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Suspensions of small fibres are known to produce clusters of particles during sedi-
mentation, independently of fluid shear and Brownian motion. This phenomenon,
which is due to hydrodynamic interactions at low Reynolds number, has been
predicted theoretically and observed in experiments and numerical simulations.
We hypothesize that this mechanism may be at least partially responsible for the
encounter and aggregation of marine diatoms.
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Diatoms are a key phytoplankton group in the oceans,
where they are responsible for a large fraction of
primary production and play a fundamental role in the
carbon and silicon biogeochemical cycles (Trèguer and
LaRocha, 2013). The drawdown of these elements in
the water column is largely mediated by rapid mass
sinking following their growth season, which is a dis-
tinctive trait of diatom life cycles (Smetaceck, 1985;
Alldredge and Gotschalk, 1989; Thornton, 2002). The
possibility to aggregate and encounter other cells is a
mandatory prerequisite for sexual reproduction, espe-
cially for pennate species that lack flagella to propel
them through the water. Sexual reproduction is also
crucial in diatom life cycles as a means of allowing
genetic recombination and the restoration of maximum
cell size after the progressive miniaturization induced by
asexual divisions (Round et al., 2005). Surprisingly, there
are very few reports of diatom sexual stages in marine
natural populations, but two recent publications
described in detail massive and simultaneous sex events
involving Pseudo-nitzschia species, which are needle-
shaped, chain-forming pennate diatoms abundant in
coastal and oceanic waters (Holtermann et al., 2010;
Sarno et al., 2010). Pseudo-nitzschia cells were occasionally
observed in groups of chains arranged in parallel (Fig. 1
and Holtermann et al., 2010); auxospores (the zygotes
produced after gamete conjugation) were also observed
on contiguous cells in a chain, demonstrating that
pairing between chains, or between chains and single
cells, must have been a common event (Sarno et al.,
2010).

The mechanisms generally considered to explain the
aggregation of cells are differential settling, fluid shear
induced by laminar or turbulent flow and Brownian
motion (Kiørboe, 2008). The first assumes different sizes
or fractal dimensions, and is unlikely to apply to single
cells or chains of the same length, while the latter is
probably not relevant, considering the size of diatom
cells and chains (Burd and Jackson, 2009). Therefore,
shear-induced encounters represent the most likely
mechanism for bringing pennate diatoms together.
Nevertheless, aggregates have also been observed under

very calm conditions (e.g. Peinert et al., 1982; Alldredge
and Gotschalk, 1989), when cells float or sink slowly.

The need to improve our understanding of the
mechanisms that promote association of diatom cells or
chains was the motivation for the present analysis.
Although our data relate to Pseudo-nitzschia, the principles
discussed here should apply to all planktonic diatoms.

Sinking of Pseudo-nitzschia cells in a liquid medium
under the effect of gravity is characterized by an ex-
tremely low Reynolds number (Re ¼ UL/n, with U

being the velocity, L the length of the object and n the
kinematic viscosity of the fluid), a dimensionless
number that gives a measure of the ratio between iner-
tial and viscous forces. For a sedimentation velocity of
the order of a metre per day (Smayda and Boleyn,
1965) and cell/chain lengths ranging from 30 mm to
hundreds of micrometres, the Reynolds number is in
the order of 1024; hence inertia is very low and the
motion is dominated by viscous forces.

At Reynolds numbers of this order of magnitude, the
sedimentation velocity of non-spherical particles is
known to depend strongly on the collective sedimenta-
tion process: each particle rotates under the influence of
the fluctuations of the fluid velocity resulting from the
settling of surrounding particles. In other words, for
sedimentation at very low Reynolds number, a change
in the orientation of a given particle produces velocity
fluctuations that, in turn, induce a change in orientation
and velocity fluctuations in the surrounding particles.
The net result of these interactions is a force tending
to unite or separate particles, leading to aggregation
during the sedimentation process.

This phenomenon was described by Koch and
Shaqfeh (Koch and Shaqfeh, 1989), who predicted the-
oretically that hydrodynamic interactions between
non-Brownian sedimenting spheroids give rise to an in-
crease in the number of neighbouring particles in the
vicinity of any given particle. An initially homogeneous
suspension of non-spherical particles would thus
develop dynamic clusters of particles during the sedi-
mentation process. Their theoretical analysis assumed a
Reynolds number much smaller than 1, i.e. Re ,, 1,
and dilute concentrations. Sedimenting suspensions are
usually characterized by another dimensionless param-
eter, nðl=2Þ3; where n is the number of particles per unit
volume and l is the particle length; dilute suspensions
correspond to nðl=2Þ3 , 1: Curves at constant values of
nðl=2Þ3; showing how this parameter varies as a func-
tion of particle concentration and length, are presented
in Fig. 2, where the dotted area represents the dilute
regime. For non-dilute solutions, direct interactions give
rise to additional forces, making a theoretical analysis
impossible.

Fig. 1. Light micrograph of a chain alongside two individual cells of
Pseudo-nitzschia cf. delicatissima in a natural sample collected during the
sexual event described by Sarno et al. (Sarno et al., 2010). Scale bar ¼
20 mm.

V. BOTTE ET AL. j HYDRODYNAMIC INTERACTIONS FOR DIATOMS

915

Downloaded from https://academic.oup.com/plankt/article-abstract/35/4/914/1529648
by guest
on 30 July 2018



Since the pioneering work of Koch and Shaqfeh
(Koch and Shaqfeh, 1989), several papers have been pub-
lished where the sedimentation of spheroid-like bodies,
and in particular of bodies of high aspect ratio like fibres,
has been studied both experimentally (Herzhaft et al.,
1996; Herzhaft and Guazzelli, 1999; Metzger et al., 2005,
2007) and through numerical simulations (Mackaplow
and Shaqfeh, 1998; Kuusela et al., 2001, 2003; Butler and
Shaqfeh, 2002; Saintillan et al., 2005). All these studies re-
ferred to dilute suspensions at a Reynolds number of the
order of 1024. The formation of clusters of fibres under
the effect of gravity alone is usually described as a con-
centration instability, where an initially homogeneous sus-
pension evolves towards a very inhomogeneous state
where clusters of fibres are formed, as depicted in Fig. 3.
Fibres are continuously being attracted to the clusters and
expelled from them, in a dynamic process. It is important
to point out that this phenomenon is completely different
from differential settling, which cannot be hypothesized
in the case of fibres or cells of identical size.

All of the above may be summarized as follows: the-
oretical analysis, supported by both experiments and
numerical simulations, shows that sedimenting suspen-
sions become unstable and start to develop clusters of
particles when the following three conditions are met:

(1) the sedimenting particles are elongated (such as
spheroids or fibres);

(2) the Reynolds number of the sedimenting particles
is much smaller than 1;

(3) the suspension is dilute, i.e. nðl=2Þ3 , 1:

A sedimenting suspension of Pseudo-nitzschia would
satisfy all three conditions: the needle-shaped Pseudo-

nitzschia cells are very similar to fibres and tend to join
end-to-end to form long-stepped chains; the Reynolds
number achieved during sedimentation is of the order
of 1024; and their concentration in the sea gives
nðl=2Þ3 , 1: Using the data reported in Sarno et al.

(Sarno et al., 2010) for the two Pseudo-nitzschia species
involved in sexual reproduction, n ¼ 106 cells L21 ¼

109 cells m23, and l ¼ 50 mm ¼ 5 � 1025 m, so that
the order of magnitude of nðl=2Þ3 is 1025, which is well
within the dilute regime. Hence we hypothesize that
Pseudo-nitzschia cells may form clusters during sedimen-
tation, simply as a result of hydrodynamic interactions
at low Reynolds number.

None of the experiments conducted so far has dealt
with the cell length and concentration range of a
natural suspension of Pseudo-nitzschia in situ. However, we
can estimate how well a suspension of diatoms approxi-
mates to the suspensions of fibres where clustering has
been observed experimentally. For single Pseudo-nitzschia

cells, nðl=2Þ3 is three orders of magnitude below the
lowest values, i.e. 1022, of the experimental set-ups
reported in the literature. However, if chains are consid-
ered, nðl=2Þ3 increases rapidly and, for a chain consist-
ing of five cells, it approaches values at which clustering
has been both observed experimentally and predicted
through numerical simulations (Fig. 2). It is important
to point out that, although in the existing literature
values of nðl=2Þ3 smaller than 1022 have not been con-
sidered so far, there are no theoretical lower limitations
to the values of nðl=2Þ3at which instability can occur. In
other words, we can expect clustering of fibres to occur

Fig. 3. Drawing illustrating the instability in a suspension of fibres as
predicted theoretically and observed both experimentally and in
numerical simulations: an initially homogeneous solution (left)
develops cluster of fibres (right), with the cluster being elongated in
the direction of gravity.

Fig. 2. Curves at constant nðl=2Þ3in the cell length/concentration
plane. The dotted area represents the dilute regime, defined as
nðl=2Þ3 , 1, where we expect clustering to occur. The grey rectangles
represent the data for single Pseudo-nitzschia cells and for five-cell
chains (data from Sarno et al., 2010; see text for details). In the inset,
the percentage frequency distribution of Pseudo-nitzschia multistriata cells
in chains of different length is presented for samples collected at the
same site in 2006.
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throughout the dilute regime, and certainly for cell sus-
pensions where nðl=2Þ3 , 1 (dotted area in Fig. 2).

Unfortunately, a theoretical analysis of the efficiency
of this process, i.e. the quantification of the encounter
rate for a given cell/chain, is not possible, as the math-
ematical formulation presented by Koch and Shaqfeh
(Koch and Shaqfeh, 1989) and adopted in all successive
investigations evaluates only the probability of a density
increase around a single particle and does not provide
formulas that could be used for simple calculations.

Information on the actual time required for a cell to
meet another cell by this mechanism would be import-
ant in deciding whether this is an effective means of
encountering partners. There are no specific data on
the time needed to form a cluster in the published lit-
erature, but it is possible to infer an upper boundary
from the experimental data of Herzhaft and Guazzelli
(Herzhaft and Guazzelli, 1999) for a suspension with
nðl=2Þ3 ¼ 0:009: An initially homogeneous suspension
showed well-developed clusters of fibres after an interval
of about 60 Stokes times, where the Stokes time is
defined as the time required to fall half the fibre length
with the average settling velocity. We will use this value
for a suspension of diatoms, even if it relates to a higher
value of nðl=2Þ3; as it is the only information available.
For a Pseudo-nitzschia chain of five cells, the distance trav-
elled during an interval of 60 Stokes times is in the
order of 10 mm. With a sedimentation velocity of
several meters per day (Smayda and Boleyn, 1965), it
would take a few minutes to cover such a distance.

This last result can be used to give a very approximate
idea of the length and time scales involved in the aggre-
gation of diatoms during sedimentation. Intuitively, we
expect that the longer the diatoms are allowed to sedi-
ment in calm water, the higher the probability of
forming aggregates, although we are unable to demon-
strate this from existing theory. At the same time, it is
worth noting that the process is highly unstable, as indi-
cated by theory, and aggregates may once again become
separated by hydrodynamic forces after being formed.

In summary, data published for fibres show that they
tend to form dynamic clusters in the absence of mixing
and differential settling, only requiring the interactions
among flow fields generated by their sinking. We specu-
late that under similar conditions the sedimentation of
needle-shaped diatoms will produce clusters of cells.
Clearly, proof of the existence of such a phenomenon
would require direct observation. We believe that an ex-
perimental set-up, rather than attempting to follow the
sedimentation of individual cells or chains, should aim
to observe cluster formation in an initially homoge-
neous suspension of diatoms. However, this appears to

be a relatively complex task and direct visualization of
clusters seems unlikely; in experiments carried out with
glass rods, this was achieved by silvering the fibres
to observe the structure of the suspension (Herzhaft and
Guazzelli, 1999). Instead, in situ laser scattering
and transmissometry (LISST) could be used to detect
the presence of aggregates in the suspension, as sug-
gested by Rzadkowolski and Thornton (Rzadkowolski
and Thornton, 2012). LISST can measure diatom
aggregation by detecting changes in the particle size dis-
tribution, and would allow the aggregation hypothesis
to be tested in calm water at different concentrations,
although it would probably not be feasible to visualize
the clusters with this technique.

Another possible approach would be to allow the
sedimentation in calm water of a relatively large
number of diatom cultures with different concentrations
and cell/chain lengths, and to examine the spatial dis-
tribution of the cells deposited on the floor, with the
aim of detecting some inhomogeneity in the patterns
that could substantiate the hypothesis of cluster for-
mation. This last approach would not necessarily be
conclusive, however, as theory shows that clusters of
cells are continuously created and destroyed in the sedi-
mentation process.
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