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Many marine plankton species are motile and perform daily vertical migrations, traveling across water columns over distances
of tens of meters. It is intriguing that these tiny and slow swimmers can travel in a certain direction within a turbulent
environment. One way to do that is by exploiting gravitaxis, which is a form of taxis characterised by the directional movement
of an organism in response to gravity. Many plankton species are able to generate a gravitational torque (e.g., due to a non-
uniform mass distribution) that reorients them upwards. However, the swimming direction is disturbed by the shearing motions
and the velocity fluctuations that characterise oceanic turbulence: these can generate a viscous torque that may destabilize the
swimmer. The directed locomotion resulting from the combination of gravitational and viscous torques in a flow is termed
gyrotaxis, which is known to lead to a non-uniform spatial accumulation of swimmers in patches or layers. These phenomena
depend strongly on the non-linear dynamics that originate from the fluid motions, and the study of gyrotactic swimmers in
complex flows is attracting growing attention. Numerical simulations of the Navier-Stokes equations coupled with suitable
models of gyrotactic swimmers have proven their capability to provide valuable insight into the dynamical and statistical
properties of self-propelled organisms. In this paper, we review recent studies and key findings on gyrotactic swimmers in
turbulent flows. First, we introduce the most recent results concerning the orientation and vertical migration of gyrotactic
swimmers in isotropic turbulence. Second, we discuss the findings on the accumulation of the swimmers. Last, we review

recent progresses concerning the behaviour of gyrotactic swimmers in free-surface turbulence.
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1. Introduction

One important source of complexity associated with the
modelling and the simulation of phytoplankton interaction
with turbulence in water bodies is the motility of the
plankton cells. Many phytoplankton species are self-pro-
pelled and, even if their swimming speeds are typically
smaller than ambient flow speeds, there is well-documented
evidence that the interplay between motility and turbulence
can result in complex and ecologically important phenom-
ena [1-3]. For instance, some phytoplankton species (e.g.,
raphidophytes and dinoflagellates) have developed the
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ability to migrate upward toward the water surface during
the day to activate photosynthesis, and downward at night,
toward the deeper layers rich in nutrients [4]. It is now well-
known that vertical migration is favoured when swimmers
can modify the swimming direction by responding to dif-
ferent physicochemical biases, e.g., chemotaxis, gyrotaxis
and phototaxis [1]. In this review, we are interested in gy-
rotaxis, which is perhaps the most widely-studied type of
motile response. In particular, we focus on the gyrotactic
effect that originates from the competition between a sta-
bilising gravitational torque, which can be produced by a
non-uniform mass distribution of the swimmer and favours
its orientation along the direction of gravity (gravitaxis), and
a destabilising viscous torque, produced by the local shear
acting on the swimmer [5,6]. A schematic of a gyrotactic
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swimmer is provided in Fig. 1, where the gravitational tor-
que and the viscous torque are visualized together with the
displacement between the center of gravity and the center of
rotation determined by the non-uniform mass distribution
within the cell. Because of gyrotaxis, motile micro-organ-
isms are able to deviate from the streamlines of the under-
lying flow even if their inertia is small, when not negligible.
This capability allows for the formation of densely-popu-
lated patches and/or clusters. For instance, plankton can
form layers of thickness ranging from centimeters to meters,
which last for hours as observed in field experiments [7],
this phenomenon being the result of the interaction between
gyrotaxis and turbulent shear [8]. Indeed, the rising of gy-
rotactic micro-swimmers in a turbulent flow represents a
nice example of two-phase problem, in which preferential
concentration phenomena occur even in the absence of in-
ertia of the dispersed phase. This is just one of the reasons
why a great deal of experimental and numerical studies (see
Refs. [2,9-17] among others) have been devoted to under-
standing the role that gyrotaxis.

Experimental studies of gyrotactic swimmers dated back
to the famous experiment of Kessler’s [18-20], who ob-
served that bottom-heavy plankton in a vertical tube accu-
mulate in different regions when the flow in the tube goes
either up or down. Cells accumulate in the center of the tube
in a downward flow because the flow shear tilts the or-
ientation of gyrotactic cells towards the center of tube. In an
upward flow, the shear is in the opposite direction, so cells
accumulate at the wall. Using a horizontal shear flow,
Durham et al. [21] observed that gyrotactic plankton is
trapped in the regions with high shear, which explains the
formation of plankton layers observed in nature [7]. Durham
et al. [8] observed that gyrotactic swimmers tend to accu-
mulate in downwelling regions in a simple vertical flow,
while De Lillo et al. [9] found that fluid acceleration
changes the preferred orientation of gyrotactic swimmers,
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Figure 1 Schematic of a swimmer under the action of viscous and
gravitational torques. The light blue arrow indicates the rotation of the
carrier fluid.

722323-2

allowing them to accumulate in strong vortices. In spite of
these findings, however, experiments on gyrotactic swim-
mers are still limited by the difficulty of tracking tiny and
massive plankton cells as well as measuring the flow field.
This is particularly hard in complex (e.g., inhomogeneous
anisotropic) flows or when field measurements have to be
performed.

Numerical methods have the advantage that they produce
trackable data for both the swimmers and the carrier fluid.
Thanks to the growing computational resources, direct nu-
merical simulations may now provide more accurate and
comprehensive results, which can be compared directly to
experiments [8,21] as well as theoretical results [10,22].
Thanks to this, our knowledge about gyrotactic swimmers
has significantly advanced over the last two decades, pro-
viding for instance ample evidence that motile particles in
homogeneous isotropic turbulence (HIT) accumulate inside
the vortices and in downwelling regions [8,10,22], while
light and heavy non-motile particles accumulate inside and
outside the vortices, respectively [23].

In spite of the wealth of studies available in archival lit-
erature, there are very few review articles in which recent
findings are summarized and put into perspective. To the
best of our knowledge, the most recent review was pub-
lished by Cencini et al. [15] on how gyrotaxis can produce
inhomogeneous phytoplankton distributions, yet considering
both laminar and turbulent flows, and focusing on gyrotactic
trapping in nonlinear shear flows and in fractal clustering in
turbulent flows to demonstrate the usefulness of ideas and
tools borrowed from dynamical systems theory. In this re-
view, we try to complement the survey of Ref. [15] by also
concentrating on gyrotaxis as paradigmatic model for phy-
toplankton motility in flows, but we consider a wider variety
of turbulent flows (going beyond HIT) and we examine the
effect of gyrotaxis not only on preferential concentration but
also on the orientation and vertical migration of the swim-
mers, looking at the impact produced by processes such as
stratification [11], shearing generated by winds [13], inter-
action of the swimmers with a free surface mimicking the
air-water interface [12].

2.  Model of gyrotactic micro-swimmers

Gyrotactic swimmers are usually modeled as spherical or
ellipsoidal particles with motility [8-13,21]. According to
the typical parameters of plankton (Table 1), one estimates
the length and swimming velocity to be of the order of
10 m and 107 m/s, respectively. Thus, the particle Rey-
nolds number is estimated as Re,=v,L/v=0.1, under

which case the effect of finite particle size is negligible and
a point-particle model is justified. The Stokes number,
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St =17,/ 7, , quantifies the inertia of particle, where 7, and 7y
are the response time of particle and the characteristic time
scale of fluid flow, respectively. The Stokes number is
usually negligibly small for plankton, which indicates that
the particle inertia can be neglected, i.e., the force and tor-
que on a plankton are negligibly small. Therefore, the fol-
lowing inertia-less model has been widely used in earlier
studies:

K=v, (1)
V=utvitv,, 2)
n=@©xn, 3)
0)=Q+An><(S-n)—%n><eg 4)

Here, x and n are the position and orientation vector (e.g.,
the direction of symmetry axis) of a swimmer, v and o are
the velocity and angular velocity of a swimmer, respectively.
The three terms on the right-hand-side (r.h.s.) of Eq. (2)
denote the contributions of fluid velocity at the particle lo-
cation u, the swimming velocity V;, and the settling velocity
V.. A swimmer is assumed to swim with a certain speed in
the direction of its orientation, giving as V, = V,l. In nature,
swimmers are usually slightly heavier than water (see Table
1) so they are subject to a settling velocity. In the limit of St
<< 1, the settling velocity is given by the Stokesian settling

velocity [24-26] v, = vgl e, + (vg",l - ng)(e ¢ Mn, where vl

and ng are the terminal velocities attained when a swimmer

aligns with and perpendicular to the gravity direction, re-
spectively, and e, is the unit vector in the direction of
gravity.

The orientation of a swimmer is subjected to the fluid
velocity gradients and the gyrotaxis torque. The first two
terms in Eq. (4) denote the contribution of fluid vorticity Q
and strain rate S, where 4 = (/12 —1y/ ()Mz +1) is the shape
factor, with 1 being the aspect ratio of an ellipsoid. The third
term denotes the contribution of the gyrotactic torque [19],
where the reorientation timescale, B, is the timescale that a
swimmer takes to retain the stable orientation under the
gyrotactic torque [27]. The time scale B can be calculated by
the balance of the torques acting on a swimmer. For ex-
ample, a particle of mass m in a quiescent fluid with visc-
osity v and density p; is subjected to the torque due to
viscous fluid, T, =—6map,vC-®, and to the gyrotactic
torque T, = mL X g. Here, a is the length of semi-minor axis
of an ellipsoid, L is the offset vector between the center of

mass and the center of buoyancy, and C is the resistance
coefficient of an ellipsoid, respectively. Because we neglect

the total torque on a particle, T, is balanced with T,. For
simplicity, we assume L to be opposite to n for a bottom-
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heavy swimmer. Using Eq. (4), we obtain the expression
B =3mnap,C, / mgl [27], where C, is the resistance coeffi-
cient of an ellipsoidal particle rotating with its minor axis
[26].

Many previous studies [8,10-13,19,21] have shown that a
stable orientation is attained upon alignment with or against
the direction of gravity, because gravity usually provides the
major contribution of acceleration that reorients the swim-
mer. However, in certain circumstances, the fluid accelera-
tion is comparable to gravity. This changes the preferential
orientation under gyrotaxis, and causes a different kind of
clustering effect which leads to swimmers’ accumulation in
high vorticity regions [9]. Recently, the fluid inertial effect
on swimmers has been considered [28-30]. Qiu et al. [29]
showed that the effect of the fluid inertial torque can be
quantified by an effective reorientation timescale, and that
the swimmers exhibit a strong preferential alignment in the
upward direction when the timescale is of the same order of
the Kolmogorov timescale. This suggests that the fluid in-
ertial torque may provide a different mechanism of gyro-
taxis, by which the upward orientation of the swimmers can
be stabilized.

The behaviour of gyrotactic swimmers is governed by two
dimensionless numbers. The reorientation timescale is de-

scribed by ¥ =B/, (also referred to as stability number),

and the swimming velocity is described by @ = v,/ u, (also
referred to as swimming number), where # and u are the
typical time and velocity scales of the fluid flow, respec-
tively. For HIT, # and u, can be chosen as the Kolmogorov
scales of the flow [8,10,22]. However, the typical scales of
complex flows, characterized by inhomogeneity and aniso-
tropy for instance, may vary in space and time. For example,
in a wall-bounded turbulent flow, the turbulence is more
intensive near the wall due to shear. The time and velocity
scales near the wall are shorter and larger, respectively,
compared with the regions far away from the wall. The
behaviour of gyrotactic swimmers is, therefore, expected to
be different because the two dimensionless numbers, ¥ and
@, change locally due to the varying scales of flow.

3. Orientation and vertical migration

The most striking macroscopic effect of gyrotaxis is its in-

Table 1 Typical parameters of plankton in the ocean

Parameters Values

Length (pm) [31-33] 20-300
Swimming speed (um/s) [31-33] 100-1000

Reorientation time (s) [4,18,21,34] 0.2-30

Aspect ratio [35] 1-8
Density (g/cm’) [33] 1.06-1.09
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fluence on the orientation of a swimmer. Understanding the
orientation of gyrotactic swimmers is important because it
allows for the prediction of the direction and efficiency of
vertical plankton migration. According to Eq. (4), the rota-
tion of a swimmer is determined by the effect of gyrotactic
and the effect of fluid vorticity and strain rate along the
Lagrangian trajectory of a swimmer. Because the gyrotactic
term has a magnitude not larger than (2B)™', the swimmer
will tumble when the importance of the vorticity and strain
rate terms is sufficiently large. Otherwise, the swimmer is
expected to attain an equilibrium orientation if the effect of
fluid velocity gradients is small compared with that of gy-
rotaxis. This can be seen from the simplest case, in which
the swimmer is spherical and moves in a steady and uniform
shear flow. This allows for a constant vorticity along the
trajectory of a swimmer and a vanished strain rate term in
Eq. (4). In a special case that the vorticity is perpendicular to
the preferred orientation of gyrotaxis indicated by e,, Eq. (4)
can be substantially simplified as

0=w- %sin@, &)
where 0 is the angle between the swimming direction and
the preferred orientation under gyrotaxis, i.e., cost =n- e,
When 2wB < 1, the equilibrium orientation obeys
sind = wB, which gives two equilibrium orientations, but
only the one with 0 <m/2 is stable. When 2wB > 1, the
swimmer tumbles and there is no equilibrium orientation. In
a general case, however, the rotational dynamics given by
Eq. (4) cannot be simplified as Eq. (5) because the vorticity
is not always perpendicular to e,. In the latter case, the
dynamics again have equilibrium points for 2wB > 1,
leading to a swirling swimming trajectory around the di-
rection of vorticity, as shown in Fig. 2. This is well docu-
mented by the analysis performed by Pedley and Kessler
[27], Thorn and Bearon [36].

In nature, plankton usually resides in a turbulent en-
vironment, experiencing a fluctuating fluid flow along their
trajectories. In general, the orientation of gyrotactic swim-
mers depends on two timescales which correspond to the

50 -50 < y -1 =1 p,

Figure 2 Typical trajectories of gyrotactic swimmers with 2wB > 1. a
Position and b orientation. The vorticity is in z-direction, and e, = (sin(m/4),
0, cos(n/4)). The notation p in b stands for the swimming direction, which
is denoted by n in this paper (Figure taken from Ref. [36]).
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effect of gyrotaxis and fluid velocity gradients, and they are
denoted by B and £, respectively. The relation between these
time scales determines the behaviour of gyrotactic swim-
mers in turbulence. An important limit is when turbulence is
weak, which corresponds to B << ¢, and thus to ¥ << 1. In
this limit, the effect of turbulence can be regarded as a
perturbation from the stable orientation n ~ —e,. In such a
case, a spherical swimmer has equilibrium orientation
n= (Y’wy/tn,—S”a)x/tn, 1) assuming €, = (0,0,—1) [8,37].
This is useful for analysing patchiness, as discussed in the
next section.

When turbulence is intense, swimmers have no determi-
nistic orientation. In this case, it is more useful to discuss the
probability distribution of the orientation of a population of
swimmers. Lewis [38] suggested that the orientation of
gyrotactic swimmers in a turbulent flow satisfies a Fokker-
Planck equation, which is similar to the rotatory Brownian
motion [39,40]. The only difference is that for Brownian
motion the rotational diffusivity originates from the mole-
cular thermal motion, while for turbulence an effective
diffusivity is caused by the random fluctuation of velocity
gradients. Lewis [38] obtained the steady distribution of
orientation for spherical gyrotactic swimmers in an isotropic
turbulence as follows:

Peosd
GO) = e (©)
!
B= b ™

where G is the probability distribution of orientation 6, and
D 1s the effective diffusivity. The distribution given by Eq.
(6) describes well the orientation of gyrotatic swimmers in
random flows [38] as shown in Fig. 3, but D is treated as
an open parameter in the model. To understand the under-
lying physics, Fouxon and Leshansky [37] derived the
Fokker-Planck equation from the dynamics of Egs. (1)-(4),
and obtained the same distribution of Eq. (6) in the limit of
turbulence being described as Gaussian noise. In other
words, the correlation time of the turbulent velocity gra-
dients experienced along the trajectory of a swimmer needs
to be much less than the timescale of the change in or-
ientation. This requires either ¥ >> 1 or {¥' <1, @¥>> 1}.
The first condition corresponds to extremely weak gyro-
taxis, while the second corresponds to the swimmers moving
through the smallest flow scale in a short time so that the
velocity gradients decorrelate quickly.

The analyses just discussed are mainly for spherical
swimmers. The theoretical analysis with non-spherical
swimmers is expected to be more difficult, since they are
subjected to a non-zero strain rate term, appearing in Eq. (4),
which depends on the instantaneous orientation. A direct
result is that elongated swimmers in turbulence show a
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Figure 3 Probability distribution function of the orientation of swimmers
in a random flow, taken from Ref. [38]. The histogram represents the
distribution obtained by numerical simulation of swimmers in the random
flow. The crosses represent the distribution predicted by Eq. (6). The solid
line represents the theoretical prediction proposed by Ref. [38]. B™' =
1.6931, Dy = 0.17.

preferential orientation with respect to the first and second
eigenvectors of local strain rate tensor [14], which is similar
to non-motile elongated tracers [41,42]. This preferential
alignment with local fluid structures leads to a longer
timescale for an elongated swimmer to align with the pre-
ferred direction of gyrotaxis —e, which weakens the
alignment in —e, [14]. Recently, Borgnino et al. [43] have
examined the orientation statistics of spheroidal, axisym-
metric microswimmers, with the shapes ranging from disks
to rods, in chaotic turbulence-resembling flow. They showed
that alignment is caused by the combined effect of (1) the
correlations of fluid velocity and its gradients along the path
followed by the swimmer and (2) the fore-aft symmetry
breaking due to both swimming and non-sphericity of par-
ticle shape. Such alignment was found to be independent of
the underlying flow evolution, but its role for gyrotactic
swimmers needs to be further investigated.

4. Patchiness and preferential sampling

Patchiness of swimming plankton plays a crucial but com-
plex role in the life of these organisms. Forming patchiness
increases the rate of mating, which benefits their re-
production. However, patchiness can also be harmful be-
cause it increases the grazing of predators [44] as well as the
competition in nutrients between neighbouring individuals
[45]. Understanding the patchiness of swimmers in turbu-
lence is important because it provides mechanical inter-
pretation of the different swimming behaviour among
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species that may result in different levels of patchiness.

Gyrotactic swimmers are known to form patches. Kessler
[18] observed the accumulation of swimming plankton in
the center of a downward pipe flow. Plankton also forms
thin layers when they encounter strong flow shear [21]. De
Lillo et al. [9] observed that swimming plankton accumu-
lates in the core of strong vortices because centrifugal ac-
celeration aligns the swimming direction to the center of the
vortices, while dead cells remain randomly distributed.
Gyrotactic swimmers in turbulence also form patchiness as
reported by numerical studies based on direct numerical
simulations [8,9,14,22,46]. This is nontrivial because tur-
bulence often acts as a mixing process. For instance, passive
tracers are advected and dispersed randomly in a turbulent
flow because they passively follow the fluid streamlines. On
the contrary, swimmers can move across the streamlines and
form patches if the swimming direction is preferential due to
the gravity or shape effects, as discussed below. Interest-
ingly, simulations in HIT show that swimmers tend to ac-
cumulate inside the vortices or in downwelling regions
when clustering is dictated by the vertical stability (high
stability number) [8,10,22], but accumulate outside the
vortices when clustering is dictated by the swimming ve-
locity (high swimming number) [47].

To analyse the patchiness on the population level of
swimmers, we need to quantify the degree of patchiness.
The fractal dimension of the patches, referred to as D
hereinafter, is one of the most commonly used indicators. It
can be calculated from the radial distribution function (i.e.,
the possibility of finding a pair of swimmers at a distance 7):

_ 4N,
glr)= NN-Ddr (8)

g(r) ~r?, )
where N is the total number of swimmers counted in the
calculation of g, and D is defined as the exponent of g(r) at
small r. Obviously, D is equal to the spatial dimension if
swimmers are randomly distributed. However, D is smaller
than the spatial dimension when swimmers form patches,
which is also called fractal clustering. In addition to the
fractal dimension, Voronoi tessellation is also commonly
used to analyse the patchiness of particles [48,49] or
swimmers [17]. Based on the instantaneous swimmer posi-
tion, the Voronoi tessellation splits the spatial domain into
many Voronoi polyhedrons. Each polyhedron represents the
spatial region that is closest to the unique swimmer con-
tained in the polyhedron, so the volumes of polyhedrons are
smaller when the swimmers form a local cluster. The dis-
tribution of the volumes of Voronoi polyhedrons implies
rich information about patchiness. The effect of gyrotaxis on
patchiness of swimmers was first studied by Durham et al.
[8] who showed the relation between D and @ and ¥ for
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spherical swimmers, as shown in Fig. 4a. D is the smallest
when ¥ ~ 1, and decreases as @ becomes larger in this
regime of Y. This means that swimmers form stronger
patches if they swim fast compared to the Kolmogorov
velocity scale and their gyrotactic torque is comparable to
the effect of vorticity. It is believed that patchiness is a result
of preferential sampling in downwelling or upwelling re-
gions. This is supported by the observation that the trend of
vertical fluid velocity sampled by gyrotactic swimmers, u.,
is similar to the trend of D over @ and ¥ [8], as shown in
Fig. 4b.

The shape of the swimmer also has a significant effect on
the patchiness. In the limit of infinite large ¥, namely no
gyrotactic torque, elongated swimmers still form patchiness
whereas spherical swimmers do not. Zhan et al. [14] sug-
gested that the patchiness of non-gyrotactic elongated
swimmers is due to the turbulent flow topology they sample,
because elongated particles are known to align with the
direction of local vorticity as well as the first and second
eigendirections of strain rate [41,42]. This kind of pre-
ferential alignment still exists when elongated particles
swim [14]. When a swimmer experiences gyrotactic torque
(¥ is limited), the alignment with respect to the eigendir-
ections of the strain rate leads to different levels of patchi-
ness for spherical and elongated gyrotactic swimmers. As
observed by numerical simulations [14,22] and theoretical
studies [10], spherical swimmers cluster more than elon-
gated swimmers when ¥ is small, while the opposite hap-
pens when ¥ is large, as shown in Fig. 4c. Zhan et al. [14]
concluded that elongated swimmers are more likely to be
influenced by the shear of flow than spherical ones. As a
result, it is more difficult for the elongated swimmers to
reach an equilibrium orientation due to gyrotaxis and form
patches compared to spherical swimmers with a small ¥. On
the contrary, when ¥ is large, elongated swimmers form a

stronger patchiness compared with spherical ones.
One of the most intriguing problems is to build up the

dependence of swimmers’ patchiness in turbulence on the
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main dimensionless numbers characterizing the problem,
ie., @, ¥, and 4 for the swimming speed, the gyrotactic
torque, and the shape of swimmers, respectively. The de-
pendence is complex because patchiness results from the
combined action of turbulence dynamics, swimming and
preferential alignment. To the best of our knowledge, yet no
universal model is built that can describe patchiness in HIT
for any value of @, ¥, and 4. Nevertheless, efforts have been
made in some limits in which the dynamics can be simpli-
fied. First of all, for spherical swimmers with ¥ << 1, Eq.
(3) yields n = (‘Pa)y/ lys Yo,/ Ly 1) as discussed in Sect. 3,
where the direction of gravity acceleration is assumed to be
in the negative direction of z-axis. Replacing n in the
swimming velocity V; = BV, and taking the divergence of the
left- and right-hand-side of Eq. (2), Durham et al. [8] ob-
tained the following relationship:

V.v=-YoVu_, (10)
where V -u=0 is assumed and the settling velocity has
been neglected. The accumulation of swimmers is indicated

by the negative divergence of the velocity of swimmers,
which means that swimmers accumulate in the regions of

large V2 u,. In HIT, \v& u, is negatively correlated with u,, as

can be seen from the energy dissipation of turbulence [8,50]:
= v<|V u|2> = 7v<u- \ve u> = *3v<uz Ave u> >0. (1)

Therefore, swimmers with small ¥ preferentially sample
downwelling regions, and the intensity of the sampling is
proportional to ¥Y®. Equation (10) also implies that strong
gyrotactic swimmers in an incompressible fluid flow can be
seen as tracers in a weakly compressible fluid with a di-
vergence given by —¥® V> u,. In this case, the fractal di-

mension D is predicted as [8,51,52]
D =3—a(VYD)’, (12)

which is in good agreement with numerical results.
The non-spherical shape of swimmers brings in more
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Figure 4 a Fractal dimension of spherical swimmers as a function of ¥ and @ in HIT, taken from Ref. [8]. b The vertical fluid velocity sampled by spherical
swimmers in HIT, adopted from Ref. [8]. ¢ The fractal dimension of swimmers of different aspect ratio in two-dimensional random flow, taken from Ref.
[10]. Circles: A4 = 0; squares: 4 = 0.2; diamonds: 4 = 0.4; triangles: 4 = 0.6; inverted triangles: 4 = 0.8; stars: 4 = 1.0.
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complexity because of the strain rate term in Eq. (4). Gus-
tavsson et al. [10] studied the preferential sampling of flow
regions and patchiness with respect to three dimensionless
numbers: 4, @ and Y. Using statistical model for the fluid
phase, these authors gave an analytical prediction of fractal
dimension and u, sampled by swimmers with a large or
small @ in the limit of Ku << 1, where Ku is the Kubo
number, a dimensionless number that quantifies the time
correlation of the flow. The predicted fractal dimension is in
good agreement with direct numerical simulations [14] as
shown in Fig. 4c. Moreover, Gustavsson et al. [10] sug-
gested that spherical swimmers sample downwelling re-
gions, but elongated swimmers can sample upwelling
regions if swimming speed is larger than a critical value.
This trend has been also examined by direct numerical si-
mulations of HIT [22]. Figure 5a shows that the critical
swimming speed increases as ¥ decreases. Figure 5b shows
that the relationship between the critical swimming speeds
and ¥ collapses at different Reynolds number as long as the
swimming speed is scaled by the root-mean-square fluid
velocity sy, @ = v,/ U,y This suggests the preferential
sampling effect may be related to the large scale motions of
fluid [22].
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Figure 5 a Vertical fluid velocity sampled by elongated swimmers in
HIT. b The critical value of @, and @ (inset) for swimmers with different ¥
to sample upwelling regions. Both figures are taken from Ref. [22].
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5. Gyrotactic swimmers in free-surface turbu-
lence

The behaviour of the swimmers is significantly affected by
the properties of the turbulent flow they evolve in. In par-
ticular, compared with the case of isotropic turbulence,
motility leads to a different gyrotaxis when coupled with
shear in the form of vertical gradients in horizontal fluid
velocity, which are typical of air-water interfaces. In an
effort to advance current understanding of how gyrotactic
swimmers propel themselves near and below an air-water
interface, several studies [11-13] have recently investigated
swimmer dynamics for the reference case of turbulent open
channel flow bounded by a free-surface at the top and a solid
wall at the bottom. This setup mimics the dynamics of
phytoplankton in water bodies when surface waves and
ripples are smooth or absent, also reproducing the main
features of a fluctuating heterogeneous environment char-
acterised by a marked separation between the forcing scale
and the dissipation scale [12]. Figure 6 provides a visual
rendering of the spatial distribution that can be attained by
gyrotactic swimmers at the free surface, showing that
swimmers tend to sample the upwelling and downwelling
regions on the surface [12]. These regions can be identified
by means of the surface divergence [42], defined as

— aux au}’ _ 761"2
=Ty & (13)
where u, and u, are the (streamwise and spanwise) fluid

velocity components parallel to the free-surface, whereas u,
is the fluid velocity component normal to the surface. Fluid

Vap

upwellings generate regions of local flow expansion (V,p
> 0) while fluid downwellings generate regions of local
compression (V,p < 0). The most evident feature of swim-
mer spatial distribution is the formation of highly-con-
centrated clusters that originate from the interaction between
individual cells and surface flow structures. Such macro-
scopic manifestation in free-surface turbulence is also
common to floaters and motile particle [3,13,53,54]. Be-
cause of gyrotaxis, swimmers cannot leave the surface fol-
lowing flow motions: they can only leave velocity sources
(red areas in Fig. 6) and collect into velocity sinks (blue
areas in Fig. 6), organizing into clusters that are advected
passively by the mean flow until a subsequent burst hits the
cluster causing its reshaping. Eventually sharp filamentary
patches characterised by high concentration of swimmers
are produced, which correlate very well with the rapidly-
changing patches of V, [3]. The presence of localized fi-
lamentary regions where swimmers tend to accumulate un-
der the action of the local flow appears to be a rather robust
feature of swimmer dynamics in turbulence even if the
Reynolds number dependence does not seem to be universal
[55].
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Figure 6 Instantaneous spatial distribution of gyrotactic micro-swimmers on the free surface of a turbulent open channel flow at varying flow shear
Reynolds number and stability number. a, b Re, = 170; ¢, d Re, = 510; e, f Re, = 1020. Left-hand panels refer to low-gyrotaxis swimmers (low stability
number), right-hand panels refer to high-gyrotaxis swimmers (high stability number). Figure taken from Ref. [12].

The surface distribution shown in Fig. 6 is clearly pro-
duced by the surfacing of the swimmers, which depends on
the ability of the swimmers to exploit the large-scale ad-
vective motions that characterise the turbulence below the
surface, as shown in Ref. [12]. Such ability depends on the
vertical stability of the swimmers, what matters being the
ratio between their characteristic re-orientation time and the
Kolmogorov time scale, tx (which is the characteristic time
scale of the small turbulent structures in the flow). As shown
in Ref. [12], large-scale advection dominates vertical motion
when the stability number, scaled on the local Kolmogorov
time scale of the flow, is larger than unity. When this con-
dition is met, migration towards the surface is enhanced,
particularly at low Reynolds number since swimmers can
rise exploiting the surface renewal motions that originate
from the bottom-boundary turbulent bursts.

Migration is hindered when the stability number, scaled
on the local Kolmogorov time scale of the flow, is below
unity. When this condition is met, small-scale effects be-
come more important, particularly at high Reynolds number,
since the bottom-boundary bursts are less effective in
bringing fluid to the surface. Therefore, a Kolmogorov-
based stability number can be defined as

1
2Bk~
where the superscript + represents dimensionless variables

Py = Vi, (14)

in wall units and ¥ = v/ (Bu.?). Note that the definition of

¥ " differs from the definition of ¥ used in the previous
section. A larger ¥ means a stronger stability whereas

larger ¥ stands for a weaker stability. This definition dis-
criminates the different roles played by the small and large
scales of the flow in determining the ability of vertical mi-
gration of swimmers, and it establishes a threshold (namely

¥, =~ 1 when 7, is equal to the maximum value within the

flow, which is attained at the free-surface) beyond which the
capability to reach the free surface and form clusters satu-
rates [12]. This is confirmed quantitatively in Fig. 7, where
the values of the swimmer concentration at the free surface,

C/C,, and the corresponding values of ¥y are shown for the
different values of the flow shear Reynolds number Re, and
of the stability number ¥ , at self-propelling speeds that are
typical of the most common phytoplankton species. When-
ever ¥ < 1, namely whenever the time scale of gyrotaxis is

large compared with that of small flow structures, swimmers
cannot overcome the destabilizing influence of these small-
scale structures on vertical migration and their ability to
reach the surface through the large-scale advective struc-
tures of the flow is reduced. This leads to a reduced accu-
mulation at the free-surface. The opposite occurs when ¥ >

1, namely when the time scale of gyrotaxis is small com-
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Figure 7 Swimmer concentration a and corresponding Kolmogorov-
based stability number b on the free-surface at varying shear Reynolds
number and stability number. Here, * = 0.0113, y* = 0.113, ¢+ = 1.13
represent swimmers with low, intermediate and high gyrotaxis, respec-
tively. Figure reproduced with data from Ref. [12].

pared with that of the small flow structures: swimmers re-
spond quickly to gravity and this gives them the ability to
counteract small-scale destabilizations and exploit large-
scale advection to reach the surface, thus enhancing accu-
mulation. The role of the small turbulent scales was also
recognized by Jaccod et al. [55], who focused on their im-
pact on the statistics of plankton density fields at very fine
scales in a flow past an idealized island. Understanding the
interaction between swimmers and flow scales is important
because swimmers can only sense and react to the local flow
information while having no access to the global informa-
tion: therefore, the swimming direction can be adapted so-
lely based on the local flow vorticity [56].

The overall surfacing and clustering behaviour of the
gyrotactic swimmers can be influenced by a number of
factors related to the specific features of the flow. For in-
stance, the acceleration of the fluid surrounding the swim-
mers can modulate their ability to rise in upwellings and
sink in downwellings, especially in high-Re, flows, as a
consequence of a stronger tendency of the swimmers to
sample high-vorticity regions of the flow [9,15]. In Ref.
[47], highly-clustered swimmers were found to be asso-
ciated to an increase in the acceleration frequency dis-
tribution, suggesting a direct influence of acceleration on
clustering.

Also, the occurrence of regions of strong local shear has
been shown to affect surfacing, as in the case of a wind-
sheared flow. Indeed, wind-induced shear has a profound
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effect on the transport and mixing processes in the upper
layers of large water bodies, particularly in the oceans where
it controls the vertical distribution and residence time of
phytoplankton species rising and sinking across the near-
surface region [57,58].

The interplay between wind-induced shear and gyrotaxis
in a three-dimensional turbulent flow was studied by Ref.
[13], with the aim of assessing the conditions under which
the trapping phenomena previously described for a simple
free-shear surface can still take place. In these studies, the
choice of considering a wind-sheared turbulent flow with a
flat undeformable surface was made. This choice is based on
the findings of several previous studies [3,54,59,60], which
have shown that light particles moving at the deformed free
surface of a turbulent flow are subject to clustering me-
chanisms that come from the horizontal divergence in the
surface: These mechanisms induce a compressible effect
similar to the one observed for flat surface. In addition,
transfer mechanisms across a gas-liquid interface like the
one considered in Ref. [13] are controlled mainly by co-
herent structures on the liquid side for wind-driven turbu-
lence under the condition of low wind velocity (and no wave
breaking).

Figure 8 provides a qualitative picture of these phenomena
for three different flow configurations, produced by apply-
ing a suitable constant-stress boundary condition at the top
surface of the flow domain to model the wind-induced
forcing: free-slip surface without wind; co-current wind
blowing in the streamwise flow direction; counter-current
wind blowing against the streamwise flow direction. Figure
8 shows that the flow topology (velocity sources/sinks) and
the morphology of the surface clusters formed by the
swimmers depend not only on gyrotaxis but also on the wind
forcing. In the co-current wind case (middle-row panels in
Fig. 8), a sharper alternation of velocity sources and sinks
with smaller spatial extent is observed and only swimmers
with high gyrotaxis can cluster. In the counter-current wind
case (bottom-row panels in Fig. 8), surface flow structures
more rarely appear in the form of strong sources/sinks and
swimmers are able to cluster already at intermediate gyro-
taxis.

These observations can be correlated with the orienta-
tional behavior of the swimmers, which is shown in Fig. 9
with reference to the vertical direction only. Note that
(p.) =1 indicates swimmers aligned with the vertical di-
rection, whereas (p, ) = 0 indicates swimmers moving in the
horizontal plane. The most interesting wind-related effects
are obtained for the swimmers with intermediate gyrotaxis,
since those with low gyrotaxis are always destabilized by
the local turbulent fluctuations while those with high gyro-
taxis are always stabilized by gravitaxis. Compared with the

free-slip flow (Fig. 9a), significantly lower values of (p,)



J. Qiu, et al. Acta Mech. Sin., Vol. 38, 722323 (2022)

., ; g&&i:%

,’1,

" gic’é

722323-10

100 200 300 400 500 600 700 O 1002003004005006007000 1002(1)3004@500600700
x* x*

b6

Figure 8 Instantaneous spatial distribution of gyrotactic micro-swimmers on the free surface of a turbulent Poiseuille flow in an open channel at Re, = 170
without wind (top-row panels), with co-current wind (middle-row panels), and with counter-current wind (bottom-row panels). Panels in the left-hand column
refer to swimmers with low gyrotaxis (% = 0.0113); panels in the central column refer to swimmers with intermediate gyrotaxis (%, =0.113); panels in the
right-hand column refer to swimmers with high gyrotaxis (%};= 1.13). Figure taken from Ref. [13].

are observed within the wind-induced high-shear surface
layer both with co-current wind (Fig. 9b) and counter-cur-
rent wind (Fig. 9c). This mean-shear effect becomes more
evident when ¥ =~ 1.

It was observed that, once swimmers trespass the high-
shear region and reach the surface, they tend to align in the
horizontal flow direction because wall-normal turbulent
fluctuations decay to zero and swimmers are brought about
only by the residual fluid velocities in the horizontal di-
rection [3,13]. Overall, wind is found to have a significant
damping effect on the surfacing of the swimmers, which
exhibit a narrower vertical spreading within the flow. Only
organisms with high-enough gyrotaxis can maintain their
ability to swim upwards.

Interestingly, a similar behaviour of the mean orientation
was observed in the presence of temperature-induced stable
stratification [11], which appears to hinder surfacing and
damp vertical mixing when temperature gradients are large
enough to generate thermoclines and internal gravity waves.
Thermal stratification in water bodies influences the heat,
momentum and chemical species exchange across the air-

water interface by modifying the sub-surface turbulence
characteristics. This is associated with the formation of in-
ternal gravity waves [58,61,62] near the free surface and
above regions of well-mixed turbulence and active bursting
phenomena. These waves correlate well with the so-called
thermoclines, namely regions of the flow characterised by
strong temperature gradients and poor mixing [55,63],
which act as thermal barrier for organic and inorganic
matter.

The modifications induced by stratification may affect the
capability of the swimmers to reach the heated surface. An
example is provided in Fig. 10, where the time evolution of
the normalized swimmer concentration, C/Cy, along the
vertical direction is shown. This figure shows that the rising
of the swimmers depends strongly on the strength of stra-
tification (quantified here by the shear Richardson number,
Ri), especially near the thermocline where hydrodynamic
shear may disrupt directional swimming and hinder near-
surface accumulation. Indeed, a reduction of the cell rising
speed and a temporary confinement under the thermocline
was observed for all gyrotactic re-orientation times con-
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Figure 9 Mean orientation of the swimmers along the wall-normal direction, p, at varying gyrotaxis (low gyrotaxis, ¥; = 0.0113: solid line; ¥;=0.113:

dashed line; high gyrotaxis, %= 1.13: dotted line). The free surface is located at 7" = 0. a Free-slip surface; b co-current wind; ¢ counter-current wind.
Figure taken from [13].
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Figure 10 Time evolution of the swimmer concentration across the channel height, C/Cy, with C = C(z, t) and C = C (z, t = 0). Top row: swimmers with
low gyrotaxis, ¥ ; middle row: swimmers with intermediate gyrotaxis, ¥|; bottom row: swimmers with high gyrotaxis, ¥,. Left-hand column: low
stratification, Ri, = 0; middle column: intermediate stratification, Ri, = 165; right-hand column: high stratification, Ri, = 500. The black line in each panel

represents the center of mass of the swimmer distribution, and the white lines represent the standard deviation above and below the center of mass. Figure
taken from Ref. [11].

sidered in Ref. [11] and swimmers eventually trespass the ferential orientation and clustering depend only on the in-

thermocline only if their re-orientation time is sufficiently
small to ensure that the favourable condition for surfacing,
¥, > 1, is met. If re-orientation is too slow (namely if ¥y <
1), then the confinement lasts longer because vertical
swimming is hampered and swimmers are forced to align in
the horizontal direction.

These findings refer to inertialess swimmers, and so pre-

terplay between gyrotaxis and turbulence. In the case of
inertial organisms, we are only aware of the work by Sozza
et al. [64], who however considered non-motile floaters
transported by stratified turbulence. In spite of the different
motility properties, it is interesting to observe that also
floaters tend to accumulate within a thin layer around the
fluid isopycnal produced by stratification, as a result of the
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competing action of buoyancy (which attracts the floater to
the isopycnal) and inertia (which prevents the floater from
following the isopycnal exactly).

More recently, Ouillon et al. [65] have explored the col-
lective vertical migration of a swarm of inertial swimmers
through a stably stratified density interface, showing that the
hydrodynamic interaction among the swimmers can produce
a spatially coherent source of thrust that results in the for-
mation of a swarm-scale jet in the direction opposite to the
migration. Hydrodynamic interaction was not accounted for
in Ref. [11] and may provide a further mean to optimize
vertical migration.

The effects just described (turbulent advection, wind,
stratification) may have important consequences for en-
vironmental processes such as spring phytoplankton bloom
and growth, which are known to occur when turbulent
mixing is sufficiently weak. For instance, Tergolina et al.
[66] have explored the role of large-scale advection and
small-scale turbulent diffusion in a kinematic flow field that
accounts for well-controlled different spatial and temporal
scales of the turbulent motions. Their results indicate that
the large-scale coherent structures have an overwhelming
importance on vertical phytoplankton dynamics of phyto-
plankton life cycles, which are only weakly affected by
smaller-scale motions in realistic oceanic flow conditions.

6. Summary and future perspectives

In this review, we have summarized recent numerical results
that show how substantial is the contribution of directional
swimming to the dynamics of phytoplankton evolving in a
turbulent flow, even when turbulence is significant. The
main macroscopic effect associated to directional swimming
is the occurrence of preferential concentration phenomena,
which gives raise to swimmer segregation into densely-po-
pulated patches or clusters (depending on the specific
properties of the turbulent flow field). Results from nu-
merical simulations show that the degree of segregation can
be “tuned” by modulating the vertical stability of directional
swimming. These findings are in agreement with experi-
mental observations [4] that some phytoplankton species
have developed an adaptive behavioural mechanism to re-
tain swimming efficiency in turbulent flows.

We have also examined the effect of gyrotaxis on the
orientational dynamics of the swimmers, showing how the
dynamics depend on the relative magnitude between time
scale of the change in orientation and the time scale of
turbulence, e.g., characterizing the velocity gradients ex-
perienced along the trajectory of a swimmer. Clearly, the
correlation between the time scale of gyrotaxis and the time
scale of turbulence is also crucial to determine the efficiency
with which the swimmers migrate vertically across the water
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layer. We have reported the results that demonstrate this in a
relatively simple instance of turbulent flow (homogeneous
and isotropic) but also in more complex and realistic flow
features, such as stratification or wind-induced shear at the
air-water interface.

In spite of the knowledge acquired by means of accurate
numerical simulations, we believe there are many directions
that still need to be explored or fully understood. For in-
stance, micro-swimmers are known to exhibit an intriguing,
highly-dynamic collective motion characterized by large-
scale swirling and streaming patterns, usually referred to as
active or biologically-generated turbulence [67,68], which is
reminiscent of classical high-Reynolds-number hydro-
dynamic turbulence and has been proposed as an important
contributor to nutrient transport and ocean mixing. There is
evidence that aggregations of marine organisms with size of
order O(107* m) can produce turbulent dissipation rates of O
(10 W kg™") and Reynolds numbers of O(10%), which
would be comparable to strong wind and buoyancy forcing
near the air-water interface [69]. In a recent study [68],
squirmers embedded in a mesoscale fluid have been con-
sidered to explore the collective behaviour of bacteria-type
micro-swimmers via coarse-grained mesoscale hydro-
dynamic simulations, showing the formation of clusters,
activity-induced phase separation, and swarming behaviour.
These findings emphasize the importance of the hydro-
dynamic flow field for swarming motility and bacterial
turbulence [68], and confirm previous observations that
purely hydrodynamic effects can alter the ecology of micro-
organisms that can vary their shape and their preferential
orientation [4].

Another direction of interest is to investigate the effect of
convective fluid inertia. Recent studies showed that spher-
oidal particles are subjected to a convective fluid inertial
torque whenever they settle [70,71]. If the particle acquires
motility and moves in the direction of its symmetry axis, this
inertial torque drives the particle to swim upwards, acting as
an effective gyrotaxis mechanism [29]. However, how this
mechanism is modified by the propulsion mechanism of the
swimmer still needs further investigation. On the other hand,
while the inertial effect of unsteady fluid accelerations on
motile organisms and the inertial forces that such organisms
experience in steady shear flow can be directly inferred from
the corresponding results for passive particles, the correct
inclusion of convective inertial corrections to the history
force on an active swimmer remains an open problem, since
it is unclear how to extend the corrections known for passive
particles [30].

Finally, current state of the art has not yet disentangled the
effects associated to the biological processes that can affect
population dynamics. Clearly, in situations where the char-
acteristic time of directional swimming becomes the order
of the characteristic time of population growth, the interplay
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between purely biological (population growth) and physico-
biological mechanisms (buoyancy control) becomes crucial
[15]. This interplay should be addressed in future studies. In
addition, current models still fail to reproduce faithfully the
response of the swimmers to mechanical stresses [15], in
order to quantify correctly the physiological responses to
hydrodynamic stresses. However, this will require mea-
surements of the changes in the vertical migration rate when
cells are exposed to realistic turbulent flow conditions, re-
presentative of oceanic turbulence.
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