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LETTER

Grazer-induced aggregation in diatoms

Josephine Grønning , Thomas Kiørboe *
Centre for Ocean Life, DTU Aqua, Technical University of Denmark, Kongens Lyngby, Denmark

Scientific Significance Statement

Diatoms have evolved a suite of inducible defense mechanisms, ranging from toxin production and reduction in colony size
to a protective siliceous frustule. Here, we describe the discovery of yet another defense mechanism: several species of diatoms
become “sticky” and form rapidly sinking aggregate when exposed to copepod grazer cues. While sinking may remove diatoms
from their grazers, it also implies lost growth opportunities, yet the net result may be a higher number of cells surviving at
depth. This defense mechanism has obvious implications to carbon export flux. We argue that the evolution of multiple
defense mechanisms and the subsequent evolution of grazer “counter measures” promotes species diversity and is one reason
that diatoms are one of the most diverse phytoplankton groups in the ocean.

Abstract
Sinking is part of diatom life history. Typically, by the end of a bloom, diatoms form aggregates that sink rapidly
to the bottom. This opportunistic lifestyle can be considered an adaptation to reduce predation losses, because
predation pressure in the sediment is less than that in the water column. In this study, we demonstrate that two
out of six examined diatoms become sticky and coagulate into aggregates when exposed to chemical copepod
cues. Cell stickiness increases proportionally to the concentration of copepod cues and duration of exposure until
saturation. Surprisingly, nutrient limitation (Si and N) did not increase stickiness. Furthermore, we demonstrate a
chain length reduction of Skeletonema marinoi, when exposed to copepod cues. We argue that the increase in
stickiness is adaptive when grazing mortality exceeds growth rate. This ensures that the maximum number of
cells survive in the sediment, ready to utilize the next window of growth opportunity.

Sinking is part of diatom life history. While flourishing
in the surface when conditions are good, many diatoms spend
the majority of their life in the sediment from where they can
colonize the pelagic when conditions again become favorable
(Smetacek 1985; McQuoid and Hobson 1996; Ellegaard and
Ribeiro 2018). This opportunistic life-style can be considered
an adaptation to reduce predation losses, because predation

pressure in the sediment is much less than that in the water
column and spores with a thickened silica shell may here sur-
vive for years (McQuoid and Hobson 1995; Itakura et al. 1997;
Hansen and Josefson 2001, 2004).

Transport from the upper ocean to the sediment is facili-
tated by the formation of aggregates. Typically, by the end of
a bloom, diatoms form aggregates that sink rapidly to the
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bottom. These mass sedimentation events have been recog-
nized as an important part of the succession of diatom blooms,
enabling the transition from vegetative cells in the surface to
resting stages that can overwinter at depth (Smetacek 1985;
Passow and Alldredge 1995; McQuoid and Hobson 1996).
Aggregation and mass sedimentation also makes diatoms an
important component of the biological carbon pump
(Smetacek 1999; Rynearson et al. 2013).

Aggregation may happen by physical coagulation
(Jackson 1990; Kiørboe et al. 1990; Burd and Jackson 2009).
Turbulence or other processes cause cells to collide; if “sticky,”
the cells may adhere to one another. Two factors may enhance
coagulation: (i) collision frequency increases with the square of
cell concentration and thus increases dramatically in the course
of a bloom. (ii) Cells may become increasingly sticky when
nutrient starved near the end of a bloom and thus further facil-
itate aggregation and subsequent sinking. The latter is often
assumed (Smetacek 1985; Thornton 2002), but has in fact only
been demonstrated in one species (Thalassiosira pseudonana,
Kiørboe et al. 1990).

We recently discovered that some diatoms form aggregates
in response to diffusible copepod cues, further emphasizing
the defensive value of aggregate formation (Fig. S1). Here, we
explore this phenomenon by quantifying the stickiness of six
species of diatoms in response to copepod cues and for five of
the species in both nutrient (Si, N) replete and deplete condi-
tions. We demonstrate that some diatoms dramatically
increase their stickiness in response to copepod cues, that the
response is proportional to the concentration of cues, and
that the effect of nutrient limitation is variable but, in most
cases, decreases rather than increases stickiness.

Materials and methods
We used copepodamides extracted from copepods as grazer

cues (Selander et al. 2015). We first examined the effect of the
duration of exposure to cues on the stickiness of one diatom
species, then explored the effect of cue concentration on the
stickiness of six species of diatoms, and finally we examined
the combined effect of grazer cues and nutrient limitation (N,
Si) on the stickiness of five species.

Phytoplankton cultures and conditions
We used six diatom species: Amphiprora paludosa (CCMP125)

and Cyclotella cryptica (CCMP331) obtained from NCMA at
Bigelow Laboratory. Phaeodactylum tricornutum, Skeletonema
marinoi, and Thalassiosira pseudonana from Department of
Marine Sciences, Gothenburg University and Thalassiosira
weissflogii from DTU Aqua. All cultures, except nutrient-limited
cultures, were grown in B1 medium with saturated levels of sil-
ica (~ 500 μM). Cultures were grown at 16�C in L : D cycles of
16 : 8 (120 μmol m�2 s�1). All cultures were sonicated prior to
experiments to break any aggregates. Microscopic examination

revealed that sonicated cells were intact. Cells used for experi-
ments were in exponential growth, unless otherwise stated.

Estimating stickiness
Stickiness (α) is the probability of two particles sticking

together upon collision. To measure stickiness, we followed
the method of Kiørboe and Hansen (1993). Cells suspended in
a fluid shear field will collide at a predictable rate that can be
computed from classical coagulation theory. When two parti-
cles collide and combine, there is one particle less, and during
the initial phase of the coagulation process the concentration
of particles will decline according to Kiørboe et al. (1990)

Ct ¼C0e� 7:824αϕG=πð Þt ð1Þ

where Ct and C0 are the particle concentrations at time t and
0, ϕ is the volume concentration of diatom cells, and G is the
fluid shear rate. We generated a well-defined fluid shear field
in a Couette device, which consists of two cylinders: a fixed
inner cylinder and a rotating outer cylinder. When rotating,
laminar shear is generated in the gap between the two cylin-
ders and the fluid shear rate is (van Duuren 1968)

G¼4πNR1R2 R2
2�R1

2� ��1 ð2Þ

where N is the rotational speed (revs s�1) of the outer cylinder,
and R1 and R2 are the radii of the inner and outer cylinder,
respectively. Our Couettes had a volume of 1.35 L and inner
and outer radii of 4 cm and 5.75 cm, respectively. We used
four parallel Couettes mounted in a rack and all run by the
same motor at a speed of N = 0.6 s�1, resulting in a fluid shear
rate of G = 10.45 s�1.

To estimate the stickiness of the diatoms, we added suspen-
sions of cells to a volume-concentration of ~ 10 ppm to the
Couettes, started the rotation, and sampled the suspensions
every 15 min for 2 h. When sampling, the individual Couette
was removed from the rack, and a sample of 10 mL was col-
lected with a wide-mouthed pipette. The sample volume was
replaced with diatom suspension. The samples were counted
on a Coulter Counter and the stickiness (α) � SE was estimated
from the exponential decline in particle concentration (Eq. 1).

Because the rack was limited to four cylinders, replicates
(duplicates) were only possible in the experiment testing
development of stickiness over time. In other experiments,
“replicates” were obtained by repeating experiments on Days
3 and 4 after induction.

Copepodamides
The copepod cues used were copepodamides purified

from freeze-dried Calanus copepods, as described in Selander
et al. (2015).

When inducing diatoms with grazer cues, culture flasks
were coated with copepodamides diluted in methanol and the
methanol was evaporated under a stream of nitrogen, leaving
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only the copepodamides. Diatom cultures were transferred
to freshly coated bottles every 24 h. For control treatments,
the same procedure was followed with pure methanol.
Due to unknown losses and a short half-life time, the
effective concentrations of copepodamides were at least
two orders of magnitude less the nominal concentration
(Selander et al. 2019). All concentrations are therefore
nominal.

Temporal development of stickiness
Batch cultures of C. cryptica were induced with 10 nM of

copepodamides for 5 d, and Couette experiments were carried
out on Days 1–4.

Effects of copepod cue concentration
Diatoms were induced with copepodamide at concentra-

tions of 0, 2, 5, and 10 or 0, 5, 10, or 20 nM and their sticki-
ness was measured on Days 3 and 4. One species, S. marinoi, is
chain forming and changes the chain length when exposed to
copepodamides (Bergkvist et al. 2008). We determined
responses in chain length by counting the number of cells per
chain at Days 3 and 4. Samples were fixed in acidic Lugol’s
solution (1%) and a minimum of 400 chains were counted in
a Sedgewick–Rafter chamber.

Effect of nutrient limitation
Nutrient-limited cultures were either grown as batch cul-

tures (all species) or in continuous cultures (C. cryptica). Batch
cultures were divided into high- and low-nutrient treatments.
For high and low Si treatments, cells were grown at initial
concentration of 500 and 93 μM Si, respectively. For high and
low N, cells were grown in media with N-concentrations of
~ 1200 or ~ 80 μM. Cultures in high-nutrient conditions were
induced with copepodamides (5 nM) when in exponential
growth phase, while those in low-nutrient were induced when
in stationary phase (Fig. S2) and stickiness was measured after
3 and 4 d. Chain lengths of S. marinoi were determined at
Days 3 and 4.

Continuous cultures were grown to steady state in
chemostats with continuous inflow of B1 medium with modi-
fied Si or N concentrations of ~ 93 and ~ 80 μM, respectively
(Fig. S2). Two different dilution rates (0.25 and 0.80 d�1) were
used to achieve nutrient deplete and replete cells. Each treat-
ment was run in duplicates. When reaching steady state, the
cultures were induced with either methanol (control) or
copepodamides and the stickiness of cells was measured after
3 and 4 d of induction.

Statistical analysis
To analyze the effect of copepodamide concentration on

diatom stickiness, we used the Spearman’s rank-order correla-
tion. We assumed the stickiness data obtained after 3 and
4 days of induction to be replicates. In the nutrient-limited
experiments, we used a linear model to test the individual
and combined effect of nutrient concentration (low or high)
and the presence of copepod cues on diatoms stickiness. Day

(3 or 4) and nutrient (Si or N) were included as additive effects
in the model. In the analyses, the individual estimates were
weighted with 1/SE.

Results
Temporal development of stickiness upon exposure to
copepod cues

Stickiness of induced C. cryptica cells increased with dura-
tion of induction while the stickiness of cells in the control
remained low (Fig. 1). Based on these results we used 3 and
4 d of incubation in all dose-response and nutrient-limited
experiments.

Effects of copepod cue concentration
In four of the six species examined, A. paludosa,

P. tricornutum, T. pseudonana, and T. weissflogii, the cell sticki-
ness was independent of copepod cues (Fig. 2). Stickiness
values were low and ranged between ~ 0.003 and ~ 0.08.

In two species, C. cryptica and S. marinoi, stickiness
increased with the concentration of copepodamides (Fig. 2a,
b). C. cryptica stickiness increased from 0.01 to 0.25–0.30 with
increasing concentration of copepodamides until 5 nM and
remained approximately constant at higher concentrations.
For S. marinoi, the stickiness similarly increased with increas-
ing copepodamide concentration to 0.15, but with no signs of
saturation within the range of concentrations tested.

Effect of nutrient limitation
Surprisingly, nutrient-replete cells of C. cryptica had signifi-

cantly higher stickiness than nutrient-depleted cells in both
continuous and batch cultures (Fig. 3a,b). Furthermore, the
combined effect of predator cue and replete nutrient condi-
tions were significantly elevating the stickiness of both
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Fig. 1. Change in the stickiness of C. cryptica during exposure to cope-
pod cues (10 nM). Closed circles are control treatments (pure methanol)
and open circles are copepodamide treatments. Error bars are standard
errors.
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Fig. 2. Relationship between stickiness and nominal concentration of copepodamides for six species of diatoms. Circles and diamonds denote stickiness
after 3 and 4 d of induction, respectively. Spearman’s rank-order correlation suggest a significant positive correlation between stickiness and
copepodamide concentration in C. cryptica and S. marinoi (p = 5.2 � 10�9, ρ = 0.96 and p = 0.004, ρ = 0.88). For the rest of the species, the correlation
was not significant (p > 0.05). Note the different scales of the y-axes. Error bars are standard errors.
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Fig. 3. Effect of nutrient limitation and presence of copepod cues on stickiness of five species of diatoms. “Low” and “high” indicate nutrient-deplete
and -replete conditions, and “induced” and “control” the presence or absence of copepodamides. Number of days of induction (3 or 4) is indicated on
the x-axis. Cultures were grown as continuous cultures (a) or as batch cultures (b–f). Note the different scales of y-axes. In the two C. cryptica experi-
ments (a, b), stickiness of both continues and batch cultures were significantly affected by the nutrient level (p = 0.0003 and p = 0.0001, respectively)
and the combination of nutrient level and presence/absence of copepodamides (p = 0.02 and p = 0.008, respectively). In the continuous culture (a),
stickiness measured on Day 4 was significantly higher than that measured on day three (p = 0.04). Stickiness of S. marinoi was significantly higher in cul-
tures with copepodamides (p = 1.8 � 10�6), and stickiness of A. paludosa and T. pseudonana was significantly higher in nutrient-replete conditions
(p = 0.007 and p = 0.003, respectively). Error bars are standard errors.
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continuous and batch cultures. All stickiness trends were the
same regardless of the type of limiting nutrient.

Because the response patterns were consistent between con-
tinuous and batch cultures, the rest of the species were tested
only in the easier batch experiments. The responses were rather
different between species. The stickiness of S. marinoi was not sig-
nificantly affected by nutrient limitation but significantly by the
presence of copepod cues (Fig. 3c). In A. paludosa and
T. pseudonana, there was no effect of copepod cues, as also found
above, but nutrient-replete cells were significantly more sticky
than nutrient deplete cells (Fig. 3d,e). Finally, in T. weissflogii,
there were no effects of copepod cues, as found above, but Si-
replete cells were stickier than deplete cells, while the opposite
tended to be the case for N-replete and deplete cells, although
this was not statistically significant (Fig. 3f).

Chain length of S. marinoi
The chain length of S. marinoi was shortened when

induced with copepodamides (Fig. 4), and the effect was the
same in all treatments: average chain length in control treat-
ments ranged between 2.3 and 2.6 cells per chain and ranged
between 1.5 and 1.9 cells per chain in all induced treatments
independent of cue concentration (Fig. 4a). Concentrations of
neither Si (Fig. 4b) nor N (Fig. 4c) were affecting chain length
in S. marinoi.

Discussion
Diatoms have evolved a suite of defensive mechanisms

that reduce their grazing mortality. The silica frustule is

exceptionally strong and hard to crack (Smetacek 2001;
Hamm et al. 2003; Aitken et al. 2016) and the thicker the
shell, the higher the chance that a copepod rejects a captured
cell and the less, thus, the grazing mortality (Liu et al. 2016;
Panči�c et al. 2019; Ryderheim et al. 2022a). Many diatoms
may further harness this defense by thickening the shell in
response to copepod cues (Pondaven et al. 2007; Grønning
and Kiørboe 2020). Other inducible defense mechanisms
include the modification of colony size in some chain-
forming diatoms—shorter chains reduce the risk of being con-
sumed by a copepod (Rigby and Selander 2021; Ryderheim
et al. 2022b)—and the production of toxins in Pseudo-nitzschia
species that make copepods deselect toxin-producing cells
(Zhang et al. 2021; Olesen et al. 2022). It has similarly been
described that viral infection induces formation of resting
spores that may subsequently germinate as healthy cells
(Pelusi et al. 2021), and viral infections can also cause aggrega-
tion and mass sinking (Yamada et al. 2018). Here, we have
demonstrated yet another potential defense mechanism, the
formation of aggregates in response to copepod cues. While
small aggregates may be consumed by copepods at higher
rates than solitary cells, aggregates will sink to the ocean inte-
rior or the seafloor where predation mortality is low (Hansen
and Josefson 2001, 2004; Ryderheim et al. 2022b). Sinking
aggregates may be colonized by copepods and other zooplank-
ton that may graze on the aggregated cells (Kiørboe 2000;
Koski et al. 2017), but increased stickiness will speed up aggre-
gation and lead to larger aggregates with high sinking speeds
and, hence, short residence time in the water column. In that
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sense, aggregate formation may be considered an adaptation
to reduce predation mortality.

We found elevated stickiness in response to grazer cues in
two of six species. The other four species had grazer-
independent stickiness coefficient of magnitudes consistent
with those reported earlier for overlapping species (Kiørboe
et al. 1990; Drapeau et al. 1994). There is other evidence that
diatoms may aggregate in response to grazers. Toullec et al.
(2019) reported that S. marinoi, but not Chaetoceros neogracilis,
form aggregates in the presence of copepods, and ascribed this
to the turbulence created by the feeding copepod. Irrespective
of the mechanism, aggregation in response to grazers is
thus found in only some diatoms. All diatoms, therefore, do
not have all the described defense mechanisms. For example,
it is only Pseudo-nitzschia species that have the ability to
produce grazer deterrent toxins, and not all species thicken
their shell to the same extent or reduce colony sizes in
response to grazers (Grønning and Kiørboe 2020; Rigby and
Selander 2021). The ability to harness a particular defense
is likely costly and so diatoms may only be able to afford a
limited array of defenses.

Aggregate formation in diatoms comes with the obvious
cost that the cells loose growth opportunities in the sunlit sur-
face layer when combining into rapidly sinking aggregates.
One relevant fitness parameter for a diatom cell, however, is
the number of daughter cells it can contribute to the over-
wintering seed population, particularly in shallow regions,
where the chance of resuspension is high. Thus, it may be
beneficial for cells to become sticky when the grazing mortal-
ity exceeds the cell division rate, as this will maximize the
number of overwintering cells at depth. This prediction is
consistent with the fact that stickiness depends on the con-
centration of grazer cues and, hence, the predation risk.

A similar argument might predict that cells should become
sticky when nutrients become limiting. Many diatoms
increase the production of carbon-rich exopolymeric material
when nutrient limited (Thornton 2002), which may enhance
coagulation and subsequent aggregate formation and sinking
(Alldredge and Passow 1993; Gärdes et al. 2011). However, to
the best of our knowledge, increased stickiness of individual
cells with increased nutrient depletion has been demonstrated
in only one species, T. pseudonana (Kiørboe et al. 1990), and
that finding could not be reproduced here (Fig. 3), possibly
owing to the use of different strains. In fact, we rather found
the opposite pattern in several species: nutrient-replete cells
are more—not less—sticky than nutrient-depleted cells. While
this may be surprising, it is consistent with the development
of phytoplankton stickiness observed during diatom blooms
in both the sea (Kiørboe et al. 1994) and in mesocosm experi-
ments (Dam and Drapeau 1995). This may appear inconsis-
tent with the fact that diatom blooms often terminate by
mass sedimentation. However, the collision rate between
suspended cells increases with the square of cell concentration
and thus increases rapidly during an exponentially developing

bloom. One may speculate that the declining stickiness dur-
ing bloom development is an adaptation to prevent prema-
ture aggregation and sinking before growth conditions have
been fully utilized.

In addition to increase its stickiness in response to copepod
cues, we also found the chain forming S. marinoi to reduce its
chain length. These observations are consistent with previous
studies (Bergkvist et al. 2012; Toullec et al. 2019). Both
responses to copepod cues may be adaptation to decrease graz-
ing mortality, however, they act in opposite ways: breaking
up chains reduces the size, whereas aggregation increases the
size. We argue that the defensive value of these two responses
depends on the cell density: although cells become stickier,
aggregation rate is low when cell density is low and breaking
up chains is thus an effective way of reducing grazing mortal-
ity (coagulation rate scales with particle volume concentra-
tion, cf. Eq. 1, that does not change when chains break up).
Contrary, when cell density is high, stickiness becomes of
higher importance and aggregation and sinking is a way to
escape grazing. Therefore, despite having opposite effects on
particle size, chain length reduction and aggregation may
both act as defenses but in different phases of a bloom.

Copepods are maybe the quantitatively most important
grazers of pelagic diatoms in the ocean. Copepods colonized
the pelagic at about the same time (2–400 million years ago)
as diatoms evolved (~ 250 million years ago) (Bradford-
Grieve 2002; Behrenfeld et al. 2021) and copepods have
evolved counter-measures to partly overcome the various dia-
tom defenses in a co-evolutionary arms race (Smetacek 2001).
Thus copepods have silicious “teeth” suitable to crack diatom
shells, many—but not all—copepods have adapted to con-
sume toxic Pseudo-nitzschia species without any harm to
themselves (Cook et al. 2022), and other copepods have spe-
cialized on colonizing and feeding on (diatom) aggregates
(Koski et al. 2021). The evolution of costly defense mecha-
nisms and the subsequent arms race between predators and
prey in a “red queen” dynamics promotes species diversity
(Nair et al. 2019) and is thus likely one reason that diatoms
are one of the most diverse phytoplankton groups in the
ocean.
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