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Marseille, France, 4Department of Environmental Science, Aarhus University, Roskilde, Denmark

In recent decades, a growing body of research has focused on characterizing
supraglacialmicrobial communities. These studies have unveiled that pigmented
glacier ice algae, namely, Ancylonema nordenskiöldii and Ancylonema
alaskanum, blooming during the summer melt seasons accelerate surface
melting. Most techniques that quantify microbial processes on glacial surfaces
require the melting of samples prior to their analysis and, so far, the
structure and three-dimensional arrangement of microorganisms that bloom
on bare ice surfaces have never been characterized. To address this gap, we
developed, tested and validated a first characterization workflow for imaging
the microorganisms colonizing the frozen ice surfaces on the Greenland Ice
Sheet. While preserving their frozen state, we employed a suite of microscopic
tools with progressively increasing resolution, starting from imaging algae on
ice with hand-held, portable microscopes (up to ×150 magnification) all the
way to high-resolution cryo-scanning electron microscopy (cryo-SEM, up to
×5.000 magnification). Our images provided us with the first visualization of
the distribution, structure, interactions, and relationship between microbes,
minerals, and their frozen substrate. Our innovative approach significantly
advances the understanding of glacial microbial life within the ice matrix,
shedding light on the spatial architecture of microbial cells in their on-
ice state, thereby improving how we perceive and study these unique
ecosystems.

KEYWORDS

microscopy, cryo-SEM, glacier ice algae, multi-scale, microbial ecology

1 Introduction

Microbial communities thriving on glacier surfaces become highly active during the
summer melt season when they play a crucial role in increasing the absorption of solar
radiation by decreasing the albedo of snow and ice surfaces, thus enhancing melting (e.g.,
Yallop et al., 2012; Lutz et al., 2016; Stibal et al., 2017; Ryan et al., 2018; Cook et al.,
2020). Research about this significant impact has provided us with insights into the
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microbial community compositions and dynamics through
sequencing or biomass and nutrient flux quantification (e.g.,
Yallop et al., 2012; Lutz et al., 2014; Lutz et al., 2018; Anesio et al.,
2017; Holland et al., 2019;Williamson et al., 2021). Bare ice surfaces,
once snow free, darken further due to the proliferation of glacier
ice algae, a phenomenon that is particularly striking in the melt
zone on the southwest margin of the Greenland Ice Sheet (GrIS),
an area often referred to as the ‘Dark Zone’ (Box et al., 2012;
Ryan et al., 2018; Cook et al., 2020; Feng et al., 2024). Glacier ice
algae have been identified as the mostly unicellular Ancylonema
alaskanum, formerly Mesotaenium berggrenii (Remias et al.,
2009; Procházková et al., 2021) and the filamentous Ancylonema
nordenskiöldii (Lutz et al., 2018; Hoham and Remias, 2020;
Williamson et al., 2020). These species are notable for the large
amounts of purple to dark brown phenolic pigments, primarily
purpurogallin derivatives, that they accumulate and that protects
them from potential damage by excess solar radiation (Remias et al.,
2012; Yallop et al., 2012; Halbach et al., 2022a; Halbach et al., 2022b,
Chevrollier et al., 2023; Leya et al., 2009), with the additional
benefit of contributing to meltwater formation around the cells
by dissipating heat from absorbed sunlight (Dial et al., 2018;
Williamson et al., 2020). These pigments may also play additional
biological roles, such as acting as antioxidants or contributing to
microbial interactions within the ice matrix (Duval et al., 1999).
Beyond algae, supraglacial ice habitats are teeming with a variety of
other microeukaryotes, as well as bacteria, archaea, fungi, viruses,
nematodes and higher organisms (e.g., Stibal et al., 2006; Lutz et al.,
2015a; Edwards et al., 2013a; Anesio et al., 2017;Hotaling et al., 2021;
Perini et al., 2019). In addition to biological communities, a range
of light-absorbing particles (LAPs) such as mineral dust deposited
on glaciers darken bare ice surfaces and can serve as an important
nutrient source for microbial communities (e.g., Takeuchi, 2002;
Dong et al., 2009; McCutcheon et al., 2021; McCutcheon et al., 2024;
Wientjes et al., 2011; Dumont et al., 2014).

To study these complex communities, researchers have
evaluated themicrobial cell shapes or life cycle states through optical
or fluorescence microscopy (e.g., Lutz et al., 2015b; Hoham and
Remias, 2020), or by analysing their microbial diversity or functions
via amplicon ormetagenome sequencing (e.g., Edwards et al., 2013b;
Zarsky et al., 2013; Lutz et al., 2018; Jaarsma et al., 2023; Remias et al.,
2023). Furthermore, new insights were also gained by quantifying
the associated mineral dust compositions via X-ray diffraction (e.g.,
Wientjes et al., 2011; Nagatsuka et al., 2014; Lutz et al., 2015a;
McCutcheon et al., 2021) or analysing the aqueous compositions
of the ice matrix through nutrient or trace metal concentration
quantifications (e.g., Stibal et al., 2009; Telling et al., 2011; Lutz et al.,
2015a; Holland et al., 2019; McCutcheon et al., 2021). The activity
and interspecific relationships in glacier microbial communities
were also recently assessed through fluorescence microscopic
imaging of DAPI-stained (Nicholes, 2020) or BONCAT-treated
samples (Bradley et al., 2022). These studies have described close
associations between snow and glacier ice algae and bacteria,
with bacteria frequently adhering to the algal cell walls (Nicholes,
2020), or between bacteria and fungi, where fungi likely acted
as an end of season control for the blooms (Nicholes, 2020).
Intriguingly, imaging revealed that healthier algal cells tended to
be surrounded by fewer bacteria, hinting at a complex relationship
between these organisms in their ice matrix (Nicholes, 2020).

Imaging of cells has been done with light microscopy and several
studies have also employed scanning electron microscopy (SEM)
to image fixed snow and glacier ice algae cells (e.g., Weiss, 1983;
Lutz et al., 2014; Fiołka et al., 2021; Perini et al., 2023). Despite
the plethora of information gained about these algae and their
associated communities or habitats, in all cases the original state on
the snow or ice and its microbial communities was invariably lost,
because samples were melted and often fixed to be subsequently
re-deposited on a carrier used for microscopic imaging. Imaging of
fixed or unfixed samples by conventional SEM has the additional
drawback that it happens under vacuum conditions, which often
results in distorted images with shrunken algal cells or cells with
collapsed walls. In consequence, none of the above-mentioned
microscopic studies could evaluate the microorganisms as they are
present in/on the ice. Although protocols for collecting, preserving,
imaging and analysing the mineral and chemical compositions of
particles in many meter-long frozen ice cores or mm sized ice pieces
have been developed (e.g., Weikusat et al., 2017 and references
therein; Stoll et al., 2022; Bohleber et al., 2024; Faria et al., 2010),
such protocols do not exist for imaging or analysing µm-sized
microbes and minerals in sub-cm sized samples from surface ice
environments.

From an ecological perspective, such a structural analysis
of microbial communities thriving on terrestrial ice surfaces is
critical, as spatial proximity and arrangements are key factors
for assessing inter-specific interactions. For instance, bacterial
cells tend to cluster more densely around primary producers
(algae in our study), creating a gradient of cell concentration
(Kuzyakov and Razavi, 2019) as it is the case in the rhizosphere
and the phycosphere (Fujiwara et al., 2013; Seymour et al., 2017).
Furthermore, production of organic acids or extracellular polymeric
substances (EPS) (Nagar et al., 2021) through various cellular
processes (Rousk andBengtson, 2014;Wadhamet al., 2019) facilitate
coherence and binding to the minerals in the ice matrix, microbial
adhesion, biofilm formation, and protection against environmental
stressors (Dohnalkova et al., 2011). The microbial activity in this
mineral-ice matrix further enhances the extraction of nutrients by
increasing mineral solubilization (e.g., McCutcheon et al., 2021).
Thus, observing microbes as well as ice crystals and minerals in
their natural, in situ frozen state at a resolution where they can all
be distinguished from each other is paramount. Yet, so far, we lack
even the most essential insights into (a) the structural arrangement
of microbial communities in situ on and within the frozen ice
matrix and (b) the biotic and abiotic interactions occurring
in this system.

To address this knowledge gap,wehave developed a visualisation
protocol for microbes and minerals on/in natural ice samples
with the aim to: (i) establish and optimize a cryo-microscopic
workflow tailored for surface ice samples, ensuring methodological
robustness from field observations to laboratory high-resolution
cryo-SEM imaging; (ii) analyze and compare images obtained
from each observational technique to understand their applicability
to diverse field and laboratory needs; (iii) investigate the spatial
organization and potential ecological interactions between
microbial communities inhabiting ice surfaces, to reveal whether
microbes preferentially associate with specific minerals, organic
matter, or ice structures.
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FIGURE 1
Multi-scale workflow for collection, preservation and cryo-imaging of ice surface samples. Figure 1 has been generated using BioRender under a
Publication License, and Created in BioRender. (Mourot, 2025) https://BioRender.com/ph7nxib.

2 Methods

We developed, tested and employed a workflow for the
visualisation of microbial communities and minerals in/on natural
ice samples from the southern margin of the Greenland Ice Sheet.
The workflow includes on-ice in situ observations, collection,
preservation, transport and cold-room light microscopy as well
as cryo-SEM imaging (Figure 1). To highlight the advantages of
our cryo-workflow, we compared our cryo-imaging modes with
conventional SEM imaging of melted and refrozen samples. Note
that in this study, cryo-microscopy is referring to imaging of
naturally frozen ice samples, and not of samples that have been flash
frozen (vitrified).

2.1 On-ice in situ imaging, sampling,
sample preservation and transport

Surface dark ice was observed in situ and subsequently sampled
from dark ice patches near the QAS-M weather station (PROMICE;
Fausto et al., 2021) on the Southern Greenland Ice Sheet (Figure 2)
in July 2020 and 2021. Imaging and subsequent sampling was done
at dusk, when temperatures were lowest, and the ice sheet surface
was frozen (at the time of sampling, the QAS-M surface logged
temperaturewas 0°C).We identified an areawith visible dark ice that
was fully frozen and imaged the particles on the ice surface using two
different hand-held, smartphone connected portablemicroscopes (a
Ninyoon 4K and a Dino-Lite AF7915MZT microscope, both with
magnification options of up to ×150). This in situ imaging helped
us to identify small pieces of algae-rich ice (0.3–1 cm2) that could
subsequently be carefully separated from the surface ice using clean
tweezers and a chisel. The small pieces of ice were transferred into

pre-cooled 30 mL glass jars that were encased inside frozen ice packs
that preserved the frozen state of each sample. Once sealed the jars
were double sealed in zip-lock bags and immediately transferred and
stored at −20°C in a portable field freezer that was shipped to the
home-laboratory in a −20°C container ship. During sampling we
preserved the orientation of the ice pieces by keeping the sample
containers always upright so as to allow us to evaluate positioning
and orientation of biotic and abiotic particles with respect to the ice
crystal surfaces. We selected −20°C as the adequate preservation,
transport, storage and imaging temperature because the optimal
temperature of most surface ice in Greenland lies between 0 and ∼
−30°C (Løkkegaard et al., 2023). We also collected small ice pieces
thatweremelted and glutaraldehyde-fixed for conventional imaging.
These samples were kept in the field laboratory until they were
transported to the home laboratory where they were stored in a 4°C
fridge until imaging at room temperature.

2.2 Cryo-imaging on a stereoscopic light
microscope (light microscopy)

In the home-laboratory, all sample handling was carried out
in a walk-in freezer set to −20°C. Samples were transferred from
microscope to microscope in a pre-cooled, insulated Styrofoam box
containing a large metal block that was cooled using liquid nitrogen
(LN2). Our samples were never immersed in LN2 and we only used
the LN2 vapour to preserve sample integrity. This approach also
helped minimize humidity-induced water condensation and new
ice deposition onto our samples. Inside the walk-in freezer, an ice
piece from the field (inside a glass jars) was imaged frozen using a
KERNODC-86 camera attached to a LeicaWILDM3B stereoscopic
microscope and the associated Microscope VIS Pro 2.0 software
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FIGURE 2
Sampling location on the Southern Greenland ice sheet margin (61°05′8708″N, 46°50′9442″W). (A) DeepPurple 2020/21 camp site near the PROMICE
weather station QAS-M (Fausto et al., 2021), where on the 19th of July 2020 (one of the sampling days) an albedo of ∼ 0.4 was measured. Image
produced using the Albedo Inspector (https://fsn1995.users.earthengine.app/view/albedoinspector) by Feng et al. (2023a), and Feng et al. (2023b), (B)
Dark ice surface near the QAS-M weather station; (C) Close-up smartphone photograph of a dark particle-covered ice surface.

(https://www.kern-sohn.com/). Samples were only observed for
short lengths of time (<2 min) to avoid possible melting under the
light of the stereoscopic microscope. We achieved magnifications
of up 400 times with this microscope with no loss of focus.
This imaging mode allowed us to compare the laboratory light
microscopic images collected in the walk-in freezer with the in-field,
on-ice images and to evaluate if sample integrity had been preserved.
With light microscopy, due to the partial translucence of the ice
crystals we could not just image the ice surfaces but also in part
in the ice samples. For a comparison, we also imaged the melted
and glutaraldehyde-fixed ice samples using room temperature light
microscopy (Zeiss Axio A1 with a Zeiss A-plan ×20 objective)
following the methods described by Lutz et al. (2014).

2.3 Cryo-scanning electron microscopy
imaging (cryo-SEM)

For the highest resolution imaging (magnifications ×30 –
×5.000) of ice surface features, we used two different microscopes
and transfer systems. For option 1, we transferred selected ice
pieces from the glass jars onto a pre-cooled bronze stub, that
was part of a home-designed transfer shuttle, using a pre-cooled
polyurethane box and pre-cooled tweezers (Figure 3A). Ice samples
were carefully secured with micro-screws, ensuring sample stability
during imaging. Prior to adopting this method, alternative fixation
techniques (e.g., freezing the sample onto the stub with a droplet
of water, gentle melting and refreezing of the sample base directly
on the cooled stub at −20°C, or using silver conductive paste) were
tested but led to issues with compromised structural integrity of the
sample. The transfer shuttle is equipped with a cover that can be
closed or opened using a Quick-Loader port once mounted in the
SEM(anFEIQuanta 3DSEM) room.The closed shuttlewas installed
into a Deben cold stage precooled to −20°C and after evacuating

themicroscope chamber within 3 min, the Quick-Loader port cover
was removed. In a first step, low magnification cryo-SEM images
were collected at 20 kV acceleration voltage in low-vacuum mode
(1 mbar) using a dedicated low vacuum Everhart-Thornley detector.
This allowed us to minimize ice sublimation and reduced sample
damaging. Selected areas were subsequently imaged at high-vacuum
but at a low acceleration voltage of 2 kV and a very low beam current
of 17 pA in order to minimize charging of the uncoated samples.
With this approach, our samples were preserved and could be
imaged at −20°C, avoiding both temperature variations and reducing
as much as possible ice sublimation.

For option 2, small ice samples were transferred by means of
a commercial Leica VCT-100 liquid nitrogen cooled cryo-transfer
system that was mounted on a Zeiss Ultra Plus SEM. This cryo-SEM
was operated at 1.5 kV and at temperature of – 160°C). Again, we
used a homemade stage (Figure 3B) which allowed us to fix small
pieces of ice with one or several micro-screws. Due to the use of LN2
cooling, this method likely results in an alteration of the samples
because of ice recrystallization and higher difficulties of avoiding
moisture freezing at the sample surface during transfer. To test other
possible artefacts, we also used field-fixed samples that we refroze
at −20°C and subsequently imaged in cryo-mode at – 160°C on the
same Zeiss Ultra Plus SEM instrument.

2.4 Conventional imaging of melted
samples

We carried out conventional imaging of melted and redeposited
samples from light microscopic imaging all the way to high-vacuum
SEM imaging to compare with our new cryo-imaging modes.
Melted surface ice samples were drop-cast onto glass slides and
imaged using light microscopy (Leica WILD M3B stereoscopic
microscope). A droplet ofmelted surface ice samples fixedwith 2.5%
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FIGURE 3
Cryo-transfer holder designed to preserve ice samples frozen at −20°C during their transition from the climate-controlled room to the cryo-SEM
chamber, both at −20°C. (A) Cryo-transfer stage on which the ice samples to be imaged were secured through micro-screws (see red arrows) and the
shuttle for the Quanta 3D SEM/FIB, (B) Cryo-transfer stage for the Zeiss Ultra Plus microscope.

glutaraldehyde was dispersed on an Al stub, air-dried and coated
with 3 nm of carbon with a LEICA EM ACE600 vacuum coater
and imaged at room temperature and under high vacuum with a
conventional SEM (FEI Quanta 3D SEM, 20 keV).

3 Results

3.1 Hand-held microscopy: identifying
biological and inorganic particles in situ on
the ice prior to targeted sampling

Twelve different surface ice samples were imaged in situ on the
ice using the hand-heldmicroscopes.The images revealed noticeable
variations in ice surface topography, with ice crystal features
ranging from tens of micrometers to a few millimeters. In addition,
variations in the distribution of biotic and abiotic particulates
within the weathering crust were documented (Figure 4A). The
ice contained particle aggregates that consisted of a mixture
of what we assigned to be algae and minerals. Microscopy
images revealed ice crystal surfaces that were densely covered
by elongated, filamentous-like cells or aggregates of cells together
with more angular particles (Figures 4B–D). This imaging enabled
us to identify glacier ice algae through their characteristic rod-
like and filamentous shapes and their distinct deep purple to
brownish coloration. In addition, minerals were associated with
these filamentous cells formed aggregates or clumps (e.g., Figure 4D,
right). At the resolution of our in situ field deployable hand-
held microscopes (see also Supplementary Figure S1), although the
presence of filamentous glacier ice algae cells and of abiotic particles

was evident, a definitive identification and a clear differentiation was
not feasible. Furthermore, we often imaged aggregates that were too
compact to discern any internal configurations or arrangements.

3.2 Stereoscopic light microscopic imaging

The second step in our cryo-imaging workflow was the
observations of the same samples in the home laboratory and
using a stereoscopic microscope equilibrated at −20°C in a walk-
in freezer. We evaluated potential changes in the ice surface
during transport and handling. The obtained images (Figure 5)
uncovered unique features of the ice surface ecosystem that
were not discernible with the handheld microscopes. Notably,
a considerable proportion of the glacier ice algae formed chains
located on the edge of ice crystals, reaching out into the atmosphere
(Figure 5; Supplementary Figure S2; Supplementary Video S1).
Dense networks of filamentous algae that together formed ‘nets’
allowed entire chains of cells to remain suspended above the ice
crystal surfaces were discernible (Figures 5A–C). These intricate
networks appear to support larger structures, including mineral
particles and in some cases binding also spherical, larger snow
algae cells (Figure 5), the latter being recognizable by their spherical
shapes and red colors (Figure 5C; Supplementary Figure S2).
Another important observation in our light microscopic imaging
was the presence of a translucent, at times slightly yellow mesh-like
substance connecting these structures (Figure 5C). This seems akin
to the mesh structure often described for extracellular polymeric
substances (EPS, e.g., Dohnalkova et al., 2011; Neu and Lawrence,
2014) that bind cells and minerals together. However, we noted a
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FIGURE 4
On-ice imaged glacier ice algae captured with a hand-held, smartphone-connected Ninyoon 4K Microscope (magnification between 10 and ∼ ×150).
(A,B) Two different overviews of the ice crystal surfaces and interfaces covered by dark particles; (C) Zoomed image of the upper surface of an ice
crystal covered in glacier ice algae. The red arrow designates the upper face of the ice grain, covered in glacier ice algae. (D) Close-up of an ice crystals
surfaces displaying glacier ice algae and a snow algae cell (red). Red arrows indicate mineral particles. Further images
are shown in Supplementary Figure S1.

significant difference in size, with our net-like structures that stretch
up to 100-μm between anchored points.

Despite our meticulous efforts to maintain environmental
stability by setting the climate chamber to −20°C and limiting
the duration of the observations with the light microscope and,
thus, minimize light-induced heat exposure, some of the surfaces
of ice crystals that were exposed for ∼ 4 min to constant light
showed signs of partial melting (Supplementary Figure S3). This
melting was attributed to the small but progressive increase in
temperature of the stereoscopic microscope light source over
time. Consequently, samples that showed signs of melting were
excluded from further observation or from use for transfer and
further imaging with the cryo-SEM. Based on these observations
we suggest that continuous observation of natural ice samples
using cryo-stereoscopic microscopy should be limited to maximum
2 min of continuous light exposure to avoid changes in the
ice structure.

3.3 Cryo-scanning electron microscopic
(cryo-SEM) imaging

Keeping the temperature of all imaged samples at −20°C, the
cryo-SEM imaging enabled observation of microbes, ice crystals
and mineral particles on the surfaces of our ice samples with
barely any changes in our ice samples. The ice crystals were visible
as smooth surfaces with rough edges, that were often covered
with particles that were either biological cells - identified by
their elongated or rounded shapes–or angular mineral particles

(Figures 6A,B; Supplementary Figure S4). Additionally, we imaged
the above inferred EPS material documented in the cryogenic
stereoscopic light microscopy images (Figure 5). In the cryo-SEM
images, such EPS appeared as structured made up of strings, nets,
droplets and filaments (Figures 6C,D).

Cryo-SEM imaging further confirmed the prevalence of
glacier ice algae along ice crystal edges (Figures 6E,F), an
observation we had already noted in our on-ice in situ imaging
prior to sampling (Figure 4; Supplementary Figure S1) and in the
stereoscopicmicroscopic imaging of the returned samples (Figure 5;
Supplementary Figure S2). Multiple observations of different areas
in various ice samples revealed that when filamentous algal cell
chains, typically comprising between five to ten individual cells,
were present, only one or two cells of such a chain were directly in
contact with and attached to the ice crystal surfaces. The remaining
cells of a chain reached out into the void space above the ice
crystals. In addition, we often observed nets formed by such
filamentous chains of glacier ice algae. These nets often seem to
bind mineral particles and single, round snow algal cells together
(Figures 6E,G). This physical proximity among microorganisms
of different taxa was a recurrent observation (Figure 6H). The
main struggles we encountered during sample preparation led to
frost deposition on the ice surface (Supplementary Figures S5A,B)
and changes related to ice sublimation under vacuum conditions
(Supplementary Figures S5C,D). To evaluate the possible beam
damage to the algae due to prolonged beam exposure, we acquired
images of the same algae filaments several minutes apart over a
time frame of 20 min (Supplementary Figure S6) and our images
demonstrate that neither the algae nor their substrate were affected.
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FIGURE 5
Surface ice samples imaged inside a climate-controlled room at −20°C using a stereoscopic microscope (magnification up to ×400). (A) Overview of
edges of ice crystals covered by dark particles; (B) Detail image of the edge of the same ice crystal shown in (A), with glacier ice algae forming a net
reaching out over the ice crystal’s edge. Red arrows indicate red, round cells identified as snow algae among the net. (C,D) Glacier ice algae and
mineral aggregates covering and reaching over the edges of ice crystals. Red arrows in (C) indicate translucent, EPS-like material.

3.4 Comparing conventional and
cryo-imaging modes

Light microscopy observations of melted samples re-deposited
on glass slides revealed that, although glacier ice algae were present
and at times also in contact with mineral and other biological
aggregates (Supplementary Figure S7A), such a co-location is likely
accidental and a consequence of random re-deposition on the
glass slides (Supplementary Figure S7B). In addition, and in contrast
to our findings for the ice samples preserved and imaged in
their native frozen state, the glacier ice algae and the minerals
in the melted samples appeared mostly isolated as they lost their
coherence in the melted medium. We also compared conventional
SEM images of melted, fixed glacier ice surface samples with
our cryo-SEM images and the results revealed that in addition
to loosing co-localization, the cellular integrity was also lost,
as most cell membranes of snow and glacier ice algae were
affected by the high vacuum conditions of the conventional SEM
(Supplementary Figures S8A,C).This is in contrary to their perfectly
preserved 3D structures in our cryo-SEM workflow (Figure 6).
Importantly, in the melted and re-deposited samples it was not
feasible to assess the original relative localization between mineral
and biological particles, as these are affected by the sample
handling prior to the conventional scanning electron microscopic
observations. Thus, not surprisingly, such an approach does not

allow us to make any inference about the original 3D structure
and arrangements of the ice surface microbial communities. Finally,
we also compared/contrasted these conventional room temperature
SEM images with cryo-SEM observations of such melted and
glutaraldehyde-fixed samples that were subsequently refrozen at
−20°C. The images (Supplementary Figure S9) of the so treated
samples showed even clearer the compromised integrity of both the
snow and glacier ice algae cells.

4 Discussion

We present here a workflow for the imaging of glacier
ice surface samples in their natural, frozen state (Figure 7).
We documented how such a workflow can be used to image
microbes and minerals across different scales and how different
cryo-processes for sample handling and different imaging tools
can be combined for complementary cryogenic analyses. We
assessed the strengths and limitations of microscopic techniques
of progressively increasing magnification for imaging of ice-
bound algae-rich particulates, from hand-held microscopy
(Figure 4; Supplementary Figure S1; 50–150 ×) to stereoscopic
light microscopy (Figure 5; Supplementary Figure S2, 400 ×), to
high-resolution cryo-SEM (Figure 6; Supplementary Figure S4,
100 to 5,000 ×). Finally, we contrasted this new cryo-workflow
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FIGURE 6
Surface ice samples from the Greenland ice sheet imaged using a cryo-scanning electron microscope at −20°C (magnification up to ×5.000).
(A) Smooth ice crystal surfaces with sharp edges containing a mixture of cells and minerals indicated by red arrows. (B) Close up of (A) showing a
microbial hotspot, with glacier ice algae indicated with red arrows; (C,D) Net-like structures, indicated using red arrows, draped over and spanning in
between ice crystals and glacier ice algae; we attribute this structure to extracellular polymeric substances (EPS). (E,F) Filamentous glacier ice algae
(likely Ancylonema nordenskiöldii (Remias et al., 2012)) covering and reaching over the edge of ice crystals; in E the filaments are also interspersed with
small, angular mineral particles. (G) snow algae cells together with glacier ice algae filaments and minerals covering the ice surface (H) Hotspots of
cellular and mineral particle aggregates indicated by red arrows on crests or in dips between ice crystals.
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with images obtained using a series of non-cryo imaging
techniques (Supplementary Figures S7–S9).

Important to note is that such a workflow and observations
of microbes and minerals on ice surfaces are invariably also
fraught with notable challenges. Prime issues among these are
the need to maintain a constant temperature and humidity,
because variations during transport, processing and imaging of
ice samples can lead to recrystallization or new ice deposition
(Supplementary Figures S5A–C; Baker, 2019). We documented that
our workflow allows for samples to be preserved, transported and
imaged at a constant temperature of −20°C, and that we limited
variations in ambient humidity and thus preserved the integrity of
our samples (Figures 4–6). It is also important to remember that
when imaging natural ice sample with laboratory instruments, the
time between sampling and observation is kept to a minimum.
This time period, however, often depends on field logistics and safe
sample transport from the remote glacier or ice sheet sampling site
to the home-laboratory. Another significant challenge for imaging
ice surfaces in their natural state is the need to prevent new ice or
frost formation during sample transfer, in-between the field and the
home laboratory and in-between imaging techniques. Our images
demonstrated that we successfully used the pre-cooled, double-
sealed glass jars for sample collection and transfer in a −20°C freezer
to the home institution post collection. This allowed us to preserve
not just the sample orientation but also to keep the temperature
integrity and to minimize humidity changes, thus avoiding both
melting and frost deposition.Thenext steps that had to be controlled
was the transfer of samples in-between the various microscopic
imaging instruments. For example, transferring a sample imaged
inside the walk-in freezer at −20°C by light microscopy to the cryo-
SEMhad to also be donewith no loss in sample integrity. Our images
documented (Figure 6; Supplementary Figure S4) that by placing
a sample onto a sealed, −20°C pre-cooled Deben cold-stage for
the SEM (Figure 3), and by transporting this cold stage in a pre-
cooled box to the SEM microscope allowed us to avoid melting,
recrystallization, and humidity induced ice deposition. Specimen
coating is not usually needed for cryo-SEM imaging, yet the absence
of coating led sometimes to charging as documented through
the development of brighter patches on some of the imaged ice
structures (Supplementary Figures S4C, S5C,D, S6). Such charging,
combined with the sensitivity of biological structures and the
propensity of ice to melting due to electron impact and heating
(i.e., beam induced damage), can result in loss of image quality
and resolution. Nevertheless, imaging a sample under the SEM
beam in cryo-mode for less than 15–20 min and careful control
and maintenance of the cryo-stage temperature and of the
vacuum settings are all crucial steps that prevent melting or
sublimation of these specimens. Using our workflow, the ice
sublimation rate was acceptable to image morphology of snow
and glacier ice algae, ice crystals and mineral particles. These
results when compared with the images from melted surface
ice samples (Supplementary Figures S7–S9) underline the value
of our proposed cryo-workflow as an innovative approach to
investigate supraglacial microbial communities, preserving their
native frozen state for more accurate characterization. It is to
note that although the same ice samples were imaged using both
stereoscopic microscopy and cryo-SEM, identical areas could not
be consistently targeted due to the inherent limitations of each

technique. Stereoscopic microscopy enabled the visualization of
internal structures within the ice, while cryo-SEM provided high-
resolution images of the sample surface, making direct correlation
between specific regions challenging.

Our images document that our scale-spanning cryo-workflow
works well from on-ice in situ imaging and all the way to
high resolution cryo-SEM imaging. On-ice in situ imaging with
a hand-held microscope directly in the field is a practical and
cost-effective method (Figure 4; Supplementary Figure S1) and thus
highly advisable. Such imaging does not just deliver in situ
identification of the cryogenic algae and associated particles on the
original surfaces, but is a pre-requisite and facilitates subsequent
targeted sampling. Field microscopy allows for rapid, in situ
assessments of microbial communities without the need for sample
transportation or preparation, which is particularly crucial in
remote glacial environments. Additionally, field-based imaging
provides immediate ecological context, helping us to identify spatial
distribution patterns of microbial cells relative to melt features and
mineral particulates. However, field microscopy using smartphone-
connected, hand-held microscopes also have limitations when
imaging surface snow and ice. Their resolution is limited, they
lack variable dept focus capabilities and, when temperatures are
above freezing, imaging ice surfaces with such microscopes can
also lead to additional melting dur to continual exposure to the
bright microscope light source. Only imaging of frozen samples
with cryogenic stereoscopic light microscopy (Figure 5) and even
more so with cryo-electron microscopy (Figure 6) allowed us
to collect detailed observations on the spatial organization of
glacier ice algae, providing insights into biological, mineral, and
ice matrix substrate structures. The algae observed in our study
share morphological similarities with known supraglacial algal
taxa such as Ancylonema nordenskiöldii, that develop under the
form of filaments of assembled elongated cells and present a dark
pigmentation primarily due to the presence of purpurogallin (e.g.,
Remias et al., 2012; Halbach et al., 2025). Genomic analyses of
ice samples gathered at the same site during the same sampling
campaign confirmed the dominance of Ancylonema nordenskiöldii
and ofA. alaskanum (Halbach et al., 2025; Rossel et al., 2025). In this
way, it is possible to investigate possible ecological characteristics
of glacier ice algae as they interact with other biological agents or
minerals. The images acquired with the hand-held microscope as
well as the stereoscopicmicroscope have the advantage of visualizing
not just morphological features but also colours. Although both
thesemicroscopes are limited in resolution, combining observations
based on algal shapes and colour helps to further evaluate
habitat specific features. Nonetheless, stereoscopic microscopy with
cryogenic conditions of observation has its own drawbacks, in that
sample degradation can occurs after already a few minutes of light
exposure (Supplementary Figure S3). In addition, this approach is
far less user-friendly due to the necessity of observing samples in
a −20°C walk-in freezer room. Finally, cryo-SEM imaging, although
more time consuming and complicated in terms of sample handling,
is the most advanced and highest resolution approach in our
workflow and it can deliver excellent images and even analyses of
surface ice samples containing mixed biological and non-biological
particles in their native state. Combined with taxonomic knowledge
of glacier ecosystems from the literature (e.g., Lutz et al., 2014;
Anesio et al., 2017; Hoham and Remias, 2020; Hotaling et al.,
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FIGURE 7
Multi-scale workflow for visualizing glacier microbial communities in their native state using various cryogenic microscopy techniques from the on-ice
handheld microscopy in the field, through sample preservation and transport and all the way to the high resolution cryo-SEM imaging.
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2021), our cryo-SEM analyses enabled us to clearly distinguish
betweenmineral and biological particles, not just based on structure
and morphology but also on aggregation behaviour. It is however
noteworthy that regardless of the cryo-SEM approach used, we
were able to clearly differentiate not just the chains of glacier ice
algae as well as spherical snow algae, but we could image the
well-preserved structural arrangement between the algae, minerals,
and the ice crystals substrate. Although this was outside the scope
of this study, the cryo-SEM approach can also be used to verify
differences in chemical compositions of themineral types present on
ice surfaces by using Energy-Dispersive X-ray (EDX) spectroscopic
point analyses or mapping in cryo-mode.

The identification of EPS-like thin networks and agglomerated
glacier ice algae filaments in our images (Figures 5, 6) raises
the question of whether microbial life on ice forms biofilms.
While the existence of biofilm has been demonstrated in other
supraglacial habitats, through mostly macroscopic observations,
such as cryoconite granules (Smith et al., 2016), at melting snow-ice
interfaces (Lutz et al., 2014), or as macrostructures (Jaarsma et al.,
2023), their presence and formation on ice surfaces remain
underexplored. The documented localized and microscopic scale
aggregations of microbial cells and EPS in our work (Figure 6) is
relevant as it could play a role in surface adhesion and microbial
resilience, yet future investigations are needed to elucidate the
structural and functional dynamics of these microbial assemblages
under rapidly changing glacial conditions.

We documented that combining various cryo-imaging
approaches gives best images that aid our understanding the
ecology of supraglacial microbial communities. The on-ice field
observations allowed us to establish the presence of algal taxa on
ice surface samples (Figure 4). The subsequent stereoscopic light
microscopic and cryo-SEM imaging confirmed this but also revealed
that the algae were preferentially located on the edges of ice crystal
and most often extending away from the ice crystals into the air
(Figures 5, 6). We documented that only a fraction of the algal
chains was in direct contact with the ice crystals themselves. At
the time of sampling (dusk, when all surfaces are frozen), most
of the chains were not attached to the ice substrate but perched
into the air. We cannot determine if such a partial attachment
confers the glacier ice algae with any ecological advantages, such as
enhanced temperature regulation, increased solar radiation capture,
or effective wind dispersion (Harding et al., 2011). However, under
the ‘drier’ conditions of our dusk sampling, the positioning of the
algae perched on top the ice crystals may easier facilitate the aerial
dispersal.

Our samplingwas done at the end of the day, avoiding conditions
where the weathering crust was water saturated.We captured glacier
ice algae in their frozen state, providing a unique perspective on
microbial spatial arrangements on glacier surfaces. However, the
spatial patterning of microorganisms is highly variable during melt
days, which can record more than 10 cm surface melting on the
ablation zone. Although glacier ice algae were observed embedded
within the frozen ice matrix at the time of sampling, their metabolic
activity and nutrient uptake are likely dependent on transient liquid
water films that form during melt events. In consequence, further
work is needed to understand the arrangement of glacier ice algae
on ice crystals through ice melting.

5 Conclusion

We have detailed pathways for three-dimensional imaging
of frozen particle-rich ice samples from the field to the high
resolution of a cryo-SEM microscope. We highlight the advantages
and disadvantages of each approach for investigating localisation
and distribution of particles and interactions between microbes,
minerals and the ice substrate and tested and validated a workflow
on real surface ice samples from theGreenland Ice Sheet.We showed
how such multi-modal cryo-imaging approaches can significantly
advance our knowledge of glacier ecosystems.
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