffusion of nutrients. In the Tarn Flat location, the proximity of
terrestrial habitats and moraines close to the sampling sites may
explain the relatively high diversity and richness, although only two
samples were available for this location and thus results must be
interpreted with caution. The characteristics of cryoconite, includ-
ing its forms and geochemistry, can also influence their effect on
glacier albedo and act as important factors in determining the
algal community (Rozwalak, 2022). The cryoconite sediment from
the four glacial locations of this study showed a slight diversity in
terms of size, form, and colors. The observed differences in algal
biovolume and diversity could thus also be explained by differ-
ences in cryoconite structure, although further studies are needed
to evaluate the specific effect of cryoconite characteristics on the
photoautotroph community.

The number of taxa and the diversity of Cyanobacteria and
microalgae in the cryoconites of the Northern Victoria Land
appears consistent with previous studies in Antarctica. For exam-
ple, in 23 melted cryoconite holes on Ecology Glacier (King George
Island, Antarctica, situated at a distance of about 4500 km from the
Northern Victoria Land), Buda (2020) observed 17 species of algae
and Cyanobacteria with a biomass of 0.79 to 5.37 pg cm™>, and
each cryoconite hole was reported 4 to 10 species. However, pho-
toautotrophic diversity and richness based on microscopic analysis
in cryoconite holes are not well known. Most of the studies use
molecular analysis to estimate the alpha diversity, pooling together
bacteria and Cyanobacteria. For example, based on alpha diver-
sity indices calculated on amplicon sequence variants, Millar and
others (2021) found Shannon values in Antarctic cryoconite from
3.8 and 8 for prokaryotes (based on 16S rRNA gene analysis) and
from 2.1 to 6.4 for eukaryotes (based on 18S rRNA gene analysis),
which makes the results difficult to compare. Although diversity
data from these studies show relatively similar ranges of values, the
number of species or taxa detected in the samples depends largely
on the methodology. This highlights the difficulty in comparing
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these results and the need to further use standard microscopy
counting methods in addition to molecular analyses.

If the photoautotroph diversity of Antarctic cryoconite holes is
still poorly known, values can be compared with other types of
habitats in Antarctica, where more data is available. For example,
a Shannon index of 1.1 was found for the periphytic assemblages
in the microbial mats in the region of Arctowski Polish Antarctic
Station at King George Island (West Antarctica) (Zebek and others,
2021). Microbial mats are often composed of organic and mineral
particles that form a structural system of mats in streams and small
water bodies located in the vicinity of the glacier. In highly diverse
environments, i.e. underwater marine rocky substratum in Fildes
Bay (King George Island, West Antarctic Peninsula), the species
richness of primary producers ranged between 2 and 7 species,
and the Shannon diversity between 0.2 and 1.2 (Valdivia and oth-
ers, 2020). However, higher algal diversity (between 0.76 and 3.12,
with an average of 2.30) was observed in soil samples from Cierva
Point (Antarctic Peninsula) (Mataloni and others, 2000). Similarly,
a Shannon diversity between 1.2 and 4 was observed in soil samples
from King George Island, Maritime Antarctica (Rybalka, 2023).
These findings indicate that (1) data on photoautotroph diver-
sity in Antarctic habitats are incredibly scarce, and (2) the values
of photoautotroph diversity observed in cryoconite holes in the
Northern Victoria Land are equal to higher than those observed
in other habitats such as marine rocky substrates, microbial mats,
and snow surfaces but lower than those measured in soils. In addi-
tion, if the methodology used in this study has shown effectiveness
in extracting algal cells from cryoconite, a slight underestimation
of photoautotroph biovolume and diversity due to cells remain-
ing attached to particles cannot be excluded. This suggests that
algal diversity in cryoconites could be even higher, and that fur-
ther in-depth studies are needed to more accurately understand
photoautotrophic communities in cryoconite holes.

4.2. Description of the taxa

In total, 36 morphotypes from 24 taxonomic genera belonging
to Cyanobacteria, Chlorophytes, Charophytes, and diatoms were
described. Taxa belonging to 14 diverse taxonomic orders were
observed, revealing a high taxonomic diversity in the samples.
Among the identified taxa, some of them are relatively ubiquitous
and found in a large variety of environments and climates, such as
the Lyngbya, Oscillatoria, Phormidium, and Pseudanabaena genera.
Interestingly, the N,-fixing Nostoc cf. microscopicum identified in
this study has been documented in a wide range of Antarctic habi-
tats (Broady, 2005; Komarek and Elster, 2008; Fernandez-Carazo
and others, 2012; Lizieri and others, 2022).

It has been demonstrated that the metabolic activities of Nostoc
strains in Antarctica, such as N,-fixation, nitrate uptake, nitrate-
reduction, ammonium uptake, and photosynthesis, were unaf-
fected at low temperatures (5°C) and the temperature optima for
N,-fixation was nearly 10°C lower than their respective reference
strains of tropical origin (Pandey, 2004). These findings indicate
a high level of low-temperature adaptation of the Nostoc species
in Antarctica. In addition, a recent molecular study demonstrated
that Nostoc OTU also presented a global distribution, indicating
that the taxon migrates among glacial regions (Antarctic, Arctic,
and Asia) (Segawa, 2017).

Some taxa of photoautotrophs are specially adapted to life
within the cryoconite holes, while others are opportunistic
(Mueller and others, 2001; Yallop and Anesio, 2010; Cameron
and others, 2012). In the cryoconite from the Northern Victoria
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Land, we observed the taxon Crinalium glaciale, which seems to be
restricted to the particular habitats of cryoconite holes (Porazinska
and others, 2004; Mueller and others, 2001; Mueller and Pollard,
2004). Instead, the taxon Nodularia sp. has been reported in cry-
oconite holes in Antarctica but also in other habitats such as melt-
water ponds and aquatic habitats (Jungblut, 2005; Komdrek and
others, 2015; Jackson and others, 2021; Lizieri and others, 2022).
Similarly, species of the genus Luticola have been shown to be typ-
ical for terrestrial ecosystems in the Antarctic Region (Kopalova
and others, 2011; Van de Vijver and others, 2011). The presence of
these two taxa in the sediment of cryoconite may thus be explained
by the proximity of cryoconite holes with other types of habitats,
the ability of species to colonize new environments, and the wide
range of ecological tolerance of organisms.

Finally, several taxa observed in the cryoconite holes from
the Northern Victoria Land have been previously documented in
Antarctica but have not been reported to date in cryoconite. This
is the case for Gloeocapsopsis sp., Komphovoron sp., Stigonema sp.,
and Pleurocapsa sp. Regarding the diatoms, several taxa found in
this study were to date not described in cryoconite holes; for exam-
ple, the genus Mayamaea has been reported in soil samples, lakes,
and in small cracks of coastal rocks, and the genera Luticola is typi-
cal for terrestrial ecosystems. However, diatoms are first colonizers
(after bacteria) of newly exposed areas or re-colonizers of denuded
habitats, pre-conditioning the substrates for the later development
of other organisms or inhibiting their settlement (Zidarova and
others, 2020). In addition, the fact that diatoms are capable of
growth in a wide variety of environmental conditions, are tolerant
to desiccation and freezing, and the wide types of diatoms found in
cryoconite holes suggest multiple origins of colonizing cells (Yallop
and Anesio, 2010). According to these authors, cryoconites may act
as a reservoir, accumulating a large number of diatom species from
a variety of local sources.

An interesting result of our study is the presence in samples
of the cyst-like stages of the snow algae Sanguina sp. together
with the flagellated motile stage of Chlamydomonadales. The
cysts of the snow algae Sanguina sp. are often found in cry-
oconite, but they were probably just passively transported by melt-
ing from snow, where the whole life cycle takes place, to the
holes (Prochézkova and others, 2021). In addition, it has been
shown that blooms of snow algae are often composed of more
than one species. Indeed, all 185 rRNA gene phylogenetic stud-
ies have revealed a single clade comprising immotile spherical
red cysts, and none of the motile, flagellated ‘green’ species ever
formed a single phylogenetic clade together with red spherical
cysts from red snow (Leya and others, 2003; Remias and oth-
ers, 2013). Thus, green, flagellated isolates from red snow field
samples often were most likely misinterpreted as having resulted
from red spherical cysts or even vice versa (Prochizkova and
others, 2021). It is therefore not possible to morphologically deter-
mine if the flagellated stage observed in our samples is sim-
ply a different life cycle phase of the cyst-like stage or another
species.

To date, only the flagellates of the orange snow algae Sanguina
aurantia have been described (Raymond and others, 2022), which
left the question about the life stage of other Chlamydomonadales
still unresolved. In addition, a better understanding of the life stage
and morphological variations of these taxa could provide valu-
able information about their ecology, as flagellates, which are able
to reproduce, are much more sensitive to freezing and high irra-
diation than cysts of the same species (Remias, 2012). Further
molecular studies are thus needed to better understand the life
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cycle and the ecology of these Chlamydomonadales within the
cryoconite holes in Antarctica.

In glacial environments, the phenomenon of ice albedo reduc-
tion due to algae proliferation is caused by warming but also
constitutes a factor aggravating the effects of climate change. It
has previously been demonstrated that the presence of pigmented
cyanobacterial engineers, along with other factors (organic mat-
ter properties, local geology), could participate in influencing the
colors of cryoconite on various glaciers (Beutler and others, 2004;
Sajjad, 2020; Williamson, 2020). In our study, the morphologi-
cal distinction between the different morphotypes allowed us to
highlight that microalgae and Cyanobacteria could also have the
potential to reduce the albedo. In particular, taxa that have red-
pigmented morphotypes, such as Gloeocapsopsis sp., Pleurocapsa
sp., Sanguina sp., and Stigonema sp., are likely susceptible to induce
a reduction of the ice albedo.

5. Conclusion

This study is the first biological characterization of cryoconite
holes in the area of the Northern Victoria Land. It demonstrates
that Antarctic cryoconite holes are highly diversified habitats
for Cyanobacteria and microalgae, in terms of biovolume, mor-
phology, and taxonomy. The work highlights the importance of
microalgae, such as Chlorophytes and diatoms, in playing a key
role in the cryoconite ecosystem and acting as ecosystem engi-
neers together with Cyanobacteria. The detailed description of
the species provided in this study and the comparison of their
occurrence in the cryoconite holes with the existing literature
appear of great importance for helping future works to identify
rare or endemic glacial species that could be endangered as a result
of climate change. The rapid disappearance of glacial biodiver-
sity due to glacier melting might mean only a few generations
could have the opportunity to study these vanishing ecosystems.
By the re-dispersion of cryoconite sediment from the holes onto
the ice surface due to warm weather, these pigmented photoau-
totrophs living in cryoconite could have the potential to reduce
the albedo of the ice. The results highlight the importance of con-
ducting further studies regrouping biological, geological, chemical,
and spectrophotometric data to better understand the role of the
photoautotroph component in the albedo reduction in Antarctica.

Antarctica is one of the regions most seriously impacted by
climate change (Turner and others, 2009). The primary effects of
this regional warming include massive ice losses, as evidenced by
glacier retreat, ice shelf collapses, and a decrease in sea ice. The
retreat of glaciers is opening up new areas available for coloniza-
tion and biological succession, referred to as ‘newly ice-free areas’
(Riickamp and others, 2011; Lagger and others, 2018). The recent
predictions forecast that melts across the Antarctic continent will
lead to the emergence of between 2100 and 17267 km? of new ice-
free area by the end of this century (Lee, 2017). As glaciers retreat,
the cyanobacterial and microalgae cells residing in cryoconite have
the potential to act as seeding agents for newly terrestrial and
aquatic habitats in proglacial sites, as it has been suggested by
Yallop and Anesio (2010). This phenomenon should be particu-
larly important in the case of high coverage of cryoconite holes on
the glacier surface and large hole diameters. This study paves the
way for a deeper understanding of the photoautotroph community
in cryoconite holes in Antarctica.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2025.12.
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