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Abstract. Snow algae are psychrophilic and psychrotoler-
ant photosynthetic microorganisms found on every conti-
nent, predominantly in polar and alpine environments. Along
with contributing to terrestrial carbon cycling and food webs,
colourful snow algal blooms formed on snow surfaces can
substantially reduce albedo and accelerate snowmelt. Despite
their ecological importance, the mechanisms governing snow
algae motility and migration within snow remain poorly un-
derstood. This review synthesises current knowledge of snow
algae migration, spanning microscopic cell-level motility
to macroscopic population-level redistribution within snow-
packs. We consider snow algae as biologically active parti-
cles within the framework of active matter physics, exploring
their non-equilibrium dynamics and self-propelled motion
in response to environmental stimuli. Particular attention is
given to directional behaviours in response to light, temper-
ature and chemical gradients, gravity and fluid flow. Where
data gaps exist, we draw parallels from studies on a model
motile microalga, Chlamydomonas reinhardtii. Finally, we
identify key knowledge gaps and highlight future research
directions, with implications for understanding cryosphere
processes, microswimmer tactic behaviour, and the develop-
ment of emerging biotechnologies.

1 Introduction

Snow algae, which give rise to the terms blood snow and
watermelon snow, are visually striking and ecologically sig-
nificant photosynthetic microalgae (Fig. 1). Found on every

continent, primarily in polar and alpine environments (Du-
val et al., 1999; Remias et al., 2005), these keystone primary
producers act as terrestrial carbon sinks (Gray et al., 2020),
facilitate nutrient cycling (Sommers et al., 2026), influence
microbial community dynamics (Brown et al., 2015; Tucker
and Brown, 2022), and provide nutrition for higher organ-
isms (Ono et al., 2021; Sugden et al., 2025). Through a re-
duction in albedo, snow algae can accelerate snow melt rates
(Ganey et al., 2017; Khan et al., 2021; Roussel et al., 2024;
Thomson et al., 2025), potentially contributing to shifts in lo-
cal hydrology (Hoham and Remias, 2020). Snow algal pro-
liferation is linked to meltwater presence and the subsequent
release of nutrients (Hoham and Ling, 2000; Hoham and
Mullet, 1977). How these relationships may respond under
future climate change scenarios remains an important ques-
tion and requires further investigation. Despite snow algae’s
global significance, the mechanics behind how they actively
migrate through complex, porous and evolving snowpacks,
their primary habitat, remains poorly understood.

Partly due to their psychrophilic (optimum temperature
range of 0–10 °C) and psychrotolerant (tolerate temperature
ranges up to ∼ 20 °C) nature (Gonzalez et al., 2026; Ho-
ham, 1975; Moyer et al., 2017; Suzuki et al., 2023), snow
algal communities are attracting attention from the agri- and
biotechnology sectors for potential outdoor cultivation in
low-temperature climates (Hulatt et al., 2017; Leya et al.,
2009; Schoeters et al., 2022), where their growth reduces
or eliminates the energy input typically required to main-
tain optimal temperatures for mesophilic species. Taxa such
as Sanguina sp. (Procházková et al., 2019) are rich in the
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Figure 1. Surface snow algal blooms in Antarctica. (a) A surface green algal bloom, Ryder Bay, Antarctic Peninsula. Photo credit: Matthew
Davey. (b) Surface red and green snow algal blooms, Antarctic Peninsula. Photo supplied by the National Snow and Ice Data Center,
University of Colorado, Boulder. Photo credit: Bob Gilmore.

red keto-carotenoid astaxanthin (Davey et al., 2019; Leya,
2022) – a high value pigment within nutraceutical and aqua-
culture industries (Novoveská et al., 2019). Snow algae are
also being explored as candidate livestock feed supplements
(Saadaoui et al., 2021). Additionally, the motility of microal-
gae in porous media has facilitated advances in medical tech-
nology, specifically pertaining to medical nanorobotics in tar-
geted drug delivery using phototaxis (motion in response to
light) and magneto-taxis (motion in response to a magnetic
field), with applications for cancer treatment (Zhang et al.,
2022, 2024).

Motile microalgae, including many species of snow al-
gae, are considered self-propelled Brownian particles, falling
under active matter (a class of non-equilibrium soft mat-
ter), whose motion, unlike most other particles’, cannot
be explained solely by equilibrium physics. Instead, their
behaviours must be understood within a non-equilibrium
physics framework as they harness energy from their envi-
ronment and convert it into directed motion (Bechinger et al.,
2016). Active particles derive propulsion from biological,
chemical, or physical processes, and exhibit emergent col-
lective behaviours on macroscopic scales (e.g. bioconvection
patterns) (Barsanti et al., 2025; Elgeti et al., 2015). Motile
microalgae propel themselves through flagellar-beating, a bi-
ological process where adenosine triphosphate (ATP) is con-
verted into adenosine diphosphate (ADP) which releases us-
able energy to power the alga’s flagella via microtubule slid-
ing (Chen et al., 2015; Mitchell et al., 2005). The aforemen-
tioned propulsion process can be contrasted with synthetic
active particles such as catalytic Janus particles, which self-

propel by catalysing chemical reactions on one of their two
differently coated hemispheres. This reaction generates lo-
cal concentration gradients in the surrounding fluid produc-
ing an uneven distribution of molecules around the parti-
cle, leading to interfacial pressure differences that drive its
motion (Ebbens and Gregory, 2018). Mechanisms such as
this one which enable microscopic particles to be propelled
within a fluid without externally applied fields are called self-
diffusiophoresis (Ganguly et al., 2023).

Although active matter is a rapidly expanding area of
study in theoretical and experimental physics, its biologi-
cal and environmental applications remain largely underex-
plored. Snow algae therefore offer a unique opportunity to
study active matter in a natural complex and porous environ-
ment, snow.

This review focuses on the motility mechanisms of snow
algae and their migration within snowpacks at both macro-
scopic (e.g. centimetre) and microscopic (e.g. micron) scales.
Particular emphasis is be placed on directional responses
(taxes) to environmental stimuli, including phototaxis, move-
ment in response to a light gradient (Bendix, 1960; Jékely,
2009); chemotaxis, movement in response to a chemical
gradient (McCutcheon, 1946); gravitaxis, movement in re-
sponse to gravitational forces (Häder and Lebert, 2001); gy-
rotaxis, movement resulting from a combination of gravita-
tional forces and viscous torque in a fluid (Timm and Okubo,
1994); and thermotaxis, movement in response to a temper-
ature gradient (Sekiguchi et al., 2018). Although snow algae
species are the focus of this review, data gaps exist, particu-
larly in relation to motility in response to environmental stim-
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uli. Where data are deficient, we draw parallels based on taxis
behaviours of the freshwater species Cd. reinhardtii (Rol-
land et al., 2009) – a well studied model motile microalga.
Cd. reinhardtii although more commonly written as C. rein-
hardtii, will be written as such for the purpose of distinguish-
ing between multiple genera beginning with the same letter.

2 Snow algae physiology and taxonomy

The term snow algae covers a broad range of microalgal
species and strains (Hoham and Remias, 2020). Historically,
one of the most extensively documented species of snow
algae was classified as Chlamydomonas nivalis (e.g. Duval
et al., 1999; Weiss, 1983; Zheng et al., 2020). Prior to the
widespread availability of DNA barcoding, the majority of
red and green, spherical snow algal cells were assigned to
Cd. nivalis based on visual morphology. Many algae which
were previously classified as the original Cd. nivalis have
since been shown to be genetically differentiable, leading
the Chlamydomonas genus to be recognised as polyphyletic
(Matsuzaki et al., 2015; Engstrom et al., 2024; Procházková
et al., 2019; Raymond et al., 2024). Polyphyly is where a
group of organisms are deemed to have multiple distinct an-
cestral groups as opposed to a single common ancestor, mak-
ing it no longer appropriate to classify them in the same tax-
onomic group; a genus in the case of Cd. nivalis.

In recent years, two novel genera, Rosetta (Engstrom et al.,
2024) and Sanguina (Procházková et al., 2019), have been
characterised, expanding the known diversity of snow algal
taxa associated with red snow blooms. These blooms are now
recognised to be primarily associated with several genera, in-
cluding the aforementioned Rosetta and Sanguina as well as
Chlainomonas (Novis et al., 2008), Chloromonas (Matsuzaki
et al., 2019) and Limnomonas (Tesson and Pröschold, 2022),
in no particular order.

Snow algae species can also be responsible for cre-
ating yellow/golden-brown, orange and green blooms in
snow, for example Kremastochrysopsis austriaca and amer-
icana (Remias et al., 2020) can create yellow blooms,
Chloromonas krienitzii (Procházková et al., 2020) can cre-
ate orange blooms and Chloromonas kaweckae (Procházková
et al., 2023) green blooms. The colour of a snow algal bloom
depends on cyst maturity and the astaxanthin to chlorophyll-
a ratio present within the cells (Procházková et al., 2020);
impacts on snow albedo and melt rate have been shown to
differ amongst snow algal bloom colours (Khan et al., 2021).
Astaxanthin is an antioxidant which provides algal cells with
protection from damage brought on by intense solar radiation
and oxidative stress at the snowpack surface (Gorton et al.,
2007), not necessarily specific protection from ultra-violet
radiation as once thought (Ezzedine et al., 2023).

Additionally, although there are species of non-motile psy-
chrophilic and psychrotolerant snow algae which can be
found in algal blooms on snowpacks (e.g. Chlorella sp.)

(Davey et al., 2019; Souliès et al., 2016), this review will fo-
cus on motile snow algae with biflagellated and quadriflagel-
lated stages e.g.: Chloromonas typhlos, Chlainomonas rubra,
Limnomonas spitsbergensis and Sanguina nivaloides.

2.1 Use of flagella

Motile microorganisms, sometimes referred to as mi-
croswimmers, have evolved a range of methods of self-
propulsion, including flagellar action typically involving the
waving or breast-stroke like motion of flagella (Pedley and
Kessler, 1992), which are elongated structural extensions to
the cell (the appendages attached to the cell bodies in Fig. 2).
The motile snow algae focused on in this review are biflagel-
lated, meaning they have two flagella (Raymond et al., 2022).

Motile algal cells of the same species can be identified by
the distinct gait that they exhibit due to factors such as the
symmetry of their flagella and the fibres which attach the
flagella to the basal body (Wan and Goldstein, 2016). For ex-
ample, the model species Cd. reinhardtii has two physically
symmetric flagella. The flagella’s basal apparatus is struc-
tured so that it results in a non-planar, three-dimensional,
flagellar beat (Wilson and Bees, 2025). Flagellar beating has
been proven to be critical to phototactic response in Cd. rein-
hardtii (Wang et al., 2026) and is hypothesized to be rele-
vant to other tactic responses, although this has not yet been
proven. This, combined with the flagella having different
phases, controls Cd. reinhardtii’s helical swimming pattern
(Cortese and Wan, 2021). Microalgae can also have morpho-
logically asymmetric flagella. Golden snow algae from the
genus Hydrurus such as H. nivalis and H. svalbardensis have
physically asymmetric flagella, one long and one very short,
only a fraction of the size of the other (Procházková et al.,
2026), though little is known about Hydrurus’s swimming
pattern as many of the species have only recently been char-
acterised.

This motility enables the microalgae to navigate com-
plex environments such as snow, where their movement is
heavily influenced by fluid dynamics, interactions with the
medium’s structure, and external stimuli. Understanding mi-
croalgal movement therefore requires consideration of the
hydrodynamic regime within which microalgae operate.

In fluid mechanics, the Reynolds number (Re) is used as
a dimensionless parameter to characterise the relative impor-
tance of inertial and viscous forces and to predict whether
a flow will be laminar (viscous forces are dominant, Re�
1) or turbulent (inertial forces are dominant, Re� 1). For
swimming microalgae in a fluid, Reynolds numbers are ex-
tremely low due to their small size, meaning that inertial
forces are negligible compared to viscous forces. A Reynolds
number is denoted by:

Re =
ρLu0

µ
(1)
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Figure 2. Images taken of cryophilic microalgal species using a scanning electron microscope. WD=Working Distance, BI=Beam Inten-
sity, MAG = Magnification. (a) Chlorominima collina cell. The microalgal cell has two flagella that it uses to swim. Culture ordered from
the Culture Collection of Algae and Protozoa: CCAP 6/1. Strain isolated from Collins Glacier, King George Island, South Shetland Islands.
WD: 9.97 mm, BI: 7.00, SEM MAG: 12.7 kx. Photo credit: Caitlin de Vries. (b) Limnomonas sp. cell. The microalgal cell has two flagella
that it uses to swim. Culture ordered from the Culture Collection of Algae and Protozoa: CCAP 6/3 (Davey et al., 2019). Strain isolated
from Rothera Point, Ryder Bay, Adelaide Island, Antarctic Peninsula. WD: 10.00 mm, BI: 7.00, SEM MAG: 10.5 kx. Photo credit: Caitlin
de Vries.

where ρ is fluid density, L is the characteristic length of the
flow, which one can assume is the length of the algal cell
body,µ the dynamic viscosity of the fluid and u0 is the swim-
ming or flow speed.

For a contextual example using the model algal species
Cd. reinhardtii, assuming a mean swimming speed of u0 ≈

130 µm s−1 (Guasto et al., 2010), a cell length L≈ 10 µm
(Marshall, 2024), water density ρ ≈ 1000 kg m−3 and dy-
namic viscosity µ≈ 10−3 kg m−1 s−1, the Reynolds number
is calculated as:

Realga =
(1000kg m−3) · (10× 10−6 m) · (130× 10−6 ms−1)

10−3 kgm−1 s−1

≈ 1.3× 10−3

For an average human swimmer in the same environment
(L≈ 1.7m, u0 ≈ 1 ms−1):

Rehuman =
(1000kgm−3) · (1.7m) · (1ms−1)

10−3 kgm−1 s−1
≈ 1.7× 106

The Reynolds number corresponding to the human swim-
mer is roughly 109 times larger than that of the alga. In the
case of the alga, viscous forces dominate and for the human
swimmer, inertial forces dominate (Freund et al., 2012). The
high ratio of viscous to inertial forces makes it difficult for
microalgae to use the symmetrical swimming strategies em-
ployed by larger organisms like humans. For swimmers with
low Reynolds numbers like microalgae, due to negligible in-
ertial forces, reciprocal or symmetrical strokes are rendered
ineffective for propulsion and produce no net motion. In-
stead, algae have evolved unique swimming techniques, such

as the use of a helical flagellum and whip-like motions to
navigate their environments effectively (Elgeti et al., 2015).

3 Migration within a snowpack

3.1 Snow

The structure of a snowpack, shaped by the arrangement and
size of individual snow crystals, plays a key role in deter-
mining how motile algae navigate and colonise its intersti-
tial spaces. Snow crystals primarily form when water vapor
condenses onto tiny foreign particles, typically around one
micron in size, known as cloud condensation nuclei, which
include dust, sea salt, soot, pollen, and bacteria (Sturm,
2020). This process occurs in a supersaturated atmosphere.
Although the unit cell structure of ice is tetrahedral due to
the 104.5° angle of oxygen-hydrogen covalent bonding at the
molecular level, snow crystal’s hexagonal symmetry arises
from the way the molecules stack together in a repeating pat-
tern, creating a six-sided crystal lattice. Snow crystals will
take on different morphologies e.g. dendrites, plates, needles
or columns depending on the climatic and meteorological
conditions under which they grow (Libbrecht, 2001).

Snow crystals fall to the ground and accumulate to form
snowpacks. Within these snowpacks, the crystals undergo
continuous metamorphic changes driven by variations in
pressure and temperature gradients. As a result, the struc-
ture of the snowpack evolves over time and varies spatially
throughout its depth. During this process, bonds develop be-
tween individual snow crystals through the exchange of wa-
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Figure 3. In-situ photography of red snow algae cells within the
snowpack, Robert Island, Antarctica (Thomson et al., 2025). Photo
credit: Andrew Gray.

ter between vapour and solid phases. Low temperature gra-
dients produce rounded snow crystals when the temperature
gradient is∼≤ 1 °C per 10 cm, while high gradients∼≥ 1 °C
per 10 cm create faceted ones (Libbrecht, 2019; Srivastava
et al., 2010). Rounded crystals are commonly found in the
upper portions of the snowpack. At the base, specifically un-
der high temperature gradient conditions, repeated sublima-
tion and recrystallisation will form large depth hoar crystals.
In melting snow, where snow algae thrive, water films form
around and between crystals, binding them into clusters.

Common snow algae species such as C. typhlos, Chl. col-
lina, S. nivaloides and S. aurantia fall into a size range
of approximately 5–40 µm in length (Gálvez et al., 2021;
Procházková et al., 2019; Remias et al., 2005). Individ-
ual snow crystals typically range from < 0.5 to 3 mm, de-
pending on crystal type (e.g. rounded crystals are smaller,
while depth hoar crystals are larger) (Ishizaka, 1993; Mät-
zler, 2002), making snow crystals up to three orders of mag-
nitude larger than the microalgae navigating around them, as
seen in Fig. 3.

Fresh snow reflects more than 90 % of incoming visi-
ble radiation, making it the most reflective natural surface
on Earth. Consequently, snow albedo represents one of the
cryosphere’s most significant influences on Earth’s climate
(Almela et al., 2025). The albedo of freshly fallen snow is
∼ 0.85, a unit-less measure of the fraction of incident solar
radiation reflected by a surface (i.e. the ratio of upwelling to
downwelling short-wave radiation) (De Vrese et al., 2021),
described by the equation:

α =
S↑

S↓
, (2)

where α is the albedo, S↑ is the upwelling (reflected) solar
radiation, and S↓ is the downwelling (incoming) solar radi-
ation (Sandells and Flocco, 2022). From this, the amount of

Figure 4. Sub-surface green and red snow algae blooms, Ryder Bay,
Antarctic Peninsula. Photo credit: Matthew Davey.

solar radiation absorbed by the surface, Snet, is:

Snet = (1−α)S↓ (3)

Radiative forcing associated with snow arises from
changes in the surface energy balance caused by reductions
in snow albedo. This occurs through enhanced absorption of
solar irradiance as the snow surface is darkened by light-
absorbing particles, including snow algae, dust, and black
carbon (Skiles et al., 2018).

3.1.1 Microalgal migration in a snowpack at the
macroscopic scale

At the macroscopic scale, microalgal migration within snow-
packs reflects the combined influence of environmental gra-
dients, dispersal processes, and seasonal dynamics, shaping
both the spatial distribution and timing of blooms. An orig-
inal overview by Hoham and Duval (2001) described snow
algae participating in a cyclical process where they overwin-
ter as dormant cysts on a summer snowpack surface and/or
the soil-snowpack interface. Current knowledge suggests that
with the onset of spring snow melt, the cysts germinate into
green, motile flagellated cells which respond to spring melt-
water, light and the subsequent release of nutrients by mi-
grating upward toward the newly accumulated snow surface
formed during autumn and winter, as shown in Fig. 4. At
the snow surface, or from another environmental cue, the
microalgae transform into non-motile cells once again, ap-
pearing in colours including green, yellow, gold, orange and
red. There is evidence for this lifecycle in the Chloromonas
genus (e.g. Rea and Dial, 2024; Schuler and Mikucki, 2023),
as well as a similar lifecycle in the Chlainomonas genus
(though habitat specific in a snowy lake environment) (Mat-
sumoto et al., 2024), but it has been only theorised for other
algae genera and species.

Snow algae have been shown to reduce snow albedo
up to 44 % (Ganey et al., 2017; Lutz et al., 2016).
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Khan et al. (2021) quantified how differently coloured snow
algal blooms influence snow albedo in the Antarctic Penin-
sula using field observations, spectral reflectance measure-
ments, and pigment analysis. Compared to a control site
without visible algae (0.85± 0.043), albedo was substan-
tially reduced in algae-covered areas: 0.44± 0.12 for green-
dominated sites, 0.65 ± 0.09 for red-dominated sites, and
0.58± 0.064 for mixed communities. This corresponds to an
approximate 40 % reduction in snow albedo caused by green
algal blooms and a 20 % reduction in snow albedo caused by
red, with red communities also absorbing more light per unit
pigment, particularly in the green wavelengths.

The temporal aspect of snow algal migration and lifecycle
in Chlamydomonas and Chloromonas species has been de-
scribed by Kvíderová (2010), having found snow algae at a
study site in the Giant Mountains, Czech Republic to com-
plete their entire lifecycle within a snowpack in a span of
several weeks. Roussel et al. (2024) reported that the forma-
tion of red algal blooms (when snow algal cells reach their
non-motile, red cyst phase on a snowpack surface) in the Eu-
ropean Alps requires the presence of liquid water throughout
the whole snow column for at least 46 d. One would hypoth-
esise that this value would differ for differing species.

Liang et al. (2025) used high-resolution Sentinel-1 and
Sentinel-2 satellite data to examine relationships between
temperature, melt patterns, and snow algal biomass. Their
multi-year analysis showed that algal biomass peaks about
two months before maximum melt and temperature, likely
because algae emerge early in the melt season when warming
creates interstitial water for growth. The study also found that
inconsistent intraseasonal temperatures hinder bloom devel-
opment.

To investigate life cycle linked migration, during summer,
Rea and Dial (2024) applied a bleach-containing mat to the
surface of a subsection of an Alaskan ice field snowpack
colonised by snow algae. Cell abundance beneath the mat,
in the untreated areas surrounding the mat, and at a distant
control site was measured the following summer after the
treatment. The researchers defined two pathways for algae to
recolonise the snow each year: active resurfacing and passive
dispersal. Active resurfacing was hypothesised to occur when
algal cysts germinate at the bottom of the snowpack entering
the green motile phase in response to light and nutrient gradi-
ents, then transforming into non-motile, red cysts once again
on top of the snowpack, dividing clonally (exhibiting mitosis
and reproducing a genetically identical daughter cell). Pas-
sive dispersal was described as algal cells being introduced
through passive transportation methods such as wind, wa-
ter and birds. The authors concluded that at the peak of the
growing season actively resurfacing cells were responsible
for 65 % of microalgal surface abundance and that passive
dispersion accounted for the remaining 35 %. The authors
stated that no effort was made to classify the cells beyond
being members of the Chlamydomonadaceae family.

Figure 5. A visualisation of the distribution of liquid water in snow
with a high liquid water content, taken from Brzoska et al. (1998).

These findings are consistent with Roussel et al. (2024),
where Sentinel-2 satellite data from the European Alps dis-
played red algal blooms that persisted in environments where
the ground was not permanently frozen. This pattern is no-
table in light of evidence that S. nivaloides cysts irreversibly
lose photosynthetic capacity when exposed to −5 °C (Ezze-
dine et al., 2023; Roussel et al., 2024). Although the rela-
tionship remains speculative, inhibited photosynthetic abil-
ity would presumably impact upwards swimming behaviour
motivated by phototaxis. If the active resurfacing pathway is
curtailed, bloom dynamics should be similarly impacted.

3.1.2 Microalgal migration in a snowpack at the
microscopic scale

On a microscopic scale, snow algae have been thought to
inhabit the quasi-liquid layer (Grinde, 1983), a thin film of
liquid water that surrounds snow crystals and persists at sub-
zero temperatures, forming on the crystal surface within ap-
proximately 20 Kelvin of the melting point (Yasuda et al.,
2024). This naturally raises the question of whether algae are
able to actively swim within this layer. Early observations
that appeared to support this idea were reported by Wergin
et al. (1996), who examined metamorphosed snow crystals
transported from remote regions in the United States. They
identified structures thought to be red snow algae spores lo-
cated just beneath the uppermost water film on the crystals,
which could be revealed by etching away a few microns of
ice from the surface.

However, the physical structure of liquid water within
snowpacks may limit this possibility. In non-melting snow,
the liquid water content is typically around 4 %–5 %. Due to
surface tension, approximately 80 % of this water is held in
menisci which form at contact points between snow crystal
grains (Fig. 5) (Brzoska et al., 1998). The remaining 20 %
exists as a quasi-liquid layer coating the snow crystals.
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This quasi-liquid layer is extremely thin, ranging from
only a few molecular layers (∼ 0.37 nm per layer; Sazaki
et al., 2012) up to around 10 nm as temperature increases
(Slater and Michaelides, 2019; Yasuda et al., 2024). In con-
trast, motile snow algae cells in their flagellated phase are
several orders of magnitude larger, typically measuring 6–
20 µm (Gálvez et al., 2021; Procházková et al., 2019; Remias
et al., 2005), and up to 40 µm for species in some larger
genera such as Chlainomonas (Matsumoto et al., 2024). The
large size disparity suggests that active microalgal swimming
behaviour within the quasi-liquid layer is unlikely. Instead, it
may help explain why snow algae migration and bloom de-
velopment tend to peak during snowmelt, when larger, inter-
connected water channels form that are sufficient to support
cellular movement.

Ezzedine et al. (2023), using X-ray tomography at
a µm resolution and focused-ion-beam scanning-electron-
microscopy, observed field samples of S. nivaloides and
found that dormant red cysts from this species were only
present in the liquid water fraction of the snowpack, none
appearing within the ice grain cores. These findings contrast
with those of Ono and Takeuchi (2025), who reported that
non-motile snow algal cysts were not transported through
meltwater channels between snow crystals during daylight
hours when snowmelt and channels of liquid water would
have likely occurred. It is possible that Ono and Takeuchi
(2025) were focused on migration at a macroscopic scale,
with their most shallow samples being taken three centime-
tres from the snowpack surface, whereas Ezzedine et al.
(2023) were doing up to a subcellular resolution of sample
investigation. This could mean that there was potentially cell
transport from percolation and cells present in liquid chan-
nels occurring in both studies, just not reported at a fine
enough resolution for comparison purposes in the (Ono and
Takeuchi, 2025) study. Additionally, the difference in find-
ings could be related to potential melt and refreezing during
sample transport during the Ezzedine et al. (2023) study. Or,
lastly, the difference could also relate to the timescales of the
studies or the environment that the microalgae were observed
in, which could modify the microstructure of the snow, as we
continue to discuss below.

Preferential flow paths within snowpacks form channels
with flow velocities which have been observed to have speeds
between 12 and 30 mm s−1 (Wakahama, 1968). The now
polyphyletic snow alga Cd. nivalis, has a reported mean
swimming speed of 0.061 mm s−1, negligible in comparison
(Hill and Häder, 1997). However, snowpacks may not always
support flow.

The characteristic viscous diffusion timescale τ , which de-
termines how quickly momentum diffuses across a channel
of width L, is given by:

τ ∼
L2

ν
(4)

Figure 6. A diagram of water channels within a snowpack, where
L1<L2. Water flowing in the narrower channel (L1) has a shorter
viscous diffusion timescale than water flowing in the wider channel
(L2). Created in BioRender (de Vries et al., 2026a).

where L is the width of a channel of flowing liquid within
the snowpack (Fig. 6) and ν is the kinematic viscosity of the
melting snow and ice. Here ν = µ/ρ, whereµ is the dynamic
viscosity of the melting snow and ice and ρ is its density.

This quantity measures how quickly momentum is trans-
ported through the action of viscosity from the boundaries
towards the centre of a channel. This indicates that in nar-
row channels or high-viscosity regions, the timescale τ can
be long, and snowpack flow may be effectively stagnant on
the timescale of algal swimming. Wider channels are able
to support sustained, fast-moving water, as momentum diffu-
sion from the boundaries occurs over short timescales. Con-
sequently, microalgae within these channels are likely to be
passively transported by advection rather than actively swim-
ming against the flow (however, swimming may still play a
role due to cell rotation by shear and gravity, see Sect. 4.4 on
gyrotaxis). When snow becomes fully saturated with liquid
water, such as in capillary zones that form above imperme-
able layers like ice, water movement becomes negligible as τ
is very small (τ ∼ 1 s for a 100 µm-wide channel filled with
water). These zones can reach thicknesses of up to approx-
imately 20 cm (Coléou et al., 1999), providing an environ-
ment in which microalgae can move independently of bulk
water flow (Bischoff, 2007). However, the limited thickness
of these saturated regions suggests that additional transport
must explain the presence of snow algae at greater heights
within deeper snowpacks (Schuler and Mikucki, 2023).

Snow algae can also enhance their opportunity for migra-
tion through interfacial pre-melting. Interfacial pre-melting
occurs when an active particle or organism is embedded
within a host solid, such as ice, near its bulk melting tem-
perature, where surface intermolecular forces induce the for-
mation of a thin melted film at the interface of the par-
ticle and the host (Baran et al., 2025; Vachier and Wett-
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laufer, 2022). The thickness of the film around the active
particle (e.g. snow algae) is dependent on temperature, im-
purities, material properties and geometry. This pre-melting
also contributes to thermal regelation, which is the lower-
ing of the melting point of a substance under pressure, and
refreezing once this pressure is reduced. For example, as
the ice or snow pre-melts against the algal cell, the impo-
sition of a temperature gradient will cause the particle to
move by a process of melting and refreezing. The alga will
continue migrating towards comparatively warmer areas in
the solid due to pressure differences caused by tempera-
ture gradient, the warmer areas experiencing lower pressure
(Kreimer, 2009). Active particles such as biota have also
developed unique survival strategies when trapped in ice,
such as producing exopolymeric substances and antifreeze
glycoproteins which increase interfacial melting, enhancing
their motility and survival ability in harsh, icy conditions e.g.
Meiners et al. (2003); Riedel et al. (2006). It has also been
shown that motile microalgae in the genus Chlamydomonas
can produce ice-binding proteins (Raymond and Morgan-
Kiss, 2017), which bind to the surfaces of ice crystals and
hinder their growth (Bar Dolev et al., 2016). Particle bio-
locomotion can also be directed by nutrient availability in
ice and snowpacks. Therefore, bio-enhanced thermal regela-
tion and chemically directed bio-locomotion work together
to govern algal motility in ice and snow (Vachier and Wett-
laufer, 2022).

4 Tactic behaviour

Tactic behaviour is a bias in swimming direction towards or
away from a stimulus of biological, chemical or physical ori-
gins. For snow algae, these taxes in combination govern the
cell’s movement. We can model this using an agent based
model, following what has been done for other algal species
(Ishikawa et al., 2025). From the perspective of a cell, the
following are equations of motion describing the orientation
dynamics influenced by taxes.

The algal cell position evolves according to:

dx
dt
= u+ vsp. (5)

where u(x, t) ∈ R3 is the local velocity of any flow in the liq-
uid layers within the snowpack, x(t) ∈ R3 denotes the algal
cell’s position, p(t) ∈ R3 is its orientation unit vector, and vs
is the constant swimming speed.

The algal cell’s change in orientation with respect to time
is given by:

dp
dt =

1
2B [k− (k ·p)p] (Gravitaxis term)

+α(I)[p× (β1d̂`+β2∇I )]×p (Phototaxis term)
+

1
2 ω×p (Flow term)
+χ(c,∇c) (Chemotaxis term)
+η(T ,∇T ) (Thermotaxis term)
+ξ(t)×p (Rotational noise term)

(6)

Here, the first term denotes gravitactic reorientation, with
timescale B, towards the vertical direction denoted by the
unit vector k ∈ R3. We see that when k = p, there is no con-
tribution to the reorientation due to gravitaxis: cells swim
upward (Pedley and Kessler, 1992). The second term de-
notes phototactic reorientation. We write this in the general
form of a linear combination of reorientation toward direc-
tion of the light, with intensity I , given by the unit vector
d̂` =

∇I
|∇I |
∈ R3 and reorientation in response to the intensity

gradient ∇I (Williams and Bees, 2011a). Here β1 and β2
are constants and α(I) is a general function of light inten-
sity I . If β1 = 0, phototactic reorientation will stop when p
is aligned with the intensity gradient, while if β2 = 0, cells
will no longer reorient when p is aligned with d̂`. The third
term in Eq. (6) models reorientation by a flow with vortic-
ity ω ∈ R3. For simplicity we here assume cells are spherical
and ignore their ellipsoidal shape; the effect of the flow for
nonspherical cells can be modelled using a rate of strain ten-
sor (Pedley and Kessler, 1992). The combination of the first
and third term is known as gyrotaxis, which will be described
in Sect.4.4. The fourth term models reorientation by chemo-
taxis, expressed by a general vector function χ(c,∇c), where
c is a concentration of chemoattractant/chemorepellant and
∇c is its gradient. Similarly, reorientation by thermotaxis, is
given by η(T ,∇T ), where T is the temperature of the local
environment and ∇T its gradient. These taxes are expressed
as general vector functions because they have not been math-
ematically modelled and remain, to the best of our knowl-
edge, not well understood in microalgae, snow or otherwise.
Understanding them may, in analogy with other microorgan-
isms, involve spatial or temporal sensing, memory and adap-
tation (Othmer et al., 2013; Tan and Chiam, 2018). The final
term models the reorientation of the cell due to noise, e.g.
due to stochasticity in the flagellar beat (Wan and Goldstein,
2016). Lastly, ξ(t) ∈ R3 is a 3D Gaussian white noise vector.

In addition to the assumptions mentioned, we should high-
light that the agent based modelling framework above as-
sumes that there is no coupling between taxes. An alternative
approach to modelling populations of swimming microalgae
is via continuum models, where differential equations for the
probability density P(x, t) of finding microalgae at position
x and time t are solved to evaluate the distribution of algae in
space and time. We will not review these models here, but we
refer the reader to the literature: Desai and Ardekani (2017);
Pedley (2026); Pedley and Kessler (1992).

The following subsections examine what is known of each
of the taxes listed in Eq. (6).

4.1 Phototaxis

Phototaxis is the movement of organisms in response to
light stimuli. Positive phototaxis occurs when an organism
migrates towards a light source, and negative when away
(Bendix, 1960). It is a key behavioural trait in many snow
algae (Détain et al., 2025). One of the most studied algae
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with regards to phototaxis is the freshwater microalga Cd.
reinhardtii, with a recent review covering the details of this
species’ phototactic behaviour (Ishikawa et al., 2025). Like
other microalgae, some snow algae exhibit positive photo-
taxis under low to moderate light intensities, enabling move-
ment toward light sources to optimise photosynthesis (Détain
et al., 2025). However, when light intensity exceeds a criti-
cal threshold, negative phototaxis is exhibited. For example,
Ono and Takeuchi (2025) observed motile snow algae at the
snowpack surface switching to negative phototaxis when so-
lar radiation reached approximately 170 W m−2. This shift
to negative phototaxis likely serves as a protective response,
allowing cells to avoid light-induced stress such as photoox-
idation – a process in which intense light and oxygen lead to
the degradation of chlorophyll and cellular organelles (Ch-
eloni and Slaveykova, 2018; Elgeti et al., 2015; Foster and
Smyth, 1980).

Ciliate microalgae sense light using eyespots and chan-
nelrhodopsins (Fig. 7) (Kreimer, 2009; Sineshchekov et al.,
2009). Photoreceptor activation modulates intracellular cal-
cium currents, inducing asymmetric flagellar beating and
thereby steering cell movement toward or away from light
sources (Pivato and Ballottari, 2021). Cd. reinhardtii swims
in a helical path, so that its eyespot experiences an alterna-
tion of light and shade, which is used to control swimming
direction towards the light, see Fig. 7. Interestingly, some
snow algae without a visible eyespot have been shown to
exhibit phototaxis as well (e.g. C. hindakii in Détain et al.,
2025). Détain et al. (2025) examined phototaxis under var-
ied temperature conditions in snow algal species L. spitsber-
gensis, Gloeocystsis sp., S. nivaloides, C. hindakii, Chrys-
ophyceae sp., and Chloromonas sp. using a 540 nm green
LED at 40 molm−2 s−1 on one side of a Petri dish. Three of
the species (S. nivaloides, C. hindakii and Chloromonas sp.)
did not have a visible eyespot. Despite this, C. hindakii still
exhibited phototactic behaviour whereas S. nivaloides and
Chloromonas sp. did not. The remaining species had visible
eyespots and performed phototaxis. This study brings into
question how certain snow species navigate light intensity in
snowpacks and how cell-light interactions function without
eyespots. In this context, Novis et al. (2024) described a new
species of snow algae in the Chloromonas genus, C. fuhrii,
which among other unique defining characteristics does not
have an eyespot (or a stigma as referred to in this study). The
two nearest relatives of C. fuhrii reported, C. cf. platystigma
and C. muramotoi both have eyespots, suggesting that its
loss was recent. The authors speculated that the higher fre-
quency of eyespot absence in species such as those from the
Chloromonas genus which live in snow versus other habi-
tats is potentially due to the dynamic of response to light
in snow, suggesting that cells may need to avoid confusing
signals from light reflecting from numerous directions off
snow crystals. Eyespots are helpful for phototactic precision
but have been proven to be unnecessary for phototactic be-

Figure 7. Orientation A: A visualisation of a Chlamydomonas sp.
cell swimming in a helical motion, oriented in a direction adja-
cent to a light source. As the cell swims helically (Cortese and
Wan, 2021), the cell’s singular eyespot rotates and perceives a si-
nusoidally varying light signal. Orientation B: A visualisation of a
Chlamydomonas sp. cell swimming in a helical motion oriented to-
wards a light source. The cell’s singular eyespot experiences contin-
uous, direct exposure to the light source. The time elapsed between
orientation A and B is a few seconds (Choudhary et al., 2025; Gold-
stein, 2015). The time elapsed between orientation scenario A and B
is negligible, otherwise one would see an increase in light intensity.
Created in BioRender (de Vries et al., 2026b).

haviour itself as shown using Chlamydomonas mutants with
no eyespot (Morel-Laurens and Feinleib, 1983).

Ono and Takeuchi (2025) documented diurnal vertical mi-
gration of motile snow algae in an alpine forest snowpack in
northern Japan. Motile algae ascended nearly to the snow-
pack surface towards nutrients and light in lower light hours
and descended 10–20 cm into the snowpack during periods
of peak solar radiation (a maximum of 755Wm−2) to avoid
its intensity and remain at an optimal position for photosyn-
thesis. Motile microalgal cell density at the surface layer was
negatively correlated with solar radiation and air temperature
(values ranging from R =−0.44 to −0.64, p < 0.05); there
was no correlation for non-motile microalgae. Despite so-
lute and nutrient gradients throughout the snowpack, no day–
night variation in solute distribution was detected, suggesting
that light rather than nutrient availability drove migration.
Additionally, algae have been shown to migrate away from
predation by sensing infochemicals (kairomones) released
from predators (Latta Iv et al., 2009). However, in the Ono
and Takeuchi (2025) study, tardigrades and rotifers, which
are potential snow algae predators, migrated before the snow
algae when solar intensity increased, eliminating predator-
induced chemotaxis as a potential driver of migration.

Häder and Häder (1989) described the effects of solar
U.V.-B radiation on photo-orientation and motility in three
flagellated species, including the now polyphyletic Cd. ni-
valis. Cd. nivalis, in its original growth medium, was ex-
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posed to solar radiation in two growth chambers: one with
unfiltered sunlight and one with sunlight with U.V.-B cut-
off filters and supplemented with ozone. Cd. nivalis exhib-
ited high sensitivity to U.V.-B, although it did not demon-
strate any clear phototactic orientation under unfiltered sun-
light nor any initial positive light-induced swimming speed
increase (photokinesis). After exposure, videotracking mi-
croscopy was used to quantify deviation from the stimulus
direction. Under unfiltered light, after approximately 70 min
of exposure, cell velocity quickly dropped and after approx-
imately 90 min of exposure most cells were non motile.
Motility stayed higher at all exposure times under the re-
duced U.V.-B radiation treatment. Motility increased with in-
creasing filter wavelength, measured with 280, 295, 305 and
320 nm filters. The results suggest that UV-B acts mainly as
a physiological stressor limiting motility, rather than a direc-
tional cue influencing phototaxis.

Algal phototaxis has also been demonstrated using Cd.
reinhardtii under laboratory conditions in media containing
a matrix of spherical obstacles (glass beads) (Prakash and
Croze, 2021). The experiment, inspired by industrial pur-
pose, attempted to maximise the quantity of microalgae at the
medium’s surface for ease of harvest. Cd. reinhardtii exhib-
ited phototaxis under blue light (150–160molm−2 s−1) and
the researchers were able to maximise algal density by incor-
porating 425–600µm beads and a mesh with 350µm pores
within the liquid medium which significantly reduced bio-
convective losses. This experiment provides valuable insight
into how porous microstructures (as a proxy for snow crystals
in snowpacks) can influence algal distribution in response to
light gradients.

4.2 Chemotaxis

Chemotaxis is the directional movement of an organism
along a chemical gradient, particularly in a positive direction
towards nutrient sources (Adler et al., 1973) (Fig. 8) or in a
negative direction away from toxic compounds (Young and
Mitchell, 1973). Chemotaxis is also demonstrated in mat-
ing and predation scenarios (Govorunova and Sineshchekov,
2005; Latta Iv et al., 2009). Microalgae use receptors in their
cell membrane to detect chemical cues, including ions and
organic compounds, present in their surrounding environ-
ment (Amaral et al., 2023).

Snow algae inhabit snowpacks which are classified as
oligotrophic environments where essential nutrients are of-
ten scarce and unevenly distributed (Maccario et al., 2015).
Since nutrients such as nitrogen and phosphorus are required
for algal growth and metabolism (Stibal et al., 2009), their
spatial distribution may influence the movement of motile
snow algal cells. Chemotaxis therefore represents a potential
mechanism by which snow algae could respond to localised
nutrient gradients.

Figure 8. A visualisation (not to scale) of snow algae navigat-
ing through a subsection of a snowpack with a chemical gradient
present, denoted by ∇C, caused by a source at the top of the snow-
pack, exhibiting positive chemotaxis as they swim towards the nu-
trient source in the direction of the gradient’s increase. Created in
BioRender (de Vries et al., 2026c).

Phosphorus is a limiting nutrient for the snow alga C. ty-
phlos, whereas nitrogen deposition is hypothesized to have a
limited effect on bloom occurrence and size (Almela et al.,
2024). This conclusion is based on a 38 d incubation experi-
ment at 4.5 °C using 24 nitrogen-to-phosphorus (N : P) treat-
ments representative of nutrient availability in snow. Max-
imum biomass occurred at N : P molar ratios of 4–7, in-
dicating that phosphorus availability is more important for
optimising C. typhlos growth, although blooms developed
across a wide range of nutrient conditions. Snow algal nu-
trient preference will vary across species, environment and
lifecycle phase. Motile microalgae have been shown to ex-
hibit chemotaxis toward metabolically relevant compounds,
such as the movement of Cd. reinhardtii towards bicarbonate
(Choi et al., 2016) and ammonium/methylammonium (Er-
milova et al., 2007; Nelson et al., 2023) gradients. Such
responses suggest that chemical gradients may guide algal
movement toward favourable growth conditions. Given the
apparent importance of phosphorus for snow algal growth in
C. typhlos, phosphorus gradients may represent a potential
driver of chemotactic behaviour, although this possibility has
not yet been directly tested in snow algae.

It is also worth noting that snow algae have demonstrated
plasticity in response to the nutrient conditions available
to them (Broadwell et al., 2023). For example, Broadwell
et al. (2023) demonstrated considerable stoichiometric plas-
ticity across multiple snow algal strains, with cellular C:N ra-
tios varying substantially under nitrate concentrations repre-
sentative of natural snowpacks. Despite reduced growth un-
der nutrient-limited conditions, the algae maintained growth
across a broad range of nitrate availabilities, suggesting an
ability to acclimate to nutrient-poor environments rather than
relying solely on movement towards more favourable condi-
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tions. This has particular implications for the portion of cells
belonging to motile snow algal species which are immobile
either temporarily due to lifecycle stage, environmental stres-
sors or other reasons.

As mentioned in the phototaxis section, a study by Ono
and Takeuchi (2025) described the migration of microalgae
within a snowpack on a mountain in Japan in response to so-
lar radiation and nutrients. Motile snow algae were shown
to migrate 10–20 cm downwards into the snowpack during
times of intense solar radiation, returning nearer to the snow-
pack surface outside of these periods, presumably to bene-
fit from available nutrients. The upper 23 cm of the snow-
pack were divided into one 5× 3 cm layer (layer I) and four
subsequently deeper 5× 5 cm layers (II, III, IV and V). The
upper layers (I–III) were characterised by higher concentra-
tions of bioavailable nutrients such as ammonium (NH+4 ),
phosphate (PO3−

4 ), and potassium (K+); the surface layer
contained the highest proportions of NH+4 (23.5 %), PO3−

4
(20.8 %), and K+ (19.8 %). In contrast, deeper layers (IV–V)
showed lower concentrations of nutrients which support al-
gal growth, with Cl− and Na+ accounting for more than 60 %
of total solutes below 15 cm depth. Meltwater did not redis-
tribute the nutrient ratios with respect to snowpack layers and
there was no significant difference between the solute dis-
tribution in the daytime (09:00–17:00 Japan Standard Time
(JST), UTC+9, solar radiation> 150 W m−2) and nighttime
(Ono and Takeuchi, 2025). The phenomenon observed in this
study reinforces previously documented knowledge that the
level of influence of phototaxis exceeds that of chemotaxis,
but in the absence of solar radiation chemotaxis allows for
vital nutrient uptake.

Cd. reinhardtii has been shown to exhibit chemotaxis to-
ward ammonium in vitro (Nelson et al., 2023). In a Petri
dish assay containing two agarose blocks, a 0mM sink and a
21mMNH4Cl source, cells migrated toward the ammonium
enriched block within three hours, demonstrating chemotac-
tic movement along the nutrient gradient. Using a wild-type
strain (typical form of the species) the authors demonstrated
enhanced chemotactic responses under light exposure; cu-
riously, two phototaxis-incompetent mutant strains (eye3-2
and ptx1) still exhibited normal chemotaxis, showing that at
least in this genus, chemotaxis and phototaxis pathways are
independent. The lengthscale of the chemical gradient l in
these and other lab-based studies was ∼ 1–10 mm, while in
the field study of Ono and Takeuchi (2025), it was ∼ 10 cm.
Chemotactic sensing on the scale of a snowpack depth may
not be possible if l�D, where D is the diameter of the al-
gae, as the algae need to be able to compare significantly
different concentrations as they swim. However, it seems
possible that the microalgae will be able to chemotax up or
down local gradients with smaller lengthscales, as depicted
in Fig. 8.

Another instance of chemotactic behaviour in the Chlamy-
domonas genus is the detection and migration of oppo-

site mating type gametes (mt+, mt−) in Cd. allensowrthii
which is driven by gradients of sexual pheromones. Ga-
metes are haploid cells specialised for sexual reproduc-
tion which fuse to form a zygote, and in this species both
mating types are motile; however, only the mt− gametes
(ancestral male) exhibit chemotactic behaviour towards the
mt+ (ancestral female). The ability to detect the pheromone
is growth stage specific, with vegetative cells being un-
stimulated and gametes only becoming chemotactic after
gametogenesis (i.e. the process by which vegetative cells
develop into reproductive gamete cells) (Govorunova and
Sineshchekov, 2005). Sexual reproduction can facilitate ge-
netic diversity and adaptability under certain environmental
conditions (Agrawal, 2012). Chemotaxis may therefore play
an important role in snow algae life histories under condi-
tions including high solar radiation, temperature extremes,
and low nutrient availability.

4.3 Gravitaxis

Gravitaxis (also referred to as geotaxis) is a direct response
to gravity resulting in either the upward (negative grav-
itaxis) or downward (positive gravitaxis) orientation of a
motile cell (Bean, 1977; Pedley and Kessler, 1992; Ishikawa
et al., 2025). The mechanism driving gravitaxis has long
been debated, with evidence supporting both passive physical
processes (Kessler, 1985) and active physiological sensing
(Häder et al., 2017). Biological responses which can govern
gravitaxis include the activation of a gravity “sensor” like the
use of mechanosensitive channels which intake chemicals at
certain locations in the cell body (Häder and Lebert, 2001) or
sedimenting statoliths, of which most protists do not utilise
in their gravity orientations due to their small sizes (Häder
and Hemmersbach, 2018). The earliest passive explanation,
the “bottom-heavy” hypothesis, posits that an asymmetrical
mass distribution causes the cell to orient itself upwards like
a buoy, an idea first suggested by Wager (1911) and later
modelled mathematically by Kessler (1985). An alternative
passive model proposes that a cell’s geometry (cell body plus
flagella) leads to reorientation through a process of “differen-
tial sedimentation” where differences in gravitational settling
rates between the cell body and flagella, generate a torque
that reorients the cell (O’Malley and Bees, 2012; Roberts,
2006).

In the passive framework, a bottom-heavy cell is reori-
ented by a combination of a gravitational torque, Tg, due to
gravity and a viscous torque, Tv, corresponding to resistance
to rotation by the viscous fluid, see Fig. 9. At low Reynolds
numbers inertia is negligible and the net torque on the body
must be zero. As shown in Pedley and Kessler (1992), this
implies that the cell orientation p reorients according to

dp
dt
=

1
2B

[
k− (k ·p)p

]
(7)
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where, as previously, B represents the characteristic reorien-
tation time due to graviatxis and k is a unit vector pointing
upwards. To get an idea of how this equation allows to pre-
dict the gravitactic reorientation, we shall derive a simpler
two-dimensional version. In this case, p = (sinθ,cosθ) and
k = (0,1), where θ is the angle measured from the upwards
unit vector k as shown in Fig. 9. Thus, substituting p and k
into Eq. (7) and noting k ·p = cosθ , we obtain

dp
dt
=

1
2B

[
(0,1)− cosθ (sinθ,cosθ)

]
=

1
2B
(−sinθ cosθ, sin2θ) (8)

Then, differentiating p with respect to t :

dp
dt
=

(
d
dt

sinθ,
d
dt

cosθ
)

=

(
cosθ

dθ
dt
, −sinθ

dθ
dt

)
. (9)

Equating components of Eqs. (8) and (9), gives the equation
for the change in orientation angle due to gravitaxis:

dθ
dt
=−

1
2B

sinθ. (10)

We can solve this equation for the orientation to the vertical
of a gravitactic swimmer in 2D. The equilibrium orientation,
θeq, occurs when dθ

dt = 0, that is when sinθeq = 0⇒ θeq =

0, the vertical upwards direction. We note that this passive
model is deterministic, i.e. it does not account for random
reorientaion of gravitactic swimmers, which can be modelled
in three-dimensions by a rotational noise term, as in Eq. (6).

It is still debated whether active or passive mechanisms
are primarily responsible for gravitaxis in microalgae, ap-
pearing to be genera/species dependent as well as depen-
dent on factors such as stress and age (Häder et al., 2017).
Kam et al. (1999) examined gravitactic behaviour in Cd. rein-
hardtii, testing whether it relies on Ca2+ dependent pathways
for gravitaxis. This was done using gadolinium and diltiazem
which use different mechanisms to block a cell’s Ca2+ chan-
nels, normally located at the cell’s base and used as a mech-
anism for sensing orientation. It was found that the incorpo-
ration of neither chemical impacted Cd. reinhardtii’s grav-
itational orientation, the population while exposed to said
inhibitors still moved in a negatively gravitactic motion up-
wards, although gadolinium and diltiazem were found to re-
duce swimming speed. The phototaxis mutant ptx1 which,
because of a defect in its flagellar apparatus, cannot reorient
phototactically or chemotactically (Horst and Witman, 1993)
exhibited normal gravitaxis as well. The authors concluded
that Chlamydomonas’s response to gravity is independent of
calcium-mediated biochemical signal transduction and that
calcium-mediated gravitaxis originated in an organism more
“evolutionarily advanced”.

Figure 9. Visualisation of change in orientation of a Chlamy-
domonas sp. cell due to gravitaxis and gyrotaxis. The diagram on
the left represents pure gravitaxis: the cell body is reoriented by a
torque Tg due to gravity and a resistive viscous torque Tv. B rep-
resents the characteristic reorientation time scale due to graviatxis,
p̂ is a unit vector pointing in the direction of the cell’s current ori-
entation, k is the vertical unit vector defining the preferred upward
direction for negative gravitaxis by convention, corresponding in
two dimensions to θ = 0. The diagram on the right represents gyro-
taxis. Here the viscous torque also includes rotation by a shear flow
with vorticity ω. As described in the main text, in two dimensions
the preferred orientation with gyrotaxis is |θ |> 0, that is the cell is
oriented at an angle to the vertical. Created in BioRender (de Vries
et al., 2026d).

Evidence from mutant studies suggests that gravitaxis in
Cd. reinhardtii is primarily an active, signal-transduction-
driven process (Yoshimura et al., 2003). Yoshimura et al. in-
vestigated gravitaxis using a range of motility-, phototaxis-,
and gravitaxis-related mutants. Mutants that swim only back-
wards (mbo1, mbo2) did not exhibit directed movement rela-
tive to gravity and instead sank at the same rate as non-motile
cells, suggesting that passive factors such as cell density,
shape, or random reorientation cannot fully explain grav-
itactic behaviour. Gravitaxis-deficient mutants (gtx1, gtx2)
displayed normal motility but lacked gravitactic orientation,
indicating that cells can swim normally yet fail to respond
to gravitational cues. The authors further showed that im-
paired gravitaxis was associated with defects in membrane
excitability, the ability of the cell membrane to undergo elec-
trical changes through ion fluxes that regulate flagellar ac-
tivity. For example, the phototaxis mutant ptx3, which has
reduced membrane excitability, exhibited weakened gravi-
taxis, whereas ptx1, defective only in Ca2+-dependent flagel-
lar dominance involved in phototaxis, retained normal grav-
itaxis. Together, these findings suggest that gravitaxis in
Chlamydomonas relies on active physiological signalling
rather than being solely a passive consequence of cell mor-
phology or mass distribution.

Predictions derived from continuum and agent-based mod-
els which assume passive, torque driven reorientation of mi-
croalgae show good qualitative agreement with experimental
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observations (Barry et al., 2015; Sengupta et al., 2017). In
cases where an alga lacks an active sensing mechanism, pas-
sive gravitactic reorientation provides a useful and informed
initial approach for studying snow algae.

4.4 Gyrotaxis

When a microalgal cell is in a fluid flow it experiences a vis-
cous torque caused by viscous drag, which is a drag force
experienced by the organism due to the viscosity of the
fluid surrounding it. Gyrotaxis refers to when the orientation
of swimming microorganisms is governed by such viscous
torques in combination with those due to gravity (Kessler,
1985; Pedley and Kessler, 1992).

Gyrotactic reorientation can be shown, similarly to the
derivation of gravitaxis, to be given by (Pedley and Kessler,
1992)

dp
dt
=

1
2B

[
k− (k ·p)p

]
+

1
2
ω×p, (11)

where ω is the flow vorticity. Here for simplicity we neglect
the effect of flow strain (Pedley and Kessler, 1992). To appre-
ciate how Eq. (11) predicts gyrotactic cell orientation, we can
consider two-dimensional dynamics of a swimmer in a 2D
flow with vorticity ω = (0,0,ω), where ω is the magnitude
of the z-component of the vorticity. In this case, recalling
p = (sinθ,cosθ) and noting that ω×p = ω(cosθ,−sinθ),
following similar steps as for the derivation of Eq. (10), the
reorientation rate of a gyrotactic swimmer is given by:

dθ
dt
=−

1
2B

sinθ +
1
2
ω, (12)

where θ is the orientation angle as measured from the ver-
tical. We note that for gyrotaxis the equilibrium orientation
is not necessarily upwards. By setting dθ

dt = 0, Eq. (12) pro-
vides:

sinθeq = ωB, (13)

so that θeq = 0 only in the absence of flow (ω = 0). In gen-
eral, cells swim at an angle to the vertical (θeq > 0). We
note that Eq. (13) is only satisfied for ωB ≤ 1, outside these
bounds, there is no equilibrium and cells will tumble rather
that orderly orient (Pedley and Kessler, 1992). As for our dis-
cussion of gravitaxis, we have neglected reorientations due to
rotational noise, which we included in Eq. (6). When these
reorientations are included, gyrotactic cells still swim at an
angle to the vertical in a shear flow, but this angle is not the
one predicted by Eq. (13). The mean orientation can be pre-
dicted in 3D by advanced models beyond the scope of this re-
view, see e.g. Fig. 1a, b of Bearon et al. (2012), which shows
the components of the mean orientation of a gyrotactic swim-
mer.

Gyrotactic microorganisms are typically bottom-heavy,
meaning their centre of mass lies below their geometric cen-
tre due to uneven internal mass distribution. This offset cre-
ates a gravitational torque when the cells swim horizontally,

Figure 10. Bioconvective patterns formed by microalgae. A: model
mesophilic model species Cd. reinhardtii and B: snow algae C. ty-
phlos in Petri dishes illuminated by deep red light (660 nm) to avoid
a phototactic response (Foster and Smyth, 1980). Both the suspen-
sions were well mixed prior to the spontaneous development of the
patterns and had an average concentration∼ 106 cells mL−1. Photo
credit: Ottavio Croze.

leading cells to swim upwards on average and accumulate at
the surface of a suspension, leading to Rayleigh-Taylor in-
stabilities when the motile organisms have a higher density
than the surrounding media (Liu et al., 2020; Roberts, 2006;
Vincent and Hill, 1996).

Bees and Hill (1997) investigated gyrotactic behaviour in
bioconvective patterns formed by suspensions of the poly-
phyletic Cd. nivalis. To isolate gyrotaxis, phototactic re-
sponses were eliminated by illuminating the suspension from
below with low-intensity red light, to which this species
does not respond (Foster and Smyth, 1980). Under these
conditions, pattern formation arose from the interaction be-
tween gyrotaxis and negative gravitaxis. Bioconvection oc-
curs when biased swimming by motile microorganisms gen-
erates unstable cell concentration gradients, producing con-
vective flows and spatial patterning within the suspension
(Platt, 1961), as seen in Fig. 10.

The dynamics of gyrotactic orientation can be described
using two key parameters: the cell reorientation time B which
represents the characteristic time required for a cell to re-
align with gravity after being displaced, and the directional
correlation time τ , which describes how long a cell main-
tains its swimming direction before random rotational diffu-
sion causes it to lose memory of its initial orientation. Earlier
theoretical work predicted that bioconvective instability oc-
curs when these parameters are B ≈ 1.25 s and τ ≈ 5 s (Ped-
ley and Kessler, 1990). The experimental Rayleigh numbers
generated in the Bees and Hill (1997) study exceeded the
critical threshold for instability predicted using these param-
eters. The results therefore provided experimental support for
theoretical models of gyrotactic bioconvection, demonstrat-
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ing that gyrotaxis alone can generate the regular, periodic
bioconvective plumes observed (Bees and Hill, 1997).

In a later study, Williams and Bees (2011b) analysed the
bioconvection patterns created by the gyrotactic snow algae
Cd. augustae (previously listed as Cd. nivalis) in a well-
mixed suspension under varied cell concentration and illu-
mination scenarios. The phototactic, gyrotactic, and gravi-
tactic responses were investigated during these instabilities
using Fourier analysis to define pattern wavelength (the spac-
ing between algal plumes in the bioconvective pattern) as a
function of both cell concentration and light intensity. One
of the experimental designs involved illuminating the al-
gae suspension from above with white light, the most rel-
evant arrangement for snow algae in a snowpack. The bio-
convective pattern wavelength changed non-monotonically
with light intensity. At low light intensities (645–1330 lux
or ≈ 11–25 µmol m−2 s−1), cells exhibited strong photo-
taxis, swimming towards the light and reinforcing nega-
tive gravitaxis. The combined effect generated large over-
turning instabilities and broad, long wavelength patterns.
Phototaxis weakened as intensity increased (1330–3000 lux
or ≈ 22–56 µmolm−2 s−1). The orientational distribution of
cells broadened due to weaker phototactic behaviour, mak-
ing them more susceptible to viscous torques, so gyrotaxis
became increasingly influential. Instabilities during this sce-
nario were therefore less dominated by large overturning mo-
tion and instead began to show the influence of more lo-
calised, short-wavelength plumes. Near the critical intensity
(3000 lux or ≈ 53 µmolm−2 s−1), cells near the top of the
suspension exhibited negative phototaxis, swimming away
from the intense light. Those lower in the suspension still
swam upward as shading reduced the local intensity they
experienced, creating a dense cell sublayer within the sus-
pension where photo-gyrotactic instabilities produced small,
fine-scale wavelength patterns. Outside of a laboratory en-
vironment, mathematical models assuming passive reorien-
tation by gravity, have also made successful predictions for
gyrotactic dispersion (Croze et al., 2017) and photogyrotac-
tic bioconvection patterns (Williams and Bees, 2011a, b).

A final observation is that gyrotaxis may play a role in
melting snow at the onset of the formation of draining flows
through the snow. Cells advected by these downward flows
may be gyrotactically focused toward the centre of the flow,
where they drift down faster than the mean flow velocity
(Croze et al., 2017). By this mechanism gyrotaxis may in-
crease the transport of swimming algae to the bottom of the
snowpack.

4.5 Thermotaxis and temperature sensitivity

Thermotaxis is the directional movement of an organism in
response to a temperature gradient. Temperature-dependent
motility (or thermokinesis) is when a motile cell has an am-
bient temperature range preference which governs its ability
to demonstrate motility. Psychrophilic species of snow algae

display maximum swimming speeds at colder temperatures
than mesophilic species (Détain et al., 2025). To the best
of our knowledge, no known studies on the thermotactic be-
haviour of snow algal species have been published, although
limited literature exists on mesophilic species like Cd. rein-
hardtii (Sekiguchi et al., 2018).

Snow algal species are normally classified as psy-
chrophilic, with an optimum growth range of 0–10 °C or psy-
chrotolerant, capable of growing across a broader tempera-
ture range of up to ∼ 20 °C) (Broadwell et al., 2023; Gon-
zalez et al., 2026; Hoham and Remias, 2020). Détain et al.
(2025) assessed the motility of six psychrophilic microalgal
species/strains, two psychrotolerant and one mesophilic con-
trol under varied temperature conditions. The psychrophilic
algae in this study included Limnomonas spitsbergensis,
Chloromonas sp., Gleocystis sp., S. nivaloides, C. hindakii
and, Chrysophyceae sp.. The psychrotolerant/mesophilic al-
gae included Cd. reinhardtii, C. reticulata and Chlorococ-
cum sp. (Table 1). Strong temperature-dependent motil-
ity responses were observed. All psychrophilic microalgae
demonstrated an optimal temperature for maximum swim-
ming speed of below 10 °C and all psychrotolerant and
mesophilic algae demonstrated optimal temperatures for
maximum swimming speed of above 20 °C.

Additionally, Sekiguchi et al. (2018) observed that the
model alga Cd. reinhardtii responded to thermal gradients
between 10 and 30 °, with the microalgae migrating towards
lower temperatures regardless of the temperature that they
were cultivated at. The thermotactic behaviour was due to
membrane excitation and was governed by intracellular re-
dox conditions (i.e. the cell’s internal chemical state reflect-
ing the balance of molecules that either gain or lose elec-
trons, influencing stress and signaling pathways). The study
showed that Cd. reinhardtii uses redox signals to adjust or
even shut off its thermotactic behaviour, likely to priori-
tise other responses (such as phototaxis) when under condi-
tions such as a lack of available nutrients or oxidative stress
(Sekiguchi et al., 2018).

5 Conclusions

Recorded observations of snow algae navigating snowpacks
in field and laboratory settings, macroscopically and micro-
scopically, are limited in occurrence and understanding. Al-
though the cyclical, seasonal process of snow algae over-
wintering as cysts and becoming flagellated to access light
and nutrients is agreed upon, the interaction with quasi-liquid
layers on snow crystals, navigation through meltwater chan-
nels, responses to snowpack evolution and behaviour un-
der flow conditions have not been quantitatively documented
from a biophysical perspective. There is a large knowledge
gap surrounding the tactic behaviour of snow algae species,
particularly concerning gyrotaxis and thermotaxis. Literature
on phototaxis and chemotaxis largely pertains to genera that
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Table 1. The specifications, optimal temperatures (for maximum swimming speed), the maximum speed and phototactic behaviour of select
psychrophilic, psychrotolerant and mesophilic microalgae species. The microalgae were observed on a Peltier cooled microscope stage.
Adapted from Détain et al. (2025).

Algae Thermal Preference Source Optimal Temperature Maximum Speed
(°C) (µm s−1)

Cd. reinhardtii Mesophilic MA (USA) 27.6 67.8
C. reticulata Psychrotolerant Nordland (Norway) 23.0 88.6
Chlorococcum sp. Psychrotolerant Nordland (Norway) 23.3 133.3
L. spitsbergensis Psychrophilic Spitsbergen (Svalbard) 4.9 50.3
Chloromonas sp. Psychrophilic Nordland (Norway) 1.9 28.6
Gloeocystis sp. Psychrophilic Nordland (Norway) 7.1 59.1
S. nivaloides Psychrophilic Nordland (Norway) 3.2 21.9
C. hindakii Psychrophilic High Tatras Mountain (Poland) 2.7 35.3
Chrysophyceae sp. Psychrophilic Nordland (Norway) 9.9 33.7

include some snow algae species (e.g. Chloromonas), rather
than psychrophilic species specifically. Further developing
equations describing the biomechanics of snow algae motil-
ity, informed by experimental results at single cell and pop-
ulation levels of resolution would enable deeper understand-
ing and improved prediction of snow algal blooms and their
drivers. This new knowledge could further the understanding
of microswimmer behaviour in active matter physics, aid in
the protection of vulnerable habitats and species, improve the
accuracy of hydrological and cryospheric models, and con-
tribute to advances in biotechnology and medicine.
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