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ABSTRACT Non-sticky latex beads and sticky diatoms were used as  models to describe mutual coag- 
ulation between sticky and non-sticky particles. In mixed suspensions of beads and Thalassiosira nor- 
denskjoeldii, both types of particles coagulated into mixed aggregates at specific rates, from which the 
interspecific coagulation effic~ency could be calculated. Stickiness between beads and T norden- 
skjoeldii was 50 % of that of T nordenskjoeldii in monospecific suspensions, and thls ratio remained 
constant throughout 12 experiments covering 1 order of magnitude variation in the stickiness level of 
T. nordenskjoeldii. Mutual coagulation between Skeletonema costatum and the non-sticky cells of 
Ditylum brightwellii also proceeded with half the efficiency of S. costatum alone. The latex beads were 
suitable to be used as 'standard particles' to quantify the ability of phytoplankton to prime aggregation 
of suspended particles. 
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INTRODUCTION 

Aggregates consisting of live phytoplankton cells are 
frequently formed during diatom blooms. Sinking rates 
of these aggregates may exceed those of free, unag- 
gregated cells by orders of magnitude, and the process 
of aggregation has been acknowledged as the key 
mechanism behind the massive sedimentation of 
phytoplankton often occurring subsequent to diatom 
blooms (Smetacek 1985, Passow 1991, Riebesell 1991, 
Kiarboe et al. 1994). 

One important mechanism of aggregate formation is 
physical coagulation, which can be described as  the 
physical collision of free, suspended cells and their 
subsequent adhesion into aggregates (Jackson 1990). 
The stickiness coefficient, a,  expresses the probability 
of adhesion following the collision of 2 single cells, and 
models of coagulation processes have shown that this 
property of algae occasionally determines the dynam- 
ics of blooms: a bloom of sticky algae cannot exceed a 
certain density, the critical concentration, where coag- 
ulation balances algal growth (Jackson 1990). 
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Measurements of phytoplankton stickiness have been 
made on a number of &atoms grown in cultures (Kiarboe 
et al. 1990, Kiarboe & Hansen 1993, Drapeau et al. 1994) 
and in field and mesocosm experiments (Kiarboe e t  al. 
1994, Dam & Drapeau 1995), and it has been shown that 
several diatom species are sticky. Field studies of diatom 
bloon~s have confirmed that phytoplankton aggregates 
indeed form by means of physical coagulation and that 
the rates and temporal pattern of their sedimentation can 
be predicted from coagulation theory (Kiarboe e t  al. 
1994). In order to calculate aggregation rates, these 
studies have considered the phytoplankton community 
to be of uniform stickiness. However, phytoplankton 
communities consist of assemblages of species; aggre- 
gation occurs between species, and measurements of 
stickiness of cultured diatoms suggest variation between 
species which can differ by orders of magnitude (Kimboe 
& Hansen 1993). 

Hansen et al. (1995) modelled coagulation of a multi- 
species bloom by assuming that only certain species 
were sticky and that sticky species could cause non- 
sticky species to aggregate. The model showed that 
interspecific aggregation may cause a fast succession 
of species. It was assumed that interspecific stickiness 
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equals the average of the intraspecific stickiness co- 
eff~cients. However, the sticking efficiency between 
different species has never been measured, and it is 
not clear how stickiness coefficients measured in 
monospecific suspensions should be applied to multi- 
species diatom communities. 

This study applies coagulation theory to heteroge- 
neous particle assemblages and presents a technique 
for measuring stick~ness between different populations 
of particles. In a mixture of non-sticky latex beads and 
cultured diatoms the aggregation rate of each type of 
particle is measured separately and the stickiness co- 
efficient of interspecific collisions is calculated. 

MATERIALS AND METHODS 

Batch cultures of the diatoms Skeletonema costaturn, 
Thalassiosira nordenskjoeldii and Ditylurn brightwelli 
were cultivated in B, culture medium (Hansen 1989) 
with silicate (25 mg I-', or 75 mg 1-' for D. brightwelli), 
at 10°C and a light intensity of 60 pE m-2 S-' in a 12 h 
light:l2 h dark cycle. In all experiments we used cells 
In exponential growth. Culture samples for measure- 
ments of stickiness were 'washed' prior to the experi- 
ments in order to remove exopolymeric material from 
the suspension of cells which may interfere with stick- 
iness measurements (Kiarboe & Hansen 1993). This 
was achieved by 2 to 4 times of reverse filtration 
through a 6 pm plankton gauze followed by resuspen- 
sion in fresh culture media, thereby reducing the vol- 
ume fraction of old culture medium to less than 1 %. 
Sub-samples were stained with alcian blue to visualise 
any mucus particles (transparent exopolymeric parti- 
cles, TEP) present in the samples as described by Kier- 
boe & Hansen (1993). 

Stickiness of the diatoms was quantified by the use 
of a couette device (van Duuren 1968) following the 
procedure described by Kisrboe & Hansen (1993). 
Briefly, a couette consists of 2 cylinders, one inside the 
other. The outer cylinder rotates, and this generates a 
well-defined laminar shear in the fluid-filled annular 
gap between the 2 cylinders. The magnitude of the 
shear can be calculated from the rotation speed and 
the dimensions of the cylinders. The couettes were 
sampled at 15 to 20 min intervals and the particle con- 
centrations monitored by an ELZONE 180 (Particle 
data, Inc.) particle counter equipped with a 120 or 
240 orifice tube. The stickiness coefficient, a, can be 
calculated from the exponential decl~ne in particle 
concentrati.on (C) over time t (Kierrboe et al. 1990) 

where $ is the volume fraction of particles and y is the 

shear rate (S-') in the couettes. The experiments were 
conducted in 2 to 4 couettes simultaneously at shear 
rates of 8 or 10 S-' over 1 to 3 h perlods. Individual 
aggregates were exarnlned microscopically after the 
experiment. 

Estimates of stickiness between different types of 
particles were obtained using the following technique: 
non-sticky latex beads were added to a suspension of 
diatoms and the rate at which the beads coagulated 
was compared with the coagulation rate of cells alone. 
Latex beads with an average size of 13.34 pm were 
used together with Thalassiosira nordenskjoeldii 
(19 pm equivalent spherical diameter, ESD). Because 
the beads were smaller than the cells, it was possible to 
distinguish the 2 populations of particles on the elec- 
tronic particle counter (Fig. 1). The decline in their con- 
centrations was followed simultaneously. The beads 
were counted in a size window ranging from 6 to 
15.6 pm, and the cells in a window ranging from the 
smallest cell size up to the maximum limit of the 240 pm 
orifice tube. The formation of a dirner composed of 1 
cell and 1 bead causes 1 particle to 'disappear' from the 
lower window, while the formation of a dimer com- 
posed of 2 cells causes 1 particle less in the higher win- 
dow. Thus, cell-bead and cell-cell coagulation was reg- 
istered as a decline in particle concentration in the 
lower and the higher size windows, respectively. 

First, an experiment was conducted with beads 
alone, which confirmed that these particles were non- 
sticky. Next, the effect of the presence of beads on 
the estimate of cell-cell stickiness was examined. In 
1 experiment the coagulation of cells was measured in 
2 simultaneously run couettes, 1 containing beads and 
diatoms and 1 only with diatoms. Two other test exper- 
iments were conducted: 4 couettes were run with vary- 
ing concentrations of beads but with a constant algal 
concentration and a second series wlth varying algal 
concentrations and a constant concentration of beads. 
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Fig. 1 Thalassiosira nordenskjoeldii. Size distribution of 
particle volume of latex beads (open bars) and cells of T nor- 

denskjoeldii (hatched bars) 
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Following these experiments, another 12 experiments 
were conducted over a period of 3 mo with T. norden- 
skjoeldii cultures of varying cell-cell stickiness. 

Based on the same principles, an experiment was 
conducted with colonies of Skeletonema costatum 
(16 pm ESD) together with Ditylum brightwellii (38 pm 
ESD). Three couettes were run simultaneously, 1 with 
S. costatum (4800 colonies ml-l), 1 with D. brightwelh 
(800 cells ml-l), and 1 containing the 2 species to- 
gether (each at half the above concentrations). In the 
2 couettes containing S. costatum, the concentration 
was monitored only in the size window covering S. 
costatum (9 to 30 pm) whereas coagulation of D. bright- 
wellii cells alone was followed in the size window from 
30 pm to the maximum limit of the 240 pm orifice tube. 

RESULTS 

Staining with alcian blue did not reveal significant 
amounts of TEP in any of the cultures, and TEP was 
totally absent in the suspensions of washed cells. The 
aggregates formed by Thalassiosira norden- 

which the concentration of cells was varied, coagula- 
tion rates of beads followed the coagulation rates of 
cells (Fig. 2C, D). 

The coagulation rate of beads versus coagulation 
rate of cells in the same couettes revealed a coagula- 
tion rate between latex beads and cells of 54 % of that 
of cells alone. This relative coagulation efficiency re- 
mained constant over a variation in coagulation rates 
spanning 2 orders of magnitude (Fig. 3A) and a varia- 
tion in stickiness of Thalassiosira nordenskjoeldii of 
1 order of magnitude (Fig. 3B). The plots in Fig. 3A 
and B are equivalent, except that the latter compen- 
sates for variation due to variation in particle concen- 
tration and shear and reports values as averages (+ SD) 
of replicate couettes. 

The experiment with Skeletonema costatum and 
Ditylum brightwellii revealed a stickiness coefficient 
of S. costaturn of 0.54 while D. brightwellii did not 
coagulate in a monospecific suspension. However, D. 
brightwelli appeared in aggregates in the couette con- 
taining both species. In the presence of D. brightwellii, 
the rate of decline of particle concentration in the S. 

skjoeldii in the couette device were dense 7- 
slop =-0 0121 + 0 W23 

globules of cells, and they did not absorb stain 
when exposed to Alcian blue. Thus, there was E 2000 
no indication that TEP had any influence on the 
coagulation, which agrees with previous studies 6 .z 1000 
of Skeletonema costatum (Ki~rboe  & Hansen S' 
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T. nordenskjoeldii ranged between 0.1 and 0.7 
and S. costatum between 0.1 and 0.6. The con- 
trol experiment showed that the latex beads 
themselves were non-sticky. 

In mixtures with sticky cells of Thalassiosira 
nordenskjoeldii, the latex beads coagulated into 
aggregates, which appeared as a mosaic of 
beads and cells in the microscope. Due to aggre- 
gate formation, the numbers of free cells and 
latex beads declined exponentially, but at differ- 
ent rates depending on treatment. Parallel 
experiments run with the same algal concentra- 
tion but with and without latex beads and 
with beads in different concentrations showed 
similar rates of exponential declines of cells 
(Fig. 2A). The slopes of the individual regres- 
sions did not differ significantly (analysis of vari- 
ance; 0.30 > p > 0.10) and beads, thus, did not 
affect measurements of cell-cell stickiness coef- 
ficients. In these experiments the coagulation 
rates of beads were independent of their initial 
concentration, as indicated by similar slopes 
(0.30 > p > 0.10; Fig. 2B). In the experiment in 
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Fig. 2. Thalassiosira nordenskjoeldii. Mutual coagulation between 
&atoms and latex beads. (A) Cell concentration vs time in a series of 
4 simultaneously run couettes all containing the same concentration 
of cells and beads in varying concentrations (0, 300, 600 or 1200 ml-'). 
Estimated slopes (+ SD) of the regressions are, in increasing order of 
bead concentration: -0.0267 * 0.0037 min-', -0.0214 * 0.0038 min-', 
-0 0274 i 0.0028 min-l, -0.0178 * 0.0021 min-'. (B) concentrations of 
latex beads vs time in the 3 couettes containing spheres in concentra- 
tlons of 300, 600 and 1200 ml-l. (C) Cell concentration vs time in a 
series of 3 couettes with constant bead concentration (1500 ml-l) 
and cells in initial concentrations of 1200, 2000 and 3000 ml-' and 
(D) concentration of beads in the same couettes as (C). All slopes of 

concentration vs time are obtained from log,-regressions 
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It is possible to calculate the sticking 
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Aggregation rate algae, h.' stickiness (decline algae) monodisperse suspension of particles of 
diameter d, the change in concentration of 

~ i i .  3. Thalassiosira nordenskjoeldii. (A) Aggregation rates (= exponential monorners (C) is (McCave 1984): 
decline in concentration of free particles) of beads vs aggregation rates of T 
nordenskjoeldii cells measured simultaneously in couettes with mixtures of d C  

- = - 1.3ayd3C2 = - PuC2 (2) the 2 types of particles (linear regression: y = 0 . 5 3 6 ~  - 0.0002, r2 = 0.85, n = dt  
34, 1 data point omitted in regression). (B) Stickiness calculated from the ex- 
ponential decline in bead concentration (according to Eq. 1) vs stickiness which is equivalent to Eq. (1) since 
calculated from the declining concentration of algae (r SD), linear regres- rcd3/6c = 9; P = 1.3?d3 is the collision ker- 

sion: y = 0 . 5 4 5 ~  + 0.062, r2 = 0.90, n = 17 nel for shear coagulation. This equation 
describes the formation of a dimer as a loss 

costatum size window was only slightly less than that of 1 particle from the suspended population. In order to 
in the pure suspension of S. costatum (Fig. 4), even describe the dynamics of a suspension consisting of 2 
though the concentration of S. costatum was decreased populations of particles, a and b,  having diameters da 
by a factor of 2. As a consequence, the 'apparent' stick- and db, and occurring in concentrations C, and Cb, 
iness coefficient of S. costatum, calculated from Eq. (1) Eq. (2) expands to 
and considering only the volume concentration of S. d C  - dC, dCb - 
costatum, was higher, i.e. 0.94. +- - 

d t  dt  d t  
(3) 

- a a a b a a c a 2  - 2aabPabEab CdCb-abbPbbCh 

DISCUSSION 

The experiments with the latex beads demonstrate, for 
the first time, that coagulating diatoms indeed have a 
sticky surface, which also can prime aggregation of non- 
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Fig. 4. Skeletonema costaturn and Ditylum brightwellii. Par- 
ticle concentration vs time in a coagulation experiment with 
monospecific suspensions of S. costatum colonies and D. 
bright~vellii and the 2 species in a mixture in which only the 
concentration of S. costatum was measured. Error bars indi- 
cate standard error of measurements of concentrations (repli- 
cate counting). Slopes of log,-regressions are: S, costatum: 
-0.0189 * 0.0036 min-l, r2 = 0.91, n = 5. Mixed suspension: 

-0.0127 * 0.0025 min-l, rZ = 0.89. n = 5 

Eq. (3) expresses the loss of particles due to both 
intraspecific and interspecific coagulation of the popu- 
lation~. In this case, C, and Cb describe the total con- 
centration of particles measured in the 2 size windows 
on the particle counter. The collision kernel for inter- 
specific coagulation is Pab = 1.3y(0.5d: + 0.5db3), and 
Eab is the contact efficiency between particles of a 
different size. According to Hill (1992), E,,, = 7.5p2/ 
(1 + 2pl2, where p = da/db when d,<db. In the present 
study we used Eab = 9p2/(1 + 2pl2 because the contact 
efficiency is included in the measurements of sticki- 
ness in monospecific suspensions of algae and E,, = 
Ebb = 1 (Hansen et al. 1995). 

Since the latex beads (particle a) alone do not coagu- 
late (a,, = O), and because interspecific coagulation be- 
tween algae and latex beads does not affect the concen- 
tration of particles larger than or equal to the size of cells 
(particle b), the decline in each of the particle size win- 
dows as monitored on the particle counter is as follows: 

The ratio of the specific aggregation rates (or ratios of 
exponential declines) then equals 
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The observed ratio between the specific aggregation 
rates of beads and cells was 0.54 (Fig. 3). Inserting the 
diameters of the latex beads (13.34 pm) and cells 
(19 pm ESD) in Eq. (5) results in a ratio of aab/abb = 0.57 
= 50%. Thus, the interspecific stickiness coefficient 
between beads and cells equals the average of the 
intraspecific values. 

This may also be true for mutual coagulation of 
sticky and non-sticky diatoms. Following the basic 
equations above, it is possible to calculate the interspe- 
cific stickiness between the sticky colonies of Skeleto- 
nema costatum (species a )  and the non-sticky Ditylurn 
brightwelli (species b) from: 

The rate of exponential decline of S. costatum in mixture 
with D. brightwelli, i d,C;" )/C,, was 9.21 X 10-5 S '  (Fig. 4).  
Inserting sizes and initial concentrations of the 2 species, 
the shear rate (10 S-'), and the stickiness coefficient of S. 
costatum (a,, = 0.54) into Eq. (6) results in a,, = 0.24 or 
aab/cc,, = 0.44 = 50  %. Again, the interspecific stickiness 
equals the average stickiness of the 2 groups of particles. 
Although this last experiment needs to be repeated with 
different species, the result suggests that aggregate for- 
mation in multi-species blooms may be primed by a few 
sticky species. The results also verify the assumptions 
made by Hansen et al. (1995), who used the average 
stickiness of 2 species to calculate interspecific coagula- 
tion. Their models showed that mutual coagulation and 
sedimentation caused a fast succession within the &atom 
community. Thus, an understanding of how mutual co- 
agulation works provides insight into the mechanisms 
driving species succession during diatom blooms and 
makes laboratory measurements of stickiness in mono- 
specific suspension more useful for modelling multi-spe- 
cies blooms. 

The non-spherical shape of most diatom species 
makes calculations of interspecific collision rates diffi- 
cult and consequently measured stickiness values 
really express the combined effect of the hydrodynam- 
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ical behaviour of the cells and their stickiness. Taking 
this problem into consideration, the spherical and non- 
sticky latex beads provide a suitable 'standard particle' 
for measuring the ability of the cells to prime coagula- 
tion of other particles in general. 
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