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Diatoms are one of the most abundant, diverse
and ecologically relevant phytoplanktonic group,
contributing enormously to global biogeochemical
processes like the carbon and silica cycles. This
large success has been partly attributed to the
mechanical and optical properties of the silica shell
(the frustule) that envelops their body. But since
they lack motility it is difficult to conceive how
they cope with the fast-fluctuating environment they
live in and where distributions of resources are
very heterogeneous and dynamical. This pinpoints
an important but yet poorly understood feature of
diatoms physiology: buoyancy regulation that helps
them controlling their sinking speed and position in
the water column. While buoyancy regulation by light
and nutrients availability has been well studied, the
effect of hydromechanical stress via fluid shear has
been rather overlooked when considering diatoms
dynamics. Here, we aim to start filling this gap
by first presenting direct experimental evidences for
buoyancy control in response to hydro-mechanical
stress and then review recent theoretical models
where simple couplings between local shear and
buoyancy control always result in heterogeneous cell
distributions, specific accumulation regions within
complex flows and increased sedimentation times to
the depths, features of direct ecological relevance. We
conclude by suggesting future experiments aiming
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to unveil such coupling and therefore gain better understanding on the fate of these fascinating
microorganisms in their natural habitat.

This article is part of the theme issue ‘Stokes at 200 (part 2)’.

1. Introduction
Diatoms are non-motile unicellular photosynthetic eukaryotes constituting one of the most
abundant and species-rich phytoplanktonic groups. With over 200 genera identified and more
than 100 000 extant species estimated, diatoms show a large variety of morphologies, sizes (from
approx. 1 µm to 100 µm) and life styles, existing either as isolated single cells or as chains
of interconnected individuals [1]. Their most evident taxonomic characteristic is the presence
of a specialized cell wall, known as the frustule, that is in large part made up of silica [2].
This cell wall consists of two intricately sculpted units, the valves, that are linked together
through a structure called the girdle, enclosing the cell as within a closed Petri dish. The
ability of diatoms to produce beautiful micro- and nano-structures through silica biogenesis
has received great attention recently for its potential application in nanotechnology [3,4] and
photonics [5,6]. Moreover, diatoms are essential for global-scale biogeochemical cycles [7–10]
(including carbon [11,12] and silica [13]), greatly influencing the functioning of the whole marine
ecosystem [7]. For instance, it is estimated that diatoms produce by photosynthesis as much
organic carbon as half the terrestrial rainforests combined [11,14]. But as opposed to plants, this
organic carbon is rapidly consumed, serving as the base for the marine food-web, supporting
fisheries in coastal waters and the flourishing of micro-organisms at depth [15]. Moreover, their
sedimentation transports approximately 6.3 Tmol of silica per year to the deep ocean [13]. In fact,
global ocean fluxes of organic matter are partly controlled by this coupling between the sinking of
decaying phytoplankton blooms and aggregates [16–18] and other biophysical processes (such as
particle coagulation [16] and diatom–bacteria interactions in the so-called phycosphere [19–22]).

Because they prevalently lack motility (gliding has been observed only in some benthic
species [23–25]), the dynamics of diatoms is influenced by two factors, advection by fluid flows
and sinking due to density mismatch with seawater. But contrary to long-time beliefs, these micro-
organisms are not solely passive particles. Indeed, they have developed the ability to actively
regulate their buoyancy (and therefore their sinking speed) in response to environmental cues,
notably light and nutrient availability [26,27]. This regulation inevitably impacts the sinking
dynamics of diatoms and, as a consequence, has the potential to significantly affect the fate
of diatom blooms, their reproductive strategies [28], the vertical transport of organic matter
and, eventually, the biological carbon pump. Since diatoms mainly thrive under turbulent
environments [29], it also appears natural to question the role of hydro-mechanical stimulus on
this buoyancy regulation. However, in spite of first evidence showing active responses to fluid
shear [26], almost no studies have been dedicated to shed light on the potential coupling between
external mechanical stimulus and sinking dynamics.

In this article, we aim to emphasize the role that such coupling can have on diatoms’
patchiness, community segregation and sedimentation times to the depths. To that purpose, we
first briefly discuss the different means by which diatoms are known to alter their buoyancy, as
well as preliminary laboratory experiments that demonstrate this coupling between mechano-
sensing and buoyancy control does exist. We then present the highly relevant results obtained in
theoretical studies that consider simple mathematical forms for this coupling.

2. Mechanosensing and buoyancy control
How do diatoms sink in the water column? For a small (∼ micro/millimetric) spherical particle of
uniform density ρp sinking under quiescent conditions, fluid inertia is negligible (low Reynolds
number limit) and the particle speed can be determined by a balance between buoyancy and
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viscous forces, leading to the well-known Stokes’ Law

Vs = 2(ρp − ρF)ga2

9μ
, (2.1)

where a is the particle radius, g Earth gravity, ρF the fluid density and μ its dynamic viscosity. This
law exhibits a quadratic dependence of sinking speed with particle size (dashed yellow (light) line
in figure 1a) which does not accurately account for the experimentally measured sinking speeds
of living and dead diatoms (dots in figure 1a). A slightly more appropriate approximation consists
in fact in taking into account the difference in volume and density between the heavy (but thin)
silicate frustule and the light (but large) cytoplasm [31], which leads to the following modified
Stokes’ Law:

Vs = 2g
9μ

[
ρcyt

(a − t)3

a
+ ρfr

3a2t − 3at2 + t3

a
− ρFa2

]
, (2.2)

where ρcyt and ρfr are the densities of the cytoplasm and the frustule, respectively, and t the
thickness of the silica shell. If we consider t to be independent of the cell size a, this modified law
matches relatively well the measurements performed by C. S. Reynolds with dead Stephanodiscus
rotula cells (black (dark) dots). However, living cells of the same species (green light squares)
deviate considerably, presenting significantly slower sinking speeds than those expected for their
size. In fact, the variability of compiled diatoms’ sinking speeds (obtained from many species
in different physiological states [31]) is so huge (blue light dots), that we cannot reasonably
consider such a simple law to hold universally. Beyond geometrical effect (on viscous forces)
due to the diversity of cell shapes, this variability suggests active buoyancy regulation by the
cells depending on their physiological states [32], and therefore on the environment (light [33],
nutrients [34]) they are confronted with.

In fact, it has been shown that diatoms have evolved different means by which to regulate
their density. They do so at a metabolic cost by bio-silicification [35], active replacement of
heavy ions by light ions in the vacuole [36–38] (that in some cases occupies up to 90% of the
cytoplasm) or carbohydrate reduction [39,40]. These diverse mechanisms take place over distinct
time scales: while an increase in cell silicification occurs in periods of several hours to days,
and carbohydrates accumulate and act as ballasts in a few minutes, ion replacement occurs in
even shorter time scales. In their seminal work, Falciatore et al. [26] showed for the first time
how diatoms are capable of responding actively to environmental (e.g. light, nutrient or osmotic)
stress. Using Phaeodactylum tricornutum as a model diatom, these active responses were measured
by the transient production of cytosolic Ca2+, which is a characteristic proxy for the activation
of many signal transduction pathways [41]. Remarkably, cytosolic calcium transient release was
also observed when diatoms were exposed to mechanical stimuli [26,27]. Cells detect and respond
to fluid motion (shear stress) by a fast (1–2 s) production of cytosolic Ca2+ followed by a slower
decay of the intracellular concentration in tens of seconds. This response is also adaptive, with
a recalcitrance period of the order of minutes. More recent results have also shown that diatoms
exposed during long periods (approx. 48 h) to turbulent flows, modify their metabolic pathways
increasing the biosynthesis of fatty acids and their lipid metabolism [42] which, in turn, inevitably
alter cell density.

Motivated by the results presented above, we have performed a series of novel preliminary
experiments designed to quantify the effect of fluid shear on buoyancy regulation on short time
scales. A suspension of Thalassiosira pseudonana, approximately 10 µm in size, cultured in a diurnal
chamber under standard laboratory conditions (in Guillard’s f/2-medium + silica (15 mg l−1), 16:8
light/dark cycle at 20◦C) was loaded into a vertically oriented PDMS channel (5 cm long and
1.4 × 1.4 mm in cross section) through which a periodic ‘on/off’ flow (of period T = 10 s, flow
vertically upwards) was imposed by an external syringe pump (fusion 200; Chemyx). The applied
shear rates ∼0.1–1 s−1 (applied flow-rate q ∈ [10, 100] µl min−1) provided by this set-up to the
cells are compatible with those commonly experienced in coastal and oceanic settings. Individual
cells were observed through a continuously focusable video-microscope (Infinivar GS; Infinity)
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Figure 1. (a) Mean sinking speed of diatoms as a function of their cell diameter: adapted with permission from [30] for
Stepahnodiscus rotula for both living (solid green (light) squares) and dead cells (black (dark) circles) and formany other species
in a variety of physiological states as compiled by Miklasz & Denny [31] (blue (light) circles). Yellow (light) line shows Stokes’
Law for spherical particles of uniform density and that presents a quadratic dependence on a (2.1) for ρp = 1800 kg m−3; the
dashed black (dark) line instead shows a modified Stokes’ Law (2.2), for particles with an inhomogeneous density distribution
with t = 1µm,ρcyt = 1065 kg m−3 andρfr = 1800 kg m−3. (b–d) Newexperimental data showing effect of shear stresses in
modifying the sinking speed of diatoms. (b) The instantaneous sinking speed of a representative experiment: cells were exposed
to a binary ‘on/off’ cycle of applied constant flow rate q= 50µl min−1 and with a period of 10 s. During ‘on’ periods cells are
dragged along with the flow at a constant speed (∼3µm s−1). During ‘off’ periods cells show a significant response after the
mechanical stimulus have decayed with a rapid burst (decrease) in sinking speed. (c) The distribution of instantaneous sinking
speeds varies with forcing amplitude (i.e. flow rate): solid red line (light) represents the distribution of sinking speed without
mechanical stimulus (q= 0µl min−1) while blue (dark) solid line shows P(Vs) for the same cells after 10 periods of forcing
with q= 75µl min−1. (d) The mean sinking speed, V̄s, depends nonlinearly on forcing amplitude: results for physiologically
active cells are shown in green (light); black (dark) dots represent dead cells. Errorbars: standard deviation of themeasurement
set for each flow rate. (Online version in colour.)

at high magnification (ca x10) at high enough temporal resolution (with an UI-3370CP-NIR-GL
R2 camera; IDS) to allow accurate determination of their instantaneous sinking speed (during the
‘off’ flow phases) via particle tracking [43].

As illustrated by the evolution of the instantaneous cell speed in a representative experiment
(figure 1b), soon after the flow is stopped, cells exhibit a clear response with a rapid (approx. 50%)
drop in sinking speed during the ‘off’ period. Interestingly, the time scale of this rapid change
in sinking speed (approx. 1–2 s) compares with those observed for the calcium spikes in [26]. An
experimental sweep in the applied flow rates also shows that the distribution of instantaneous
sinking speeds significantly varies with forcing amplitude with approximately 50% change in
the mean sinking speed, V̄s, for physiologically active cells in the explored range of shear rates
(figure 1b,c). Control runs with dead cells represented by black (dark) dots in figure 1d (slowed
down by increasing the viscosity of the fluid with 0.5% methylcellulose to facilitate the tracking
of the cells) showed no equivalent variation. Therefore, these preliminary results strongly suggest
that diatoms mechano-sensing capability yields fast active physiological responses determining
instantaneous cell density. Although further experimental work is needed to really disentangle
the relationship between hydro-mechanical stress and buoyancy control and, in particular, to
decipher the physiological pathways between the active replacement of ions in the vacuole and
the production of intracellular Ca2+, we will demonstrate in the following section the importance
of such coupling on the large-scale properties of cell communities in complex flows.
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3. Transport and spatial distribution of non-motile buoyancy
regulating phytoplankton

Phytoplankton live in a turbulent environment [44,45] where resources are patchy and scarce.
Hence, oceanic and coastal flows shape the spatial distribution of phytoplankton. This spatial
heterogeneity affects essential ecological interactions, including population stability [46], species
diversity or predator–prey dynamics [47], which are relevant for the functioning of the whole
marine food web [48]. Patchiness has different origins at different scales. While at the mesoscale
it is mainly dominated by reproduction, grazing, nutrient availability [49] and large-scale
advection [50], at smaller scales (i.e. �1 m) the interplay between environmental stresses and cell
physiological responses becomes more relevant.

The interaction of motile phytoplankton with surrounding flows has been intensively studied
and is known to regulate encounter rates [51,52], to affect the formation of thin layers [53] or to
induce cell clustering [54] and segregation [29]. On the other hand, our current understanding
of the microscopic processes responsible for patchiness in non-motile marine micro-organisms is
much more limited. Motivated by the evidence of buoyancy control in diatoms and their ability
to perceive mechanical stress (as detailed in §2), recent theoretical studies have started to explore
the role of the interplay between buoyancy regulation and advection on large scale properties of
cell communities [55,56]. Here, we review the most relevant findings obtained from these models.

(a) Theoretical approach
The motion of a small spherical particle embedded in a background fluid flow is well described
by the Maxey–Riley equation [57,58]. Its non-dimensional form can be obtained using the
characteristic length Lc, time tc and velocity uc of the background flow:

(1 − R/2)ρp
d2xp

dt2 = [(1 − R/2)ρp − R]
vs

(1 − 3R/2)St
k + R

Du
Dt

− R
2

d
dt

(up − u) + 1
St

(u − up), (3.1)

where xp is the position of the particle, up its velocity, k a unit vector along the gravity direction,
u the fluid velocity, D/Dt the derivative along the path of a fluid element, d/dt the derivative
along the trajectory of the particle, St = 2a2/(9νRtc) the Stokes number (ν = μ/ρF is the fluid
kinematic viscosity), R = ρF/(ρ0 + ρF/2) the mass ratio (with ρ0 the maximum density of the
particle, see below) and vs = 2a2gtc(1 − 3R/2)/(9νRLc) the maximum non-dimensional (still fluid)
sedimentation velocity of the particle. Within this framework we will consider two distinct cases:
(i) the Taylor–Green vortex (TGV) flow [59,60], a two-dimensional (2D) laminar steady flow which
is an exact analytical solution of the Navier–Stokes equations. In this case, Lc can be naturally
chosen as the characteristic vortex length, tc the inverse of the vorticity at the centre of the vortex,
and uc = Lc/tc. (ii) A three-dimensional (3D) fully turbulent isotropic flow, where the characteristic
quantities are naturally given by the involved Kolmogorov scales [61]. The former 2D case, used
in [55], provides an explicit analytical expression for the velocity field, while the later, presented
in [56], requires the numerical integration of the 3D Navier–Stokes equations with a zero-mean,
temporally uncorrelated Gaussian forcing term in the momentum equation, that injects energy at
large scales at a given rate, ε, to sustain a statistically steady state.

The particle motion is dictated by three non-dimensional parameters: the Stokes number St,
the mass ratio R and the sedimentation velocity of the particle vs. If the particle Stokes number is
small and derivatives following the particle are well approximated by derivatives following the
fluid (i.e. d/dt � D/Dt), then the equation of motion reduces to [56]

dxp

dt
= u − v′

sk, (3.2)

where v′
s = a2gtc(1 − β ′)/(3νβ ′Lc) is the instantaneous sinking velocity with β ′ = 3ρF/(2ρp + ρF).

The originality of the model consists in complementing this momentum conservation equation
with a coupling term between ρp, the particle density, and the norm of the local strain tensor ε̇.
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Figure 2. Representative trajectories for active buoyancy regulating particles obtained by the numerical integration of (3.1)
in the 2D TGV flow for the passive case (green (light grey) line), the shear-thinning case (blue (dark grey) line) and the shear-
thicknening case (red (medium grey) line) (a). The 3D turbulent case, obtained by the integration of (3.2) (b), shows clustering
of particles when looking at their spatial distributions. This is illustrated by plotting the ratio of the local number density of
particles to the average number density. Figures adapted with permission from [55,56]. (Online version in colour.)

We consider two situations for this coupling, with particles either decreasing or increasing their
density with ε̇ (which, in an analogy to standard rheology but referring to the behaviour of
the particles’ density instead of the behaviour of fluids with varying strain rate, we dubbed
shear-thinning and shear-thickening particles, respectively). As the detailed mechanism responsible
for how intracellular responses translate into the regulation of buoyancy is still unclear, we
make ρp vary between ρF (neutral buoyancy) and ρ0 = 2ρF with a linear dependency with the
response function f (ε̇). Finally, this response function has been given either a linear dependency
on ε̇ or a probably more realistic Michaelis–Menten functional form f (ε̇) = ε̇/(ε̇ + ε̇H) with ε̇H a
half-saturation constant.

Before presenting the specific results obtained with this model, it should be noted that we
have implicitly assumed a number of approximations in what precedes. First, for simplicity and
following many [58,62,63], we have neglected the Faxén correction and Basset history terms in
the original Maxey–Riley equation (equation (3.1)). Second, the final equation for particle motion
(equation (3.2)) neglects inertia, which constitutes a natural approximation given the small values
of the Stokes number encountered in typical turbulent flows [56]. Last, we consider particles
that regulate their buoyancy instantaneously, in reasonable agreement with the rapid nature of
the response discussed above. However, this neglects particle history effects expected from the
potential adaptive nature of the active response of the cells [26]. Of course, relaxing these different
approximations would constitute interesting extensions, the impact of which is worth dedicated
future research.

(b) Clustering and patchiness in the distribution of particles
We have integrated numerically (3.1) (or (3.2)) together with f (ε̇) with particles initially distributed
uniformly within the 2D or 3D spatial domain. The final distribution of the particles’ position
was obtained after sufficiently large integration times to asses statistically significant steady-
state results. Active buoyancy regulation has a first striking effect on the sinking dynamics for
all explored cases: it enhances the clustering of particles.

This is clearly shown in figure 2. Within the 2D steady TGV flow, while passive particles sink
indefinitely for any inertial perturbation [64–66] (green (light grey) track in figure 2a), clustering of
active particles (red (medium grey) track: shear-thickening; blue (dark grey) track: shear-thinning)
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Figure 3. Patchiness is quantified by (a) the area of attraction Ā for the passive case (green (light grey)), the shear-thinning case
(blue (dark grey)) and the shear-thickening case (red (medium grey)) and (b) the correlation dimension D2 for shear-thickening
particles and different values of ε̇H denoted by different colours. Both cases display a marked functional dependence with the
still fluid sedimentation velocity, vs. (c) This is also true for the segregation of populations with distinct levels of activity as
clearly seen in a 2D section of the 3D integration box. Distributions of escape times P(τ ) for (d) passive (black (dark) solid line)
and shear-thinning (blue (light) line) particles in the TGV flowand (e) for active particles in 3D isotropic turbulence and different
values of ε̇H . Figures adapted with permission from [55,56]. (Online version in colour.)

occurs by their trapping in attractive invariant structures (fixed points and limit cycles) of the
underlying dynamics. Within a 3D isotropic turbulent flow such invariant structures do not exist.
Nevertheless, while passive particles are solely rearranged uniformly within the domain (not
shown), buoyancy regulating particles display a large degree of clustering as illustrated by the
snapshot of local number density (of shear-thinning particles) in the domain, figure 2b. In order
to quantify the degree of clustering, we use the area Ā of the basin of attraction of the attractors in
the 2D TGV flow, while we make use of the correlation dimension D2 of the steady distribution in
3D isotropic flow. This last quantity is defined as the scaling exponent of the probability of finding
two particles at a distance less than r : P(|x1 − x2| < r) ∝ rD2 , as r → 0. In a 3D domain, if D2 < 3,
the probability of having particles at small distances decays more slowly than for a homogeneous
distribution, an indication of fractal clustering. In an ecological sense, D2 is directly related to the
encounter rate between cells. Figure 3a,b shows how the level of clustering strongly depends on
the non-dimensional sinking speed vs and other model parameters (e.g. ε̇H in figure 3b). While for
a laminar flow the maximum degree of trapping is achieved for vs ∼ uc, for a turbulent flow the
largest clustering correspond to larger values of vs. With ε = 10−9 W kg−1, which is of the order of
the energy injection rate encountered in the open ocean, this corresponds to 0.18 mm s−1 and 5.4
mm s−1 still fluid sinking speeds, respectively.

(c) Community segregation
Another phenomenon of paramount importance in ecology, and which is closely related to
patchiness, is community segregation. The degree of spatial overlap is a hallmark of biological
diversity as it facilitates the competition for resources by allowing distinct populations to explore
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different ecological niches. To understand how community segregation in non-motile species is
affected by buoyancy regulation, we analyse the segregation between distinct populations within
a common background flow. For instance, a shear-thickening and a shear-thinning population
characterized by different values of ε̇H and vs do not explore the 3D space in a similar manner
and can be therefore expected to segregate [56].

A classical measure of segregation is the index S1,2(r) introduced in [67], and defined by
S1,2(r) = 1/(N1 + N2)

∑M(r)
i |n1

i − n2
i | where M(r) is the number of cubes of side r in which the

domain L3 is partitioned, N1, N2 the total number of particle of each species, and n1
i , n2

i the number
of particles of each type in cube index i. This quantity is then defined in [0, 1]: S1,2(r) = 0 implies
that the total number of particles of the two types is the same at a given scale r, while the opposite
limit, S1,2(r) = 1, implies that there is no overlapping between the two spatial distributions and
the populations are completely segregated at that scale. Complete separation is expected at very
small scale, giving that limr→0 S1,2(r) = 1, while no structure can be observed on the scale of
the numerical box, with limr→L S1,2(r) = 0. Finally, the segregation length scale R∗ is defined
as S1,2(R∗) = 1/2 and constitutes a limit below which the two populations can be considered
as not overlapping, and therefore segregated. To explore the effect of buoyancy control on the
segregation of communities, we consider mix populations composed of shear-thinning cells
(with fixed ε̇

(thin)
H and v

(thin)
s ) and shear-thickening cells (with fixed ε̇

(thick)
H but varying v

(thick)
s =

vs). Figure 3c depicts the evolution of the segregation index in a homogeneously distributed
suspension (i.e. passive particles, solid black line) and in the active system for the different values
of vs used (solid colour lines). Clearly, the segregation index remains close to 1 for larger r in
the active cases, showing that different buoyancy control strategies between species naturally
lead to community segregation. Such segregation is illustrated by the snapshot (bottom-left inset
in figure 3c) of local number densities for the two populations (red (light): shear-thinning; blue
(dark): shear-thickening). Although the correlation dimension D2 of the fractal attractors for the
two individual populations is almost identical under the chosen set of parameters (not shown),
their dynamics are not necessarily overlapping, leading to well-segregated populations. Finally,
the corresponding segregation length scale R∗ increases monotonically with the normalized
maximum sinking speed of the shear-thickening population vs.

(d) Sinking to depth
Changes in the sinking speed due to buoyancy control affect the time it takes cells and aggregates
to reach the deep ocean, an ecologically relevant process driving the biological carbon pump and
fundamental for the estimate of downward fluxes of organic matter [68]. The results discussed in
the previous sections imply that care should be taken when analysing the sinking dynamics of
non-passive particles, as the interplay between advective contributions and physiological control
translates into diverse forms. In order to investigate the effect of buoyancy regulation in the
distribution of escape times to the deep ocean, we use as a proxy the time τ needed for particles to
cover a large vertical distance, i.e. several times n 
 1 the size LB of the periodic integration box of
our doubly (or triply) periodic domain. Buoyancy control notably increases τ for active particles
when compared to the sinking of purely passively advected ones.

For TGV flow, even in the region of the parameter space where no permanent trapping exists
[55], the distribution of time τ is bimodal in the case of buoyancy regulating cells, showing
a highly heterogeneous escape dynamics, figure 3d blue (light) curve. This is in contrast with
the distribution of τ for passive particles (with the same set of parameters), which exhibit a
simple exponential decay with much smaller average escape time, figure 3d black (dark) curve.
Similarly, for 3D isotropic turbulent flows the escape time τ displays increased mean values
and much broader distributions (i.e. the probability density functions P(τ ) display wider tails)
as a function of cell activity (figure 3e). In other words, buoyancy regulation does not simply
shift the distributions rigidly but also modifies its shape, i.e. a larger fraction of the population
remains suspended for a time significantly larger than the average population. The major effect
of buoyancy regulation in this respect is to reduce the time-averaged ‘instantaneous cell density’
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(and as a consequence the instantaneous sinking speed) well below the maximum passive value,
effectively keeping cells suspended for much longer times before ultimately sinking to the deep
ocean.

4. Conclusion
Diatoms are one of the most successful phytoplankton groups, whether in terms of their
abundance, diversity or cosmopolitan nature. Diatoms contribute significantly to ocean
primary productivity, forming a substantial basis of the marine food web and, as a result,
partially determining the dynamics of the whole marine ecosystem. Moreover, diatoms
have a fundamental impact on global climate through their major contribution to oxygen
production, their role in the biological carbon pump and CO2 sequestration and in other global
biogeochemical oceanic cycles. Their rapid sinking to the deep ocean is greatly facilitated
compared to other phytoplankton group due to their characteristic heavy silicate wall. However,
it does not simply follow from Stokes’ Law: diatoms have evolved sophisticated mechanisms
to efficiently modify their density as an active response to environmental cues. This is
physiologically achieved by means of bio-silicification, carbohydrate ballast or ion replacement
in the vacuole; all processes with a substantial metabolic cost.

Our preliminary experimental results further establish that diatoms’ buoyancy is not
only regulated by light or availability of nutrients but that it is also controlled by hydro-
mechanical stress. This strongly supports previous speculations that mechanically induced fast
intracellular responses, in the form of cytosolic Ca2+ spikes [26], are involved in downstream
mechanotransduction that translates into changes of cellular mass density. In fact, we have shown
significant changes (up to 50%) in the sinking speed of Thalassiosira pseudonanna cells after these
have been briefly exposed to shear level comparable to those naturally encountered in the sea.
Although these reveal that diatoms are indeed able to modify buoyancy in response to external
flows, further experiments are needed in order to fully elucidate this interplay and to eventually
provide theoretical grounding for the observed active responses. Furthermore, we recall that we
expect buoyancy control to become even more important for larger species of diatoms, such
as Coscinodiscus walesii, for which the volume of the vacuole is larger, and larger variations in
undisturbed sinking speeds have already been observed [33,34]. Most importantly, in their natural
fluid environment diatoms are under the continuous effect of fluid mechanical stresses. There
the interplay between active physiological responses and physical transport processes becomes
particularly relevant as it can dynamically modify cell behaviour, advected trajectories and,
ultimately, phytoplankton spatial distribution with its relevance for many ecological processes
in the sea. Recent theoretical work [55,56] has explored how this interplay results in enhanced
population patchiness, community segregation and escape times to the deep ocean.

The results summarized herein suggest a number of pressing future research directions. Chief
among them are detailed characterization of the effect of fluid mechanical stress on buoyancy
regulation, its effect on nutrient uptake by altering the nutrient-deplete boundary layer around
sinking cells [34], its role in promoting collective phenomena such as the formation of thin
phytoplankton layer which should be addressed both theoretically and experimentally, and
the experimental realization of active responses in vortical flows that can be explored by, for
instance, employing a similar configuration as the one described in [54]. Moreover, long-term
adaptive dynamics has not been addressed so far, despite evidence showing that long exposure
to turbulence produces changes in diatoms in the expression of relevant metabolic pathways [42]
and, similarly in other phytoplankton groups (such as dinoflagellates) where it can even trigger
morphological changes resulting in cells evading regions of strong turbulence [69].

Data accessibility. The data employed to generate the figures of [56] are available at https://github.com/
mborgnino/data-buoyancy-regulating-phytoplankton, whereas data employed to generate the figures of [55]
and in figure 1 of this manuscript are available at https://github.com/jarrietasanagustin/review_diatoms.
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