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Feeding, prey selection and prey encounter mechanisms in the
heterotrophic dinoflagellate Noctiluca scintillans
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Danish Institute for Fisheries Research, Charlottenlund Castle, DK-2920
Charlottenlund, Denmark

Abstract. The heterotrophic dinoflagellate Noctiluca scintillans has a negligible swimming ability and
feeds predominantly on immobile prey. How, then, does it encounter prey? Noctiluca scintillans is
positively buoyant and, therefore, we hypothesized that it intercepts prey particles during ascent
and/or that microscale shear brings it into contact with prey. Noctiluca scintillans has a specific carbon
content 1-2 orders of magnitude less than that typical for protists and, thus, an inflated volume. It
also has a density slightly less than that of the ambient water and therefore ascends at high velocities
(~1 m h*1). In stagnant water, clearance rates of latex spheres (5-80 um) increased approximately with
prey particle size squared. This scaling is consistent with N.scintillans being an interception feeder.
However, absolute clearance rates were substantially lower than those predicted by modeling N.scin-
tillans both as a spherical and as a cylindrical collector. The latter model assumes that prey particles
are collected on the string of mucus that may form at the tip of the tentacle. Feeding, growth and prey
selection experiments all demonstrated that diatoms are cleared at substantially higher rates than
latex beads and other phytoplankters, particularly dinoflagellates. We propose that diatoms stick
more efficiently than latex beads to the mucus of N.scintillans and that dinoflagellates reduce fatal
contact behaviorally. We conclude that N.scintillans is an interception feeder and that the high ascent
velocity accounts for encounters with prey. However, the flow field around the cell-mucus complex
is too complicated to be described accurately by simple geometric models. Fluid shear (0.7-1.8 s~')
had a negative impact on feeding rates, which were much less than predicted by models. Noctiluca
scintillans can survive starvation for long periods (>3 weeks), it can grow at low concentrations of prey
(~15 ug C I"1), but growth saturates only at very high prey concentrations of 500-1000 ug C I"1 or
more. We demonstrate how the functional biology of N.scintillans is consistent with its spatial and
seasonal distribution, which is characterized by persistence in the plankton, blooms in association with
high concentrations of diatoms, and surface accumulation during quiescent periods or exponential
decline in abundance with depth during periods of turbulent mixing.

Introduction

The dinoflagellate Noctiluca scintillans is common in temperate to tropical neritic
waters around the world and is known at times to form pronounced red tides
(Enomoto, 1956; Le Fevre and Grail, 1970; Uhlig and Sahling, 1990). While the
tropical form of the species may contain endosymbiontic algae (Sweeney, 1971),
the temperate form is obligately heterotrophic. Field studies suggest that N.scin-
tillans feeds mainly on immobile prey, particularly diatoms (Enomoto, 1956;
Prasad, 1958). In accordance, laboratory studies have reported high growth rates
on pure diets of diatoms (Buskey, 1995). Two different feeding behaviors have
been qualitatively described in the literature: 'raptorial' feeding by individual
cells and 'mucoid filtration' by groups of cells that scavenge particles during
sinking (Omori and Hamner, 1982; Uhlig and Sahling, 1990; Shanks and Walters,
1996). In addition, Tiselius and Ki0rboe (1998) described how N.scintillans colon-
ize aggregates of diatoms to feed on them.

Noctiluca scintillans possesses a tentacle near the cytostome and a rudimentary
flagellum (Lucas, 1982), neither of which serves motility function. Considering
both the negligible swimming capacity of N.scintillans and its immobile prey, we
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wondered how N.scintillans ever encounters prey. Noctiluca scintillans cells are
normally positively buoyant (Kesseler, 1966) and thus ascend in the water
column. For example, estimated collision rates between N.scintillans and diatom
aggregates due to the rising of N.scintillans cells are sufficient to account for the
colonization of diatom aggregates observed by Tiselius and Ki0rboe (1998).
Would a similar mechanism be sufficient to account for feeding on individual
diatom cells? Or does microscale turbulence play a role for encountering food?
In this study, we examine the functional biology of N.scintillans, with particular
emphasis on the mechanism by which individual cells of N.scintillans encounter
single food particles. We hypothesize that N.scintillans is an interception feeder
that scavenges prey particles during ascent and/or that turbulent fluid shear brings
N.scintillans in contact with its prey. We present simple models and results of
laboratory experiments that aim to assess the significance of these two prey
encounter mechanisms.

Prey encounter models

The rate at which a predator encounters prey, e, is given by (Ki0rboe and Saiz,
1995):

where p,- are the kernels of the relevant encounter processes and C is the concen-
tration of prey. 2p,- can thus be considered an estimate of the clearance rate. We
here examine encounters by raptorially feeding cells due to (i) differential verti-
cal velocity and (ii) turbulent shear. As a first approximation, we assume both
N.scintillans and its prey to be spherical.

Differential vertical velocity

Several apparently conflicting geometric models describe particle encounter rates
for translating spheres at low Re. Figure 1A describes schematically the flow lines
around a translating sphere. Prey particles following streamlines within one par-
ticle radius from the collector are intercepted. One model, developed explicitly
to describe prey encounter in suspension-feeding flagellates, simply estimates the
clearance rate (fi) as the volume flux through the annulus between the collector
and the limiting streamline (Fenchel, 1984; Shimeta and Jumars, 1991):

PAv = (2jtrN7> + 7rrP
2)v ~ 2nrNTPv for /> <c rN (1)

where v is the local (not far-field) fluid velocity, and rN and rP are the radii of the
predator and the prey, respectively. This model predicts that clearance increases
linearly with increasing size of both prey and predator (Fenchel, 1986a; Shimeta
and Jumars, 1991). Classical coagulation theory (e.g. Hill, 1992) suggests a differ-
ent model and estimates the encounter rate kernel as p = 0.5nrP

2£/, where U is
the (vertical) velocity difference between N.scintillans and its prey (-ascent
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B

Fig. 1. Schematic of flow lines around a translating sphere with explanations of symbols used in the
text.

velocity of Nscintillans). This model, somewhat counterintuitively, suggests that
the clearance rate is independent of the predator size and scales only with the
radius of the prey particle squared. Thus, the two models have fundamentally
different implications to feeding rates and prey size spectra in interception
feeders. They may reconcile, however, because v in equation (1) depends on the
distance to the collector. Owing to the no-slip condition, the fluid velocity rela-
tive to the collector is zero right at its surface and increases asymptotically with
increasing distance. The radial and azimuthal components of the fluid velocity
relative to the translating sphere are, respectively (e.g. Berg, 1993):

and

vr = -£/cos8(l - 3rN/2r

v9 = l/sin8(l - 3rN/4r -

(2)

(3)

where r is the distance to the center of the predator and 6 the angle relative to
the direction of the motion of the sphere (Figure IB). The volume flux through
the equatorial annulus can now be estimated as:

2n rN + r,

"r 2(rN + rP)

~1.5nUrP
2 for rP <sc rN (4)

This expression is identical to that cited by Spielman (1977) and, except for the
lead coefficient, similar to that proposed by classical coagulation theory.
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Turbulent shear

The diameters of both N.scintillans and its prey are well below the Kolmogorov
scale for any realistic intensities of turbulence in the ocean. At these scales, turbu-
lence is manifest as laminar shear, and can be quantified by a shear rate, 7. If
shear is the only mechanism accounting for prey encounters, then (Hill, 1992):

2pf) (5)

where p = rp/rN.

Method

Culture

Noctiluca scintillans (2000+ individuals) were collected in Gullmarsfjorden on the
west coast of Sweden in October 1996. Cultures were established in 60-1000 ml
screw-cap bottles containing 0.2-um-fiItered autoclaved sea water (30 p.p.t) and
a mixture of phytoplankton (Table I) in total concentrations exceeding 10 p.p.m.
The bottles were mounted on a slowly rotating wheel (0.2 r.p.m.) in a thermo-
stated room (18°C) with a light:dark cycle of 16:8 h. All experiments were
conducted at these temperature and light conditions. Cells were transferred to
fresh food suspensions 2-3 times weekly. We aimed at culture concentrations of
1-10 cells ml"1.

Carbon content

The carbon content of N.scintillans cells that had starved for 0,1, 2 and 3 days
was measured by an infrared gas analyzer. Batches of 100-300 cells were pipet-
ted onto ashed 25 mm GF/C filters. Filters were then dried at 60°C for 2 h, and
stored in an exicator at -20°C until analysis. Carbon content per cell was esti-
mated as the slope of regressions of the total amount of carbon versus the number
of cells per filter. Cell diameters of 50-200 cells were measured daily. Carbon
contents of phytoplankton cells used as food were determined in a similar way,
except that their sizes and concentrations were quantified by an electronic par-
ticle counter (ELZONE 180) (Table I).

Ingestion and clearance rates

To quantify ingestion and clearance rates in stagnant water, where ascent of
N.scintillans is the presumed prey encounter mechanism, incubation bottles were
placed on the plankton wheel. After a short spin-up time, water inside the bottle
moves as a solid body (Jackson, 1994).

Ingestion rates were quantified by following the rate at which prey particles
accumulated in the food vacuoles of N.scintillans incubated at known concentra-
tions of particles. Clearance rates were estimated as the ingestion rate divided by
ambient particle concentration. Food particles were either phytoplankton cells
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Table L Cell sizes and carbon content of phytoplankton species used as food in growth experiments
and for cultivation of N.scintillans. Chain-forming species are marked with an asterisk

Species

Thalassiosira weisflogii
Thalassiosira antarctica*
Ditylum brightwelli
Skeletonema costatum*
Chaetoceros affinis*
Prorocentnun minimum
Prorocentrum micans
Heterocapsa triqueter
Dunaliella marina
Rnodomonas baltica

Equivalent spherical diameter
(urn)

12.8
3.5

21.2
8.13
9.9
9.8

22.0
16.1
6.6
6.2

Carbon content
(ug C unr3) x 10-6

0.11
0.22
0.037
0.16
0.12
0.12
030
0.13
0.20
0.21

{Thalassiosira weisflogii and Heterocapsa triqueter) or spherical latex beads of
well-defined size (5, 9.9,11.3,16.3, 20.3, 40, 83 and 132 urn). In all experiments,
N.scintillans were added to a concentration of ~1 ml"1 and prey particles to
concentrations of <1 p.p.m. Incubations were conducted in 63 or (mainly) 270 ml
tissue bottles, 1.21 screw-cap bottles or in the Couette device (see below). When
phytoplankton were used as food, N.scintillans had starved for 24 h prior to the
experiment to void food vacuoles.

Up to 36 bottles for each prey size or type were started simultaneously. At
intervals of 0.5-2 h, the contents of triplicate bottles were preserved with forma-
lin. From each bottle, 50-300 cells were examined individually for food vacuole
content. The 5 um spheres could not be quantified in individual cells; instead, a
known number of cells were sonicated, after which the destroyed cells and their
food vacuole contents were allowed to settle. Prey particles were subsequently
counted under an inverted microscope. These experiments confirmed that par-
ticle accumulation was approximately linear in time, and subsequent incubations
were carried out with just one stop time.

Group feeding

To examine the potential advantages of 'group feeding', we incubated N.scintil-
lans in concentrations of 0.1, 0.2, 0.4, 0.8 and 1.6 cells ml"1 in 625 ml bottles
together with 20 um latex beads. We examined food vacuole content in -75 indi-
viduals per bottle (200-300 per treatment) after 7.5 h of incubation on the plank-
ton wheel.

Particle size spectrum

Food size spectra were obtained by offering N.scintillans mixtures of latex beads
in incubations lasting for -18 h, and examining food vacuole content in sonicated
cells as above. To avoid the total particle volume concentration exceeding 1
p.p.m. and to ensure a sufficient number of particles in suspension, particles were
offered in the following four combinations: 5.0, 9.9, 16.5 and 20.3 um; 9.9 and
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40 jim; 9.9 and 83 um; 9.9 and 132 urn. We had six bottles for each treatment. Rela-
tive size spectra were calculated by normalizing with the clearance on 9.9 um
particles.

Feeding in a Couette chamber

We examined the effect of fluid shear on prey encounter rates by comparing clear-
ance rates on 40 mm particles in slowly rotating 1.21 bottles (stagnant water) with
clearance rates in a Couette flow. The latter was generated in a device which,
briefly, consists of two cylinders, one inside the other. The outer cylinder rotates
and thereby generates a well-defined fluid shear in the annular gap. Our Couettes
were designed as described by Van Duuren (1968) and had a volume of 1.251. We
conducted experiments at shear rates of 0.62 and 1.77 sr1. Each experiment
consisted of five Couettes and five rotating bottles, and lasted -10 h. Food vacuole
content was examined individually in >200 N.scintillans from each container.

Prey selection

Noctiluca scintillans collects prey particles in a clump of mucus on the tip of the
tentacle. As a measure of prey 'selection', we quantified the frequencies of prey
particles in the mucus relative to their frequencies in the ambient water. Noctiluca
scintillans were incubated with T.weisflogii and one at a time the single-celled
prey listed in Table I or 11.9 um latex beads for 4-16 h in triplicate 63 ml culture
flasks placed on a rotating wheel. Prey concentrations were 1000 ml"1 of each prey
type. Prey frequencies in mucus were quantified by counting >200 prey particles
per bottle.

The differential clearance rates on a diatom {T.weisflogii) and a dinoflagellate
(H.triqueter) of similar size were examined by simultaneously incubating N.scin-
tillans in pure suspensions and in mixtures of the two at identical number concen-
trations. We incubated five 270 ml bottles of each combination for 5 h and
examined 15 cells from each bottle (i.e. 75 cells for each treatment) individually
for food vacuole content.

Ascent rates and flow fields

To allow for interpretation of clearance rate observations, we examined ascent
velocities of N.scintillans as well as the fluid flow around ascending cells. We
measured ascent rates of N.scintillans that had starved for 0,1, 2, 3 and 4 days.
Individual N.scintillans cells were introduced into the lower third of a closed 5 x
5 x 20 cm3 plastic aquarium which was submerged in a 101 aquarium placed in a
thermostated room. The cells were introduced with a few microliters of water via
a pipette with a bent tip that was mounted in the lid of the inner aquarium. The
size and movement of the cells were filmed with a CCD video camera with a 105
mm macro telephoto lens. Three-five tracks were recorded per cell, and average
ascent rates were calculated for 10-20 cells per starving condition.

We used a similar set-up to quantify flow velocities past the equator of
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ascending N.scintillans as a function of distance to the cell center. We estimated
velocities of flow past six different ascending cells by tracking 15-60 neutrally
buoyant particles (26 urn pollen grains) per cell. None of the cells had mucus
attached. We plotted the positions of the particles relative to the cell on a plastic
sheet at 0.5-1.0 s time intervals. For these experiments, the aquarium was placed
on a stage, which could be moved in the X-Y plane, and the camera on a plat-
form which could be moved vertically. This way, the ascending cell could be kept
in exact focus in the middle of the screen at all times without focusing the lens
and thereby changing the size calibration. The stage was equipped with meters
that determined the position of the aquarium to within 20 um. The depth of field
of the pollen grains was determined to 1.0 mm. Because particles may be offset
in the horizontal, apparent distances between the cell and particles, on average,
slightly underestimate the true distance. By correcting with the depth of field (a),
we converted apparent distances (d) to actual average distances (davg) by:

f a + Va2 + d2 1
In =====

[-a + Vflz + d2 J

Growth

We examined the functional response in growth to variations in concentrations
of a diatom (T.weisflogii) and a dinoflagellate (H.triqueter). Twenty cells were
established in triplicate 63 ml tissue bottles with nominal concentrations of
T.weisflogii or H.triqueter of 0, 0.3, 0.6, 0.9, 1.2, 1.8, 2.5, 5.0 or 10 p.p.m. An
additional experiment was run with H.triqueter at nominal concentrations of 10,
20,50 and 100 p.p.m. Bottles were mounted on the plankton wheel during incu-
bations. To compensate for any potential effects of past food, the growth was
followed for 4-7 days, and N.scintillans cells were counted and pipetted to fresh
food suspension every 2 or 3 days. There were no time effects, though, and data
were therefore pooled. Concentrations of phytoplankton food cells were
measured on the electronic particle counter at the start and end of each incu-
bation period. Growth rates were calculated as u = ̂ {C^^JC^t^), and average
concentrations of food as CPiavg = (CPend - C?fiXin)l\n(Cv<en^C?Man), where C
denotes concentrations and subscripts refer to N.scintillans (N), phytoplankton
food (P), and start, end and average concentrations. The diameters of 20 cells
were measured at each food concentration at the end of the incubation.
Additional growth experiments were conducted at a low (1.8 p.p.m.) and a high
(18 p.p.m.) concentration of the diatoms and flagellate species listed in Table I.

Observations of feeding behavior

We observed behaviors of individual cells in dense suspensions of phytoplankton
under a dissecting microscope.
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Results

Feeding behavior

Noctiluca scintillans collects food particles by means of the -300-um-long tentacle
which makes constant slow and asymmetrical movements. Prey cells may attach
directly to the tip of the tentacle or become embedded in a clump or string of
mucus that is attached to the tip of the tentacle. In dense suspensions of food,
mucus strings -100 um broad and up to several millimeters long may form.
Whereas N.scintillans cells without mucus appear to be randomly oriented in the
water, cells with attached mucus are mainly oriented with the tentacle and mucus
string downward. Before the actual ingestion, the mucus string is rolled into a
clump of food particles at the tip of the tentacle and brought to the cytostome by
the bending of the tentacle, whereupon it is phagocytized. This feeding mode is
consistent with the observed frequency distribution of the numbers of prey in
individual N.scintillans cells, which in all cases were significantly more clumped
than a random (Poisson) distribution would predict. During incubations, N.scin-
tillans were often seen in small aggregates.

Ascent rates, cell density, cell carbon and cell size

Cell motility relative to the surrounding water is due only to density differences
between N.scintillans and the ambient water. All cells examined were positively
buoyant, i.e. ascended in stagnant water. The ascent rates of individuals varied
between -0 and 1.7 m h"1, but overall were positively correlated with cell size
(Figure 2A). Ascent rates scaled approximately with cell diameter squared,
which is consistent with Stokes' law. The density difference between the cells
and ambient water (Ap, g cm"3) was calculated from Stokes' law assuming spheri-
cal cell shape, Ap = Ul{2\ 800r2), where r is cell radius in centimeters and U is
ascent velocity in centimeters per second. The average density difference was
almost constant during the first 2 days of starvation, whereupon it increased
slightly (Figure 2B). Thus, starved cells of set size ascend faster than well-fed
cells.

Noctiluca scintillans cells contained -0.2 ug C cell"1, but the carbon content
declined slightly during the 4 days of starvation (Figure 3A). The carbon to
volume ratio of cells was very low, between 4.6 and 5.9 x 10~9 ug C unr3, and
declined by -20% during the 4 days of starvation (Figure 3B).

Cell size increased almost linearly with decreasing growth rate and cells swelled
further during starvation (Figure 4). Since U - Apr2, the combined effect of vari-
ation in cell size and density with food condition implies a 3-fold average differ-
ence in ascent rates between starved and rapidly growing cells.

Ingestion and clearance rates in rotating bottles

Uptake of latex beads. In most cases, uptake of latex spheres increased linearly
with time during the initial 12-15 h (Figure 5). In the experiment in which 40 um
sized beads were offered, there was an apparent time lag with an initial low
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Fig. 2. Noctiluca scintillans. (A) Ascent velocity of individual cells as a function of cell size. The
regression is statistically significant and has a slope of 2.4. (B) Density difference between ambient
water and cells as calculated from Stokes' law.

uptake rate. Qearance rates increased with particle size: from 0.25 ul h"1 for 5 um
particles to 17.2 ul h"1 for 83 um particles.

The rates at which latex beads were cleared and ingested were independent of
the concentration of N.scintillans in the incubation container (Table II). Thus,
there were no signs that group feeding enhanced clearance rates.

The particle size spectrum. The particle size spectrum, obtained as clearance rates
relative to clearance of 9.9 um sized particles in food mixture experiments,
suggests an optimum prey particle size of -80 um (Figure 6A). Absolute clear-
ance rates of latex spheres as a function of particle size, obtained from the time
series experiments, were consistent with the left-hand side of the relative prey
particle size spectrum (Figure 6B). Below the optimum prey particle size, clear-
ance rate scaled with prey particle size to power 1.6, almost as predicted by equa-
tion (4). However, absolute clearance rates were higher than predicted. The
slightly lower than predicted power of the scaling (2) may be caused by the larger
particles approaching optimum particle size. Two observations on very small latex
beads, that were calculated from Kirchner et al. (1996) and included in the plot,
fit the pattern observed here.
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Fig. 3. Noctiluca scintillans. Carbon content per cell (A) and per unit volume (B).
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Fig. 4. Noctiluca scintillans. (A) Cell size (± SD) as a function of growth rate. Either T.weisflogii
(circles) or H.triqueter (squares) were used as food. (B) Cell size (± SD) as a function of duration of
starvation. Both regressions are statistically significant.
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Time, h

Fig. 5. Noctiluca scintillans. Accumulation of latex beads of various sizes in the food vacuoles of
N.scintillans. Sizes of prey particles and calculated clearance rates (slopes of regressions divided by
ambient particle concentration) are shown in the panels.

Table H. Noctiluca scintillans. Feeding rates on 20 urn latex beads (300 ml*1) as a function of the
concentration of N.scintillans

Concentration of N.scintillans
(I"1)

0.1
0.2
0.4
0.8
1.6

Ingestion rate ± SD
(beads ind.-' h"1)

134 ± 0.91
1.29 ±0.04
1.49 ±0.55
1.47 ± 1.20
134 ±0.48

Prey selection and growth rates

Clearance rates on the diatom T.weisflogii were about one order of magnitude
higher than those on the dinoflagellate H.triqueter (Table III). This difference
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Wrehneretal. 1996
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T. weisflogii
Eq.4
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Particle diameter, |im

Fig. 6. Noctiluca scintUlans. (A) Prey size spectrum. Data points are averages ± SD. (B) Qearance
rates on latex beads (closed symbols) as a function of particle size. Two observations calculated from
Kirchner et al. (1996) are also shown. The log-log regression (full line) has a slope of 1.6. The dotted
line is the clearance predicted from equation (4) assuming an ascent velocity of 1 m h~'. Average clear-
ance rates on T.weisflogii and H.triqueter (open symbols) are also shown.

remains when the two species were offered in a mixture (Table IV). Also, in
comparison to latex beads of similar size, the diatoms were cleared 10-25 times
faster, while the dinoflagellates were cleared at similar rates as the beads (Figure
6B).

Relative frequencies of the different prey types collected in mucus normalized
to the frequency of T.weisflogii also demonstrate significant prey selection (Table
V). The different prey frequencies reflect different clearance rates, as demon-
strated by the similar ratios of clearance rate and prey frequencies for both
H.triqueter (0.126 versus 0.082) and 11.9 um latex beads (0.127 versus 0.124). (The
clearance ratios were calculated as the clearance of H.triqueter and latex beads,
respectively, divided by the clearance of T.weisflogii; Table III and Figure 5.) The
differences in prey frequencies are only partly due to different encounter prob-
abilities related to size. When comparing with the size scaling factor obtained
above, it is evident that N.scintillans collects dinoflagellates at lower rates than
other cells (Table V). Thus, different particles of similar size are cleared with very
different efficiencies.

Differences in growth rates on different diets further support the selection
patterns. Noctiluca scintUlans grows faster on, and growth saturates at a lower
concentration of, the diatom T.weisflogii than on the dinoflagellate H.triqueter
(Figure 7A and B). A comparison of the growth rates of N.scintillans offered a
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Table UL Noctiluca scintillans. Summary of clearance rate measurements on phytoplankton
estimated from accumulation rates of prey in food vacuoles

Species

Thalassiosira weisflogii

Average ± SD
Heterocapsa triqueter

Prey concentration
(cells ml"1)

1186
314
614
652

863

No. of replicates

5
4
4
5

9

&

0.92
0.95
0.91
0.61

0.97

Clearance
(ulh-')

12.6
8.2
9.4
8.04
9.6 ± 2.1
1.21

Table IV. Noctiluca scintillans. Clearance rates (ul tr1; average and 95% confidence limits) on
T.weisflogii and H.triqueter offered in pure and mixed suspensions. Prey concentrations were 300 ml"1

in all incubations

Heterocapsa triqueter Thalassiosira weisflogii

Pure suspension 3.31 ± 1.49 32.29 ± 17.13
Mixture 3.71 ± 1.67 22.76 ± 11.33

Table V. Noctiluca scintillans. Frequencies of various prey types collected in mucus relative to the
frequency of T.weisflogii. The expected frequencies are calculated from the observed scaling between
clearance rates and prey particle size

Particle type

Thalassiosira weisflogii
Ditylum brightwelli
Prorocentrum minimum
Prorocentrum micans
Heterocapsa triqueter
Dunaliella marina
Rhodomonas baltica
11.9 Mm latex beads

Expected relative encounter
probability from size.
(exponent 1.5)

1.00
2.13
0.67
2.25
1.41
0.37
0.34
-

Observed relative frequency
of prey in mucus

1.00
133 ±0.29

0.060 ±0.065
0.049 ± 0.001
0.082 ± 0.026
0.35 ± 0.09
0.18 ± 0.07

0.124 ± 0.015

variety of phytoplankton suggests that, with the exception of Chaetoceros affinis,
diatoms in general support higher growth rates than do flagellates (Figure 7C).
Unsaturated growth rates on the different prey species normalized to growth on
T.weisflogii correlate well with the relative frequencies of prey collected in mucus
for solitary species (Figure 8). This demonstrates that variation in growth is due
mainly to N.scintillans' variable capability to capture different types of prey,
rather than to differences in the nutritional quality of the different prey species.

Particle clearance in Couette flow

In both of the two experiments conducted, clearance rates in the Couette flow
were lower than in the rotating bottles (P < 5%; Table VI). Clearance rates were
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P. mlcans
T. weisftogii
C. aWnis
Scostatum
D. breightwelli
T. antandca

0 2000 4000 6000

Prey concentration, jig C r1

Fig. 7. Noctiluca scintillans. Functional response in growth rate to variations in prey concentration
and prey species. In (A) (T.weisflogii) and (B) (H.triqueter), the data were fitted to \i = K(\ - er°c) -
b, where (J is the specific growth rate, C is the concentration of prey, and K, a and b are constants.
The fitted parameters yield estimated maximum growth rates (K - b) of 0.63 and 0.18 day1' for the
diatom and the dinoftagellate prey, respectively. A total of 90% of maximum growth [-Jn(0.1 -
Q.\blK)la] was achieved at 5.8 and 38.8 p.p.m. (C) Growth rates on a variety of diatom (open symbols)
and flagellate (closed symbols) prey species.

also considerably lower than predicted from considering shear as the sole prey
encounter mechanism [cf. equation (5)]. Apparently, shear of the magnitude used
here does not enhance the ingestion rate in N.scintillans.

Flow field

The flow velocity data were pooled after normalizing with size and ascent velocity
of individual cells, and then compared with the prediction from equation (3)
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0 1 2

Relative frequency in mucus

Fig. 8. Noctiluca scintillans. Growth rates on various single-celled phytoplankton species (normalized
by the growth on T.weisflogii and corrected for variations in prey concentration) versus relative
frequencies of the same prey species collected in mucus (from Table V).

0.0
0 2 4 6 8 10 12 14

Calculated average distance (radii)

Fig. 9. Noctiluca scintillans. Flow velocities past the equator of ascending cells as a function of the
calculated average distance to the cell center. Measurements on different cells were normalized by
ascent velocity (U) and radius. The line is that predicted by theory [equation (3)].

Table VI. Noctiluca scintillans. Oearances rates ± SD of 40 um latex beads (£30 ml"') in sheared flow
(Couette device). Expected clearance rates are calculated from equation (5). Simultaneous
incubations in rotating bottles served as controls

Experiment
no.

Shear rate
(s-1)

Expected clearance
1)

Observed clearance
(ulh-')

Control clearance
(Hlh-1)

0.62
1.77

1.60
432

0.57 ±0.18
0.67 ± 0.24

2.74 ± 0.92
4 32 ± 0.44

(Figure 9). Despite the fact that N.scintillans is not perfectly spherical, the
observed fluid velocities were almost identical to those predicted.

Discussion

Prey encounter mechanisms

Qearances and ingestion rates provide conservative estimates of prey encounter
rates, because not all particles encountered are necessarily captured and
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subsequently ingested. In spite of this, observed clearance rates of N.scintillans in
stagnant water were significantly higher than those predicted from simple
geometric considerations [equation (4)]. This was particularly so in the case of
the diatom T.weisflogii, which was cleared 1-2 orders of magnitude faster than
expected. Similar high clearance rates can be derived for T.weisflogii and
H.triqueter from the functional responses in growth rate to food concentration by
assuming a growth efficiency of 0.33 (Hansen etal, 1997). Such calculations yield
35 and 2.5 ul indr1 h"1 on T.weisflogii and H.triqueter, respectively. Tiselius and
Ki0rboe (1998) reported clearance rates on -30 um diatoms of 10-20 ul h"1, which
are also some 10-20 times higher than predicted. The prey selection experiments
suggest that other phytoplankters, particularly diatoms, were also cleared at
higher rates than expected. Observations of the actual flow field around ascend-
ing cells did not help explain this discrepancy because flow velocities increased
with distance from the ascending cell almost exactly as assumed in our model.

There may be several reasons for the discrepancy between observed and
expected clearance rates. The assumption of a spherical collector is a first
approximation, but may be too simplistic. First, N.scintillans cells were at times
observed in groups or aggregates, similar to but denser than the feeding associ-
ations described by Uhlig (1983) in the laboratory and by Shanks and Walters
(1996) in the field. Shanks and Walters (1996) found that N.scintillans in aggre-
gates had higher food vacuole content than solitary cells and, thus, presumably
higher feeding rates. Because ascent rate scales with /?2A8 (Stokes' law), groups
of cells may experience higher ascent rates than individual cells and thus clear
larger volumes of water (R = equivalent spherical radius of an aggregate).
However, particles in this larger volume of water are to be shared by more indi-
viduals. If the porosity (fractional water content) of a group of cells is Po, then
the density difference between the aggregate and ambient water is AS = (1 - Po)
(8C - 8W), where 8C and 8W are the densities of cells and water, respectively.
Because R2(Poji) = r^n^il - Po)-213, per capita clearance rates scale with R2Ahln
= (1 - Po)1/3(8C - Sw)^"273. where n denotes the number of individuals in an aggre-
gate. Thus, per capita clearance rates would be lower rather than higher in aggre-
gated cells and would decline with aggregate size (n). This formulation assumes
no flow of water through the aggregate. However, intra-aggregate flow, which
might increase encounter volume, is likely very limited due to the presence of
mucus binding the cells together in the aggregate. Accordingly, the experiments
in which the concentration of N.scintillans, and hence the ability to form aggre-
gates, was varied, did not show higher clearance rates when N.scintillans occurred
in high concentrations (Table II).

Flow fields were only determined around cells with little or no mucus.
However, the mucus strings attached to the tentacle can at times be quite impres-
sive. Thus, the cell-mucus complex is far from being spherical, even in solitary
Nscintillans. Also, prey are collected on the tentacle or in the mucus, rather than
by interception on the cell body. Therefore, a cylindrical rather than a spherical
collector might provide a better model of prey capture in N.scintillans. From
Spielman (1977), we derive an approximate expression for the encounter rate
kernel for a cylindrical collector

1630

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/article/20/8/1615/1483631 by guest on 19 April 2024



Feeding, prey selection and prey encounter in N.scintillans

(6)

where rM is the radius of the mucus string, / its length, w the component of the
far-field velocity which is perpendicular to the mucus string, and A? - 0.1 for Re
- 0.01-0.1 (which is representative). If we assume / = 0.3 cm (about the longest
threads seen), rM = 0.005 cm (typical) and w = 100 cm h"1, then 10 urn particles
will be cleared at ~5 ul h"1. This is the right order of magnitude. Thinner threads
yield higher clearance rates, because the encounter rate kernel [equation (6)]
scales inversely with the thickness of the thread. However, mucus threads were
usually not oriented perpendicular to the flow, but rather aligned with the flow.
Therefore, w in equation (6) is typically much lower than the ascent velocity. (In
a rotating bottle, mucus threads will tend to be oriented downward and thus
experience flow past it as the N.scintillans rotates with the fluid.) A cylindrical
collector mechanism can, therefore, not fully account for the observed magnitude
of the clearance rates either. Thus, our modeling attempts can predict observed
clearance rates only to within one order of magnitude or so. We conclude that
although the ascent of N.scintillans is the mechanism which generates the velocity
difference between N.scintillans and its prey, the (variable) shape of the collec-
tor and the exact flow patterns are too complicated to be modeled realistically.

Both models [equations (4) and (6)] propose that p - rP
2, which is almost as

observed. This prediction is independent of the shape of both the collector and
of the detailed flow field and, thus, generally true for interception feeding on
small particles. The flow velocity past a solid surface initially increases almost
proportionally with the distance to the surface. Therefore, the volume flow
through an area perpendicular to the solid surface and delimited by the stream-
line at distance rp is - rPv ~ rp

2. Because the observed clearance rates scale
approximately as predicted, we conclude that N.scintillans collects prey particles
by direct interception.

Prey capture rates in a sheared flow were substantially lower than those
expected from equation (5), and also lower than those in stagnant water (Table
VI). If shear had no effect, we would expect similar prey capture rates in stag-
nant water and sheared flow because prey scavenging by ascent would still occur
in the Couette device. Deleterious effects of shear on dinoflagellates have previ-
ously been reported (Thomas and Gibson, 1990,1992). In the present case, shear
may simply destroy the Nscintillans-mucas complex and thereby interfere with
the feeding process. Typical energy dissipation rates (e) in the upper ocean range
from 10~5 to 10"1 cm3 s~2 (Ki0rboe and Saiz, 1995). Microscale shear relates to
energy dissipation rate as y = (e/v)0-5, where v is the kinematic viscosity (-10"2

cm2 s"1). Representative dissipation rates are, thus, 0.03 and up to 3 sr1. Although
within that range, shear rates of 0.7 and 1.7 s"1 as used here are only experienced
by N.scintillans during quite windy conditions.
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Prey selection

Prey selection and growth experiments suggest that different particles are cleared
at different rates, also when offered in mixtures, and even when differences in
size are accounted for. Despite their own motility, which would increase
encounter rates, dinoflagellates are cleared at substantially lower rates than are
immobile diatoms. However, dinoflagellates are capable of avoiding fatal contact.
We frequently observed that H.triqueter, for example, upon swimming into a
mucus thread, tumbled and continued swimming away from the mucus thread
and, thus, avoided becoming entangled. It is more difficult to explain the substan-
tial difference in clearance rates between T.weisftogii and similarly sized latex
beads. 'Active' prey selection, based on chemical or other cues, is difficult to
envisage, given the nature of the prey capture mechanism. However, phyto-
plankton cells, particularly diatoms, are known to be 'sticky', i.e. to adhere upon
contact (e.g. Ki0rboe and Hansen, 1993). The exact mechanism of sticking is
unknown, but is probably related to mucus secretion (Ki0rboe and Hansen, 1993;
Waite et at, 1995) which is known to be copious in diatoms (Decho, 1990). This
suggests that, once encountered, sticky diatoms are captured with greater
efficiency than latex beads.

Significance of size

Noctiluca scintillans is an unusual dinoflagellate in several ways. Most conspicu-
ous are its size and inflated volume. The volume-specific carbon content otN.scin-
tillans is almost two orders of magnitude less than that typical of other protists,
including dinoflagellates, which have carbon to volume ratios of the order of 1-2
x 10"7 ug C unr3 (Hansen etal, 1997). The cell size of N.scintillans increases with
decreasing food availability and the cells swell further upon starvation (Figure 4)
(Buskey, 1995). This is in contrast to other dinoflagellates—and protists in
general (Fenchel, 1986a)—which show the opposite and more expected response
(Hansen, 1992; Jacobsen and Anderson, 1993; Jakobsen and Hansen, 1997).

What, if any, is the functional significance of the inflated volume of N.scintil-
lansl The encounter rate formulation of Shimeta and Jumars (1991) [equation
(1)] suggests that larger cells may intercept more prey particles, but we have
argued above that this is not the case. Instead, we propose that the inflated size
of N.scintillans may represent an adaptation to enhance its ascent rate and,
thereby, its prey encounter rate. Had N.scintillans had a size corresponding to its
carbon content, and because ascent velocity scales with the square of the radius,
it would ascend at rates about an order of magnitude slower than it actually does.
Such low ascent rates would, in turn, imply an order of magnitude lower prey
capture rates. The variation in size and density (Figure 2) with food availability
further implies that starved cells may ascend three times faster than well-fed cells.
The unusual response in cell size to food availability may be interpreted in this
light.

The volume-specific clearance rate of interception feeding flagellates scales
with rp r̂N3, and therefore decreases much faster with size than other vital rates.
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Such a scaling argument led Fenchel (1986a) to suggest that the efficiency of inter-
ception feeding is severely limited by size and is, therefore, expected to occur
mainly among very small organisms, such as heterotrophic flagellates. We have
argued that N.scintillans, in spite of its considerable size, is an interception feeder.
Typical predator to prey size ratios in protozoa are 10:1 or higher (Fenchel,
1986b). The size ratio of N.scintillans to its optimum prey is -4:1. If the size of
N.scintillans is corrected for its high water content, the ratio would approach 1:1.
Thus, N.scintillans feeds preferentially on prey with a dry mass similar to its own.
Such relatively large optimum prey sizes are also found in other heterotrophic
dinoflagellates (Hansen, 1992; Jakobsen and Hansen, 1997). The scaling of the
efficiency of interception feeding with prey size squared may partially compen-
sate for the low efficiency related to being large. Yet, the clearance rate of N.scin-
tillans seems low in comparison to those of other zooplankters. The specific
clearance on prey of optimum size and type is ~3 x 102 body volumes h"1, which
is about two orders of magnitude less than that predicted by the general size
relationship for zooplankters, including dinoflagellates, compiled by Hansen etal.
(1997). If one corrects for the inflated body volume of N.scintillans, the maximum
clearance becomes within one order of magnitude of that predicted, but is still in
the lower end.

Seasonal and vertical distribution of N.scintillans

Our observations on the functional biology of N.scintillans may help explain some
characteristics of its seasonal and spatial occurrence. During calm periods and in
fronts associated with convergence zones, 'blooms' of N.scintillans often conclude
in dense accumulations of cells at the surface, causing discoloration of the water
(Le Fevre and Grail, 1970). The positive buoyancy of the cells facilitates the
accumulation. However, normally turbulent mixing is sufficient to prevent
surface accumulation. At steady state, the constant ascent of cells will be balanced
by vertical mixing according to.K(dCzldz) + UCZ = 0 => Cz = C^UIK^Z, where
K is the eddy diffusivity, Cz is the concentration of cells at depth z and U the
ascent velocity of the cells. Thus, with constant K, cell concentration should
decline exponentially with depth. This prediction is borne out by observational
data [Figure 10; data from Painting et al. (1993) and Kimor (1979); see also Uhlig
and Sahling (1990)]. The magnitudes of the eddy diffusivities, estimated from the
vertical distribution by assuming U=lm h"1, are consistent with those typical for
the upper ocean (-ICH-IO-3 m2 s"1; Sundby, 1997). On cessation of wind and,
hence, turbulent mixing, K tends to zero and cells may accumulate at the surface.
Surface accumulation may be fatal to the cells because it prevents continued
ascent and, hence, feeding. Accordingly, Uhlig and Sahling (1990) reported that
cells in such surface slicks had little food vacuole content and were in poor
condition. Thus, although our experiments suggest that too high turbulence may
be detrimental to the feeding process, N.scintillans apparently requires some
intermediate level of turbulence to avoid surface accumulation.

The vertical distribution of N.scintillans may at times deviate significantly from
the expected exponential decline with depth. Ki0rboe etal. (1998) and Omori and
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Fig. 10. Vertical distribution patterns of N.scintillans at selected stations in (A) an upwelling plume
in the southern Benguela in March 1983 and (B) off southern California on 20 March 1976; data from
Painting et al. (1993) and Kimor (1979), respectively. Coefficients of vertical eddy diffusivity (K) were
calculated assuming an ascent rate of 100 cm h'1 in all cases.

Hamner (1982) both observed significant subsurface accumulations of Nscintil-
lans. In these cases, in situ observations revealed that Nscintillans cells had colon-
ized diatom aggregates and, respectively, were tethered to particle-loaded mucus
strings and to each other. Such feeding-related behaviors result in the anchoring
of N.scintillans at depth. It is unclear what environmental factors result in soli-
tary versus aggregation or group feeding behavior and, hence, in the very differ-
ent vertical distribution patterns.

Noctiluca scintillans occurs in the plankton throughout the year at low concen-
trations, also when food is sparse (Uhlig and Sahling, 1990). Occasionally,
elevated growth concludes in mass occurrence and red tide. While the clearance
rate of N.scintillans appears to be substantially lower than that of similar sized
zooplankters, its maximum growth rate is similar or even higher than that
predicted by a general relationship between growth rate and size in zooplankters,
including dinoflagellates (Hansen et al, 1997). However, Nscintillans achieves
high growth only at very high prey concentrations, and growth saturates at
concentrations exceeding 500-1000 ug C I"1 (Figure 7A) or more (Figure 7B and
C). Such concentrations are representative of phytoplankton blooms. The high
food concentration required for excessive growth, and the passive selection of
diatoms, may account for the numerous reports of high concentrations of
Nscintillans associated with diatom blooms (Enomoto, 1956; Prasad, 1958;
Schaumann et al., 1988; Painting et al, 1993; Ki0rboe et al, 1998). On the other
hand, N.scintillans can survive without food for periods exceeding 3 weeks (own
unpublished observations; Buskey et al, 1992) and requires a threshold of only
15 ug C I"1 (T.weisflogii; Figure 7A) to maintain positive growth. The formation
of swarmers may further prolong the survival period. In conjunction, these
features allow N.scintillans both to persist in the plankton during periods of low
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food availability and to take advantage of diatom outbursts of limited spatial and
temporal duration.
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