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Predator Field and Colony
Morphology Determine the Defensive
Benefit of Colony Formation in
Marine Phytoplankton
Fredrik Ryderheim1*, Per Juel Hansen2 and Thomas Kiørboe1

1 Centre for Ocean Life, DTU Aqua, Technical University of Denmark, Kgs. Lyngby, Denmark, 2 Marine Biological Section,
University of Copenhagen, Helsingør, Denmark

Colony formation in marine phytoplankton can be modified by the presence of grazers, but
the effect of colony size and shape on the feeding behavior of grazers is still relatively
unknown. To explore the defensive role of colony formation, we examined the feeding
response of three differently sized grazers (copepodites, copepod nauplii, and two
heterotrophic dinoflagellates) feeding on colony-forming phytoplankton, using both direct
video observations and bottle incubations. We found a dramatic increase in capture
clearance rate with colony size for copepodites, up to 140% higher in the largest diatom
chains relative to their solitary cells. This was in part facilitated by a mechanism – described
here for the first time – by which copepods efficiently detect and capture colonies using the
antennules, thereby increasing their capture radius. Prey handling time by copepodites
increased with colony size, but did not limit prey ingestion. Larger chains of diatoms were
efficiently handled and consumed by the copepodites, whereas larger spherical colonies of
Phaeocystis globosa were rejected subsequent to capture. In contrast, colonial
phytoplankton were better protected against the microzooplankton and copepod nauplii
examined, since these only managed to consume smaller colonies equivalent of a few cells.
We find that the defensive value of colony formation depends on the size and foraging
behavior of the grazer and the size and shape of the colony. Thus, the defensive benefit is
therefore a function of the composition of the grazer community. We argue that bloom
formation in chain-forming diatoms is facilitated by the efficient protection against rapidly
responding micro-grazers and the lagged numerical response of efficient copepod grazers.

Keywords: defense mechanisms, phytoplankton, colony formation, chain formation, diatom life history,
Phaeocystis globosa
INTRODUCTION

Many phytoplankton species form colonies of different shapes and sizes that allow individual species
to cover a wide size spectrum (Finkel et al., 2010; Sommer et al., 2016). Single cells of Phaeocystis
globosa are just a few micrometers in size but may form spherical colonies up to a centimeter in
diameter, while diatoms can form chains consisting of micron-sized cells that have been observed in
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situ to reach centimeters in length (Ohman, 2019). Chain- and
colony formation has potential implications to a range of
important life-functions, including nutrient acquisition
(Pahlow et al., 1997; Musielak et al., 2009), swimming and
vertical migration capability (Selander et al., 2011; Lovecchio
et al., 2019), and predation risk (Pančić and Kiørboe, 2018).
However, colony formation often comes with costs, most notably
reduced phytoplankton growth rate (e.g. Wang et al., 2015;
Albini et al., 2019; Kapsetaki and West, 2019). Thus, the
production and fate of phytoplankton may be partly governed
by their ability to form colonies.

Several abiotic factors may influence phytoplankton size and
colony formation (Kenitz et al., 2020), but the main driver seems
to be related to predation risk (Selander et al., 2019).
Phytoplankton size and colony formation may change in
response to grazers, and thus the plasticity in size has often been
interpreted as a defense mechanism since it may bring the
phytoplankton outside the prey size spectrum of a dominating
predator (Pančić and Kiørboe, 2018). Single-celled dinoflagellates
and diatoms may reduce their cell volume by up to 25% after
exposure to chemical exudates from copepods (Grønning and
Kiørboe, 2020; Ryderheim et al., 2021). Similarly, colonies can split
up in response to both direct presence and chemical cues released
by copepods, as seen in some chain-forming diatoms (Bergkvist
et al., 2012; Selander et al., 2019; Rigby and Selander, 2021),
dinoflagellates (Selander et al., 2011), and P. globosa (Long et al.,
2007; Lundgren and Granéli, 2010).

Conversely, colony formation may be promoted by the
presence of grazers (or their cues) that feed on smaller prey. In
P. globosa, for example, the fraction of cells found in colonies
increase when cells are exposed to ciliates or heterotrophic
dinoflagellates (Jakobsen and Tang, 2002; Long et al., 2007).
Similar results have been found for freshwater green algae
exposed to Daphnia (Hessen and Van Donk, 1993; Lürling and
Van Donk, 2000). In several cases, reduced grazing on
phytoplankton that respond to grazer cues have been reported
(reviewed by Pančić and Kiørboe, 2018; Lürling, 2021), and the
optimal response of the phytoplankton therefore depends on the
predator field (Long et al., 2007; Bjærke et al., 2015; Kenitz et al.,
2020). Indeed, the relative abundances of solitary vs chain-forming
diatom cells have been demonstrated to vary seasonally and in
ways that may be consistent with the seasonally variable predator
field (Bjærke et al., 2015; Kenitz et al., 2020).

While the plastic response to grazer cues in colony-forming
phytoplankton is well documented, the expected reduction in
grazing mortality has not been thoroughly examined, and only in
‘black box’ bottle-incubation experiments (e.g. Long et al., 2007;
Bergkvist et al., 2012). Thus, the mechanism of reduced grazing
mortality of responding cells is unknown. Are changes due to
changes in encounter or capture rate, prey-handling time, and/or
due to size-dependent prey selection? Prey size spectra have been
recorded for multiple phytoplankton grazers, ranging from
flagellates to copepods, and these spectra are typically dome-
shaped and with optima that may vary between species and
zooplankton group. Thus, optimum predator:prey size ratios
range between 1:1 in heterotrophic dinoflagellates, 8:1 in
Frontiers in Marine Science | www.frontiersin.org 2
oligotrich ciliates, and 30:1 in copepods (Hansen et al., 1994;
Kiørboe, 2016). However, such prey size spectra are typically
recorded using near-spherical prey and therefore may not
predict grazing, for example, on elongated diatom chains.

Here, we explore the effect of phytoplankton colony size and
shape on the feeding behavior of a feeding-current feeding
copepod (Temora longicornis) and two direct-engulfing
heterotrophic dinoflagel lates (Oxyrrhis marina and
Gyrodinium dominans) using high-speed video recordings. We
supplement the direct observations with bottle incubation
experiments with copepod nauplii and microzooplankton. We
describe, for the first time, a novel mechanism by which Temora
copepodites efficiently detect and capture large colonies and how
captured colonies are handled, consumed, or rejected dependent
on colony size and shape. We further describe how the different
microzooplankton capture and handle prey and demonstrate
their inability to consume larger colonies.
MATERIALS AND METHODS

Experimental Organisms
The phytoplankton prey used in the experiments varied in cell
size and colony shape (Table 1). The diatoms Chaetoceros affinis,
Chaetoceros sp., Thalassiosira nordenskioeldii, and Skeletonema
marinoi were grown in B1 medium (Hansen, 1989) with added
silica at salinity 30 psu, 16°C, and an irradiance of ~100 µmol
photons m−2 s−1 on a 12:12 light:dark cycle. Phaeocystis globosa
was grown in TL30 medium (salinity 30 psu), at 20°C and the
same light intensity.

The heterotrophic dinoflagellates Oxyrrhis marina and
Gyrodinium dominans were kept at 16°C in dim light on a diet
of Rhodomonas salina prior to experiments. The copepod
Temora longicornis was obtained from a continuous culture
kept on a phytoplankton mixture of R. salina, Thalassioria
weissflogii, Heterocapsa triquetra, and O. marina at salinity 30
and temperature 16°C. Temora nauplii were acquired by adding
adults to a new tank. After 48 h, the adults were removed and
eggs/hatched nauplii were moved to a new tank with food (R.
salina) in excess. We let nauplii grow until the desired length
(~200 µm) was reached.

Filming Foraging Copepods
and Dinoflagellates
Individual female copepodites were glued to a human hair by
their dorsal surface (Xu et al., 2017), and starved overnight in
darkness at the same temperature and salinity as the cultures.
The untethered end of the hair was glued to a micromanipulator
and the copepod was submerged in a 10×10×10 cm3 aquarium
with filtered seawater. A known volume of phytoplankton
culture was added and a magnetic stirrer was used to gently
mix the water and keep cells and colonies in suspension.
Copepodites were recorded using a Phantom V210 high-speed
camera (Vision Research, New Jersey, USA) equipped with
optics to provide a field of view of approximately 1.9 × 1.5
mm2. Collimated infrared light was the only source of
April 2022 | Volume 9 | Article 829419
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illumination and was shined through the aquarium towards the
camera. All filming took place in a temperature-controlled room
(16°C) in the dark.

The chain length and colony size distribution and abundance
of added phytoplankton cells were determined by fixing a
volume of the added phytoplankton culture in Lugol’s solution
(final concentration 1% for diatoms, 4% for P. globosa). Diatom
abundance and chain length distribution (cells chain−1) was
determined in an inverted microscope after letting cells settle
in a Sedgewick Rafter chamber. We measured chain lengths as
cells chain−1 to allow for grouping of different size classes. These
were then converted into actual sizes (µm) using length-cells
relationships (Figure S1) in order to compare the different
species. P. globosa colonies were photographed in the inverted
microscope and the equivalent spherical diameter (ESD)
distribution was analyzed with ImageJ version 1.47t (National
Institutes of Health, USA).

To estimate the capture rate of different phytoplankton
colony sizes, 71 s video sequences were recorded at 100 frames
per second (fps), and the number of prey captures recorded.
Between three and five copepods feeding on the same suspension
were used for the recordings of each phytoplankton prey species
but the results were pooled to improve the resolution. The
copepods were recorded sequentially. The P. globosa
experiment was repeated with a different prey size distribution
due to an inadequate amount of prey captures in the first one.
Sphere size or chain lengths (cells chain−1, later converted to µm
as above) of captured prey were measured on the video images
using ImageJ. Following a capture response by the copepod, we
distinguished between ‘ingestion’ (prey was successfully
ingested), ‘rejection’ (prey was rejected after handling), and
‘lost’ (prey lost while handling). The volumetric prey capture
rate (mL copepod−1 h−1) on each colony size was then calculated
by dividing the capture rate by the abundance of each colony
size. We will refer to this rate as “capture clearance rate”. This
volumetric capture rate is identical to the clearance rate
estimated in incubation experiments only if all captured prey
are consumed. Thus, the “ingestion clearance rate” is calculated
Frontiers in Marine Science | www.frontiersin.org 3
by multiplying the capture clearance rate with the fraction of
caught cells that were ingested. The capture clearance rate on
single cells of P. globosa was not quantified as they are generally
too small for T. longicornis (Gonçalves et al., 2014). Roughly 40
minutes of video was recorded for each species, which resulted in
between 260 and 840 prey captures.

To determine the relationship between colony size and
handling time, observations of prey capture events with
varying colony sizes were recorded at 600 (P. globosa) or 1000
(diatoms) fps. In these observations, each prey particle was
individually measured (both length [µm] and cells chain−1) on
the video image. Handling time was defined as the time from first
reaction until the copepod returned to normal feeding behavior
following ingestion or rejection of the prey (Tiselius et al., 2013;
Gonçalves et al., 2014).

Additional filming were made of free-swimming copepod
nauplii and dinoflagellates to observe their behavioral response
to colonies of various sizes and shapes. For nauplii, we used the
same camera set-up as above but with lenses that yielded a field
of view of 2.1 × 1.3 mm2. Nauplii and prey were added to a small
cuvette that was placed in front of the camera. Occasionally the
cuvette was gently turned to re-suspend prey particles. Short
sequences of G. dominans were recorded at 100 fps using a high-
speed camera (PhantomMiro 320) attached to an Olympus IX71
inverted microscope. These video recordings were insufficient to
estimate clearance rates that was instead estimated in bottle
incubation experiments.

Bottle Incubations With Copepod Nauplii
and Dinoflagellates
We performed bottle incubations with T. longicornis nauplii, O.
marina or G. dominans to measure clearance rates on different
colony sizes of C. affinis, T. nordenskioldii (only copepod nauplii),
and S. marinoi. Prey cells were added to glass bottles (50 mL for
nauplii, 25 mL for dinoflagellates) at low, non-saturating densities
(ca. 1.5×106, 0.7×106, and 1.0×106 µm3 mL−1 for nauplii, O.
marina, and G. dominans experiments, respectively). Nauplii (15
per bottle) were individually picked and added to bottles while
TABLE 1 | Phytoplankton prey and zooplankton grazers used in the experiments.

Species Strain Origin Colony Size (µm)

Phytoplankton
C. affinis GUMACC 165 Gulf of Naples, Italy Chain 17.46 ± 2.44a

Chaetoceros sp. Unknown Unknown Chain 14.23 ± 1.25a

S. marinoi GUMACC R05AC Öresund, Sweden Chain 6.51 ± 1.09a

T. nordenskioeldii GUMACC 201 Beaufort Sea, Canada Chain 16.89 ± 1.83a

P. globosa K-1321 Azores, Portugal Sphere 3.55 ± 0.47a

Zooplankton
T. longicornis – Øresund, Denmark – 658 ± 39b

T. longicornis nauplii – – – 208 ± 16b

G. dominans ICM-ZOO-GD001 Catalan Sea, Spain – 18.06 ± 1.16a

O. marina Unknown Unknown – 15.62 ± 1.15a
April 2022 | Volume 9 |
Equivalent spherical diameters (ESD) for phytoplankton were based on measurements of 20 individual cells under the inverted microscope after assigning fitting geometric shapes
(Hillebrand et al., 1999). Spines were not included for the Chaetoceros spp. and T. nordenskioeldii measurements. Prosome length for copepods were measured in ImageJ or under the
inverted microscope. ESD for G. dominans and O. marina were measured in a Multisizer 4e Coulter Counter. The phytoplankton cultures were obtained from the Gothenburg University
Algal Bank (GUMACC), The Norwegian Culture Collection of Algae (NORCAA) or from a culture at DTU Aqua (Chaetoceros sp.). Sizes are presented as means ± standard deviation. Dash
indicates data unavailable or not applicable.
aESD, bprosome length.
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dinoflagellates (100 mL−1) were washed in FSW and added via
pipette to the suspension. Subsamples withdrawn for
determination of initial phytoplankton- and grazer abundances
and phytoplankton size spectra were immediately fixed in Lugol’s
solution (1%), where after the bottles were incubated at 16°C for
24 h in darkness on a slowly rotating (~1 rpm) plankton wheel.
Three bottles had grazers and three were used as grazer-free
controls. At the end of the incubations the contents of the
bottles were fixed with Lugol’s solution. The grazers were
enumerated in the entire volume (nauplii), or in subsamples of
at least 200 cells (dinoflagellates), and the density and size spectra
of prey were determined in Sedgewick Rafter chambers or
Utermöhl settling chambers under the microscope as above.
Clearance and ingestion rates on different colony sizes were
calculated according to Frost (1972) and Heinbokel (1978).
RESULTS

Both nauplii and copepodites of Temora longicornis produce a
feeding current from which prey is harvested. Prey cells and
colonies are perceived individually by the setae on the feeding
appendages and captured by the feeding appendages as described
earlier for both feeding-current feeding copepodites and nauplii
(e.g. Bruno et al., 2012; Tiselius et al., 2013) and demonstrated in
online Videos S1, S2. In addition to this well-known prey capture
behavior, we discovered a novel mechanism. When offered chains
or colonies, copepodites of T. longicornis may use the antennules
to perceive and capture prey. With chain-forming diatoms, the
Frontiers in Marine Science | www.frontiersin.org 4
copepod respond to prey that is near or touching the setae on the
antennules and then use its antennule to “swing” the prey into the
feeding current where it is handled by the feeding appendages
(Figure 1; Video S1). With colonies of P. globosa, the antennae-
capture process was slightly different. When a Phaeocystis colony
on occasion encountered the copepod antennule close to its base,
the copepod use one or two antennules to “beat” the colony down
into the feeding current where it subsequently is handled by the
feeding appendages (Video S1).

Copepodite Grazing on Colonies
The capture clearance rate increased dramatically with colony
size but with distinct differences between prey species
(Figures 2A–E). The two Chaetoceros spp. were cleared at the
highest rate among the four diatoms (Figures 2A, B), followed
by T. nordenskioeldii (Figure 2C) and S. marinoi (Figure 2D).
The capture clearance rate on P. globosa was near constant for
colonies up to 100 µm ESD, but then tripled for the largest
colonies (Figure 2E). The size-distributions of colonies are
shown in Figure S2.

Colony size did not affect the ability of the copepod to handle
and ingest diatom chains (Figures 2F–J), but the fraction of
rejected colonies increased with size in P. globosa, with all the
largest colonies lost or rejected (Figure 2J). When ingesting P.
globosa colonies >100 µm ESD, we observed that part of the
colony was spilled due to ‘sloppy’ feeding (Video S3), but these
were still counted as ‘ingestion’.

The clearance rate based on ingested particles (i.e., clearance
rate equivalent to the one measured in bottle incubations) largely
A B

DC

FIGURE 1 | Front view of (A) a T. nordenskioldii diatom chain (~60 µm length) coming into contact with the antennae of a T. longicornis copepod. (B) The copepod
swings the antennae, (C, D) moving the chain towards the feeding current and feeding appendages. The position of the chain is indicated by the red arrow.
April 2022 | Volume 9 | Article 829419
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followed the same patterns as the capture clearance rate in the
diatoms (Figure S2) albeit slightly lower as some captured
particles were rejected. For P. globosa, ingestion clearance rate
was near independent of colony size at ∼3 mL h−1 due to the
opposing effects of size on capture and loss rates (Figure S2).

The time spent handling ingested prey increased with colony
size in all prey species (Figure 3; Table S1). Handling time of
rejected prey was relatively short and independent of colony size
in P. globosa (Figure 3G), but there were too few observations of
rejected diatoms to deduce a pattern. The handling time per
ingested cell decreased with increasing colony size and the
pattern was the same for all species (Figure 3; Table S1).

Copepod Nauplii Grazing on Diatom and
Haptophyte Colonies
The nauplii of T. longicornis also produce a feeding current that
draw in prey. While the nauplii responded to arriving colonies, they
were unable to handle diatom chains that are more than a few cells
long, and were unable to process even small P. globosa colonies
(Video S4). As a result, nauplii clearance rate decreased with
increasing colony size in C. affinis and T. nordenskioeldii
(Figures 4D–F), and initially increased but then decreased in the
smaller S. marinoi (Figure 4F). The size distributions in these
experimentswere also dominated by shorter chains (Figures 4A–C).
Frontiers in Marine Science | www.frontiersin.org 5
Dinoflagellate Grazing on Colonies
The prey-capture processes of O. marina and G. dominans are
similar and they both ingest their prey by engulfing it (Video S5).
G. dominans may swim away with the prey post-capture 1pt
(Video S5), while O. marina immediately ingests encountered
prey after a brief handling period (Nielsen and Kiørboe, 2015).
The clearance rate of O. marina feeding on S. marinoi initially
increased with chain length, but abruptly ceased on chains longer
than ~30 µm (Figure 5A). A similar pattern was observed for G.
dominans feeding on the same prey, but with a peak at ~50 µm,
and a less steep decline (Figure 5B).G. dominans clearance rate on
C. affinis also increased with chain length (Figure 5C), with five
times higher rates on the larger chains compared to single cells. As
in the previous experiments, the colony size distribution was
dominated by shorter chains (Figures 5D–F).
DISCUSSION

Colony Formation and Predation Risk
The clearance rate of adult T. longicornis increases with prey size
to a maximum of about 5 mL h−1 for optimally sized (~30–40
um) near-spherical prey (Gonçalves et al., 2014). This estimate is
similar between bottle incubation experiments and from direct
A B D E

F G IH J

C

FIGURE 2 | Copepodite feeding rate (from video observations). (A–E) Capture clearance rate (mL copepod−1 h−1), and (F–J) the fraction of different capture
outcomes (lostor rejected cells). If prey was not rejected or lost means it was ingested. Clearance rates on diatoms are pooled results from the 3–5 copepods used.
Clearance rates for P. globosa (E) are means ± SD from the two experiments and outcomes (J) were pooled for each size range from both experiments. The fraction
of colonies rejected or lost during handling was independent of colony size in the diatoms (mixed effects logistic regression, z = 1.47, p = 0.14). In P. globosa the
fraction of colonies rejected or lost increased with colony size (logistic regression, z = 6.50, p = <0.001). Length refers to chain length in the diatoms and diameter in
P. globosa. Please not differences in axis scales.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Ryderheim et al. Defensive Colony Formation in Phytoplankton
measurements of the fluid volume flow through the ‘capture area’
as defined by the sensory reach of the feeding appendages
(Gonçalves et al., 2014). We find the same increasing trend
with prey size in the present experiments, but the capture
Frontiers in Marine Science | www.frontiersin.org 6
clearance rate significantly exceeds (by up to 500% in P.
globosa) the above maximum estimates for the largest colonies.
This is because the antennules become involved in both
perception and capture of prey for the largest colonies, thus
A B D

E F G H

C

FIGURE 3 | Relation between copepodite handling time (ms) and colony size (top row) and handling time cell−1 (ms cell−1) and the amount of cells in the colony
(bottom row) in (A, E) C. affinis, (B, F) T. nordenskioeldii, (C, G) S. marinoi, and (D, H) P. globosa. Each individual point represents one capture event. The number
of cells per colony in P. globosa was estimated based on Jakobsen and Tang (2002). Regression lines are summarized in Appendix 1: Table S1. Dashed lines are
95% confidence intervals.
A B

D E F

C

FIGURE 4 | Copepod nauplii clearance rate (mL nauplii−1 h−1) and colony size distribution of chains in the bottle incubations. (A, D) C. affinis, (B, E) T.
nordenskioeldii, and (C, F) S. marinoi. Sizes larger than the largest chains shown here (equivalent to four cells chain−1 in C. affinis and T. nordenskioeldii, and six in S.
marinoi) were pooled into one group due to low abundance of these sizes. Values are means and error bars show standard error (n = 3).
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extending the sensory reach and the capture area. Single celled
non-motile prey is perceived by sensors on the feeding
appendages in feeding-current feeding copepods, not the
antennules (Gonçalves and Kiørboe, 2015). Thus, colonies are
perceived differently. The long setae on the cells of the two
Chaetoceros species may further extend the sensory reach of the
antennules and likely explains the much higher clearance rate on
these species compared to similar-sized T. nordenskioeldii with
shorter and thinner spines. Our results are in line with those of
previous incubation experiments, i.e., increased feeding rates
with increased colony size (Long et al., 2007; Bergkvist et al.,
2012; Bjærke et al., 2015).

Long diatom chains are efficiently handled by the copepod,
and indeed the longer the chain, the less the handling time per
ingested prey cell. The long spines on Chaetoceros spp. cells
appear to present no major obstacle to efficient handling, since
handling times are similar between small and intermediately
sized Chaetoceros spp. and T. nordenskioeldii, and rejection and
loss rates are low and independent of chain length in diatoms up
to the max length examined here (200 µm).

In contrast to copepodites, the nauplii of T. longicornis are
unable to handle diatoms chains exceeding a few cells in length.
However, the biomass of copepods is typically by far dominated by
late copepodite stages (Peterson, 1998; Ashjian et al., 2003; Irigoien
and Harris, 2006), simply because the specific juvenile growth rate
of copepods (up to 0.5 d−1) typically exceeds the specific mortality
rate (~0.1 d−1) (Kiørboe and Sabatini, 1995; Hirst and Kiørboe,
2002). Therefore, chain formation in diatoms dramatically
increases the predation risk to copepods as does likely the
presence of long spines. Ohman (2019) reported some cases of
cm-long chains that may be unavailable to copepods, but long
Frontiers in Marine Science | www.frontiersin.org 7
chains start short, and other data suggests that dominating chain
lengths aremuch shorter (Tiselius andKuylenstierna, 1996; Bjærke
et al., 2015; Selander et al., 2019). Thus, the reduction in chain
formation in response to copepod cues (Bergkvist et al., 2012;
Selander et al., 2019; Rigby and Selander, 2021) is therefore an
efficient defense, and the underlying mechanism, as demonstrated
here, seems to bemainly related to reduced grazer-encounter rates.

While copepods are important grazers of phytoplankton,
most of the phytoplankton grazing mortality in the oceans is
due to smaller (<200 µm) zooplankton (Calbet and Landry,
2004) that in ecosystems where diatoms commonly bloom is
dominated by ciliates and hetero- and mixotrophic
dinoflagellates (Sherr and Sherr, 2007; Calbet, 2008). Several
feeding mechanisms exist among dinoflagellates, all allowing the
ingestion of particles exceeding the size of the dinoflagellates
themselves (Hansen and Calado, 1999). The use of a pallium in
the Protoperidinum and Diplosalis groups allow them to ingest
even large colony-forming diatoms, like Chaetoceros spp.
(Hansen and Calado, 1999). Other dinoflagellates use a feeding
tube to suck out the contents of the prey, which allow them to
feed on even very large prey (Hansen and Calado, 1999). The two
dinoflagellates used in our experiments, O. marina and G.
dominans, feed by direct engulfment, where the entire prey is
engulfed (Nielsen and Kiørboe, 2015). It has previously been
shown that heterotrophic dinoflagellates with direct engulfment
are most efficient on particles of their own size (Hansen, 1992).
However, all previous studies were done using non-colony
forming species. The two dinoflagellates studied here were
unable to handle the largest S. marinoi chains (>60 µm length,
online Video S5), while G. dominans feed on C. affinis chains up
to at least 90 µm (roughly equivalent to five cells chain−1). This
A B

D E F

C

FIGURE 5 | Heterotrophic dinoflagellate clearance rate (mL ind−1 d−1) and colony size distribution of diatom chains in the bottle incubations. (A, D) O. marina
feeding on S. marinoi and G. dominans feeding on (B, E) S. marinoi and (C, F) C. affinis. Sizes larger than the largest shown here (equivalent to six, seven, and five
cells chain in the three columns from left to right, respectively) were pooled into one group due to low abundance of these sizes. Values are means and error bars
show standard error (n = 3).
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suggests that there are differences other than chain length that
may play a part in restricting prey ingestion in G. dominans. Due
to the lack of larger chains (>90 µm) in the C. affinis incubations,
we were unable to determine at which size the clearance rate for
this prey species peaked.

As opposed to heterotrophic dinoflagellates, ciliates are
restricted to prey far smaller than their own size (Heinbokel,
1978; Fenchel, 1980; Jonsson, 1986; Maselli et al., 2020). Since
most diatoms are morphologically small cells (ESD 4–10 µm),
colony-formation or the presence of spines may prevent efficient
feeding by these grazers. Thus, Bjærke et al. (2015) found that the
ciliate Strombidium spiralis was unable to ingest chains of S.
marinoi and the growth of Euplotes sp. was dramatically reduced
when fed colonies of P. globosa as opposed to single cells (Long
et al., 2007). Since the benefit of colony formation is largely
dependent on the predator composition, appropriately
responding to particular grazers by either increasing or
decreasing colony formation is highly advantageous.

The Role of Colony Shape
Increased colony size may work as a defense against copepods in P.
globosa, but not in the elongated diatom chains. The capture
clearance rates increases with size in P. globosa, but the large size
prevents them from being ingested. Thus, the defensive benefit of
colony-formation against copepods is dependent on the width of the
colony. If P. globosa colonies exceed this size threshold, increasing in
size may appear to be the best strategy, since the larger size also
protects from smaller sized grazers (Jakobsen and Tang, 2002; Long
et al., 2007). However, the defensive value of colony formations is
partly countered by copepods efficiently capturing and splitting up
larger colonies into single cells or smaller clusters, subsequently
making these available to both copepods and microzooplankton. If
not consumed, these cells appear not to be harmed by the interaction
and can form new colonies.

Diatom Life History, Bloom Formation, and
the Role of Colony Formation
Colony formation has several negative implications to life-history
functions inphytoplankton, in terms of reducedgrowth rate (Wang
et al., 2015; Albini et al., 2019; Kapsetaki andWest, 2019), enhanced
sinking losses, enhanced competition for light (self-shading) and
nutrients among colonymembers (Pahlow et al., 1997; Ploug et al.,
1999) and – as shown here – dramatically enhanced predation risk
to copepod and some dinoflagellate grazers. While the severity of
nutrient competitionmay be relaxed in a turbulent environment, it
seems that colony formation mainly has negative implications to
resource acquisition (but see Musielak et al., 2009). Indeed,
laboratory experiments have shown that cells located in the
middle of a diatom chain experience reduced nutrient uptake
(Bergkvist et al., 2018), and solitary diatom cells dominate in
conditions with low nutrient supply (Kenitz et al., 2020). Why,
then, do diatoms and Phaeocystis spp. form colonies?

Diatoms and P. globosa often form ephemeral blooms,
typically in the spring, and bloom formation and subsequent
sinking is an integral part of the life-history in at least diatoms
(Smetacek, 1985). The deposition of a dense bloom in deep water
or in the sediments with low grazing mortality secures a good
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seeding populations when conditions again become favorable for
growth. Such blooms may be possible because the colonies are
well protected from grazers with smaller prey-size spectra – such
as ciliates – that can outgrow slowly growing but efficient
copepods grazers. Ciliates can match the fast growth of
diatoms (Hansen et al., 1997) and often make up for half of
the microzooplankton biomass in Arctic, temperate, and tropical
waters (Nielsen and Kiørboe, 1994; Levinsen et al., 2000; Nielsen
et al., 2004; Stoecker and Lavrentyev, 2018). Yet, ciliates are
unable to suppress the formation of diatom blooms in temperate
systems despite the fast numerical response of these grazers to
increased food availability (Tiselius and Kuylenstierna, 1996;
Sherr and Sherr, 2009). Colony- and spine formation in
diatoms is therefore an efficient defense against these species,
thus allowing bloom formation.

In contrast, copepod life history implies a significantly lagged
numerical response to elevated food availability, and the biomass
of copepods typically peak a long time after the spring bloom of
diatoms in temperate waters (Kiørboe and Nielsen, 1994).
Similarly, dinoflagellates with the ability to ingest large
colonies of diatoms generally grow quite slowly, especially at
the temperatures where the diatoms typically bloom; i.e., 4–5°C
in temperate areas and often <0°C in Arctic waters (Hansen et al.,
1997; Levinsen et al., 2000; Naustvoll, 2000).

Conclusions
The abilities of copepods and protists to capture and handle
colonial phytoplankton depend on the size and foraging behavior
of the grazer, and the size and shape of the colony. Hence, the
defensive value of forming or not forming a colony is a function
of these factors and the composition of the predator community.
We argue that the efficient defense of colony formation against
small grazers allows bloom formation in diatoms, and that the
fitness benefit of bloom formation outweighs all the negative
consequences of colony formation.
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