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Differential aggregation of diatoms 
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ABSTRACT: The relative species composition of diatom flocs formed in the presence of 2 diatom spe- 
cies was studied in a series of laboratory experiments. The aim of this study was to investigate whether 
species composition in floes reflected initial species composition or whether certain species were 
enriched in aggregates. In each experiment, 2 species with differing aggregation behavior were com- 
bined and aggregated. These experiments elucidate several mechanisms controlling aggregation of 
diatoms. Cells of Nitzschia angulans aggregated preferentially due to their high cell stickiness, which 
is a function of cell surface properties. Species such as Chaetoceros gracllis cause aggregation indi- 
rectly, by generating transparent exopolymer particles (TEP) which, in turn, scavenge cells into aggre- 
gates. Thalassiosxa weissflogu did not form flocs itself, but was included in flocs formed by other spe- 
cies. Differential aggregation may lead to species succession during the bloom, and to sequential 
sedimentation. Flocculation behavior like that initiated by C. gracilis will most likely result in 1 mass 
sedimentation pulse, scouring of the water column and the end of the bloom. 

KEY WORDS: Diatoms Differential aggregation Marine snow 

INTRODUCTION 

Marine diatom blooms are often terminated by 
aggregation and mass sedimentation of cells (Krank & 

Muligan 1988, Alldredge & Gotschalk 1989). Aggrega- 
tion and subsequent sinking are hypothesized to be 
part of the life histories of many diatom species 
(Smetacek 1985, Logan & Alldredge 1989). Species- 
specific sedimentation rates during diatom blooms 
may impact species succession (Smol & Brown 1984) 
and have been attributed to differences in sinking 
velocities of single cells (Waite et al. 1992a), to differ- 
ential dissolution of cells (Noji et al. 1986, Waite et al. 
1992a) and to differential aggregation (Passow 1991). 
Field investigations revealed that composition of 
aggregates does not always mirror species composition 
of suspended plankton (Silver et al. 1978, Beeres et al. 
1986, Revelante & Gilmartin 1991, Riebesell 1991) and 
indicate that differential aggregation represents an 
important process leading to differential or sequential 
sedimentation. 
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Aggregation is described as a function of collision 
frequency and stickiness (Jackson 1990). The sticking 
coefficient (a) is defined as the probability that 2 parti- 
cles will become attached upon collision. The sticking 
coefficients of diatoms are species specific and depend 
on their physiological state (Kiorboe et al. 1990, Logan 
et al. 1994). Collision frequencies depend on the 
motion of the water, as well as the sizes, shapes, sink- 
ing rates, and concentrations of cells. Sinking veloci- 
ties of single cells, which influence collision frequen- 
cies between cells, are affected by nutrient and light 
availability (Culver & Smith 1989, Waite et al. 1992b) 
and by cell size and shape (Smayda 1970). Species- 
specific aggregation may, therefore, be caused by 
morphological differences which influence collision 
frequencies and by physiological differences which 
influence both collision frequencies and stickiness. 

Previous laboratory experiments and models have 
studied aggregation of diatoms in mono-specific sys- 
tems (Jackson 1990, Kierboe 1990, 1993, Passow & 
Alldredge 1994). Our laboratory experiments investi- 
gated the formation of diatom flocs in the presence of 2 
species to test 2 alternate hypotheses: Hypothesis 1 - 
all cells present are scavenged into flocs, and relative 
species composition in aggregates mirrors abundance 
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of cells; Hypothesis 2 - some diatoms aggregate pref- 
erentially while others are under-represented in flocs. 
Such differential aggregation may be the sole result of 
differences in collision frequencies due to differences 
in abundance and morphology of cells, or differences 
in the stickmess may contribute to differential aggre- 
gation. We furthermore hoped to understand the 
mechanisms responsible either for differential aggre- 
gation or for random passive scavenging of particles. 

METHODS 

Diatoms used for experiments. All diatoms were 
grown in batch cultures in F/2 with Si at 12OC and 
100 pE mU2 s-' light on a 12 h light: 12 h dark cycle. 
Three non-chain-forming diatoms, Nitzschia angularis, 
Thalassiosira weissflogii and Chaetoceros gracilis, 
were chosen based on their different flocculation char- 
acteristics. 

The flocculation potential of Chaetoceros gracilis 
increases with culture age (Logan et al. 1994). During 
growth, cells of C. gracilis generate transparent exo- 
polymer particles (TEP; Alldredge et al. 1993), which 
aggregate with C. gracilis cells forming a mucous 
matrix which mcorporates cells (Passow et al. 1994). 
Nitzschia angularis aggregates easily during exponen- 
tial phase and forms dense flocs which contain little 
polymeric material (Logan et al. 1994). If the culture is 
kept in early log phase for several days (by repeated 
dilution) flocculation of N. angularis may be retarded 
(see Expt 5). Thalassiosira weissflogii does not aggre- 
gate even during senescence (Logan et al. 1994). 

Experimental set-up and sampling procedure. All 
experiments were conducted while cultures were in 
log or early stationary phase and began in the middle 
of the light cycle. Cells from 2 species, one floccing and 
one non-floccing, were combined in varying propor- 
tions (Table 1) in 285 ml polycarbonate centrifuge bot- 
tles and the remaining space in each bottle was filled 
with filtered medium from both cultures. Bottles were 
rolled horizontally at 2 rpm for up to 36 h on a roller 
table (modified from Shanks & Edmondson 1989). Con- 
trols of each culture alone were rotated to confirm 
whether cells formed monospecific aggregates. Every 
4 or 6 h, the experimental bottles were checked for the 
presence of visible aggregates, and sampled if aggre- 
gates 1 mm or larger had appeared. 

Aggregates were sampled by carefully removing 
and inverting a bottle, causing the aggregates to sink 
toward the bottle cap. When the majority of the aggre- 
gates present were near the cap, the bottle was righted 
and opened, allowing the slowly sinking aggregates to 
be captured with a needle and syringe. Aggregates 
were easily collected by this method, remaining aggre- 

gates were not disrupted and very little surrounding 
medium contaminated the sample, provided that care 
was taken during sampling. Due to the large size and 
density of the aggregates relative to the dilute 
medium, we are confident that sample contamination 
by surrounding medium was negligible. The volume 
lost by sampling (<I0 ml) was replaced with filtered 
culture medium. Sampled aggregates were diluted to 
1 ml with filtered seawater and buffered formalin and 
counted with a hemocytometer and compound micro- 
scope. 

In Expt 1, Nitzschia angulans was combined with 
Thalassiosira weissflogii. Cell concentrations (Table 1) 
of each culture were chosen to set theoretical initial 
collision frequencies between cells of T. weissflogii 
equal to (Treatment 4) or larger than (Treatments 1 to 
3) than collision frequencies between T. weissflogii 
and N. angularis or between cells of N. angularis. 

In Expts 2 and 3, Chaetoceros gracilis were com- 
bined with Thalassiosira weissflogii. Initial cell con- 

Table 1. Nitzschia angulans, Thalassiosva weissflogu and 
Chaetoceros gracilis. Initial cell concentrations ( lo4 cells ml l )  
used for Expts 1 to 5. Initial concentrations for Expts 3 and 5 
were calculated from stock culture concentrations, while 
Expts 1, 2 and 4 are counts from samples taken at time zero 

Treatment Cell concentration 

Expt 1 N. angulans T. weissflogii 
1 1.4 11.8 
2 0.5 9.9 
3 1.6 5.1 
4 3.0 1.6 

Expt 2 C. gracilis T. weissflop 
5 48.3 2.1 
6 29.5 4.0 
7 27.5 3.5 
8 31.5 5.6 
9 6.2 4.0 

Expt 3 C. gracilis T. weissflogu 
10 47.0 1.2 
11 47.0 2.4 
12 47.0 4.7 
13 47.0 9.4 

Expt 4 C. gracihs N. angularis 
14 42.0 2.0 
15 39.7 0.7 
16 39.3 0.4 
17 39.5 0.2 

Expt 5 C. grac~lis N. angulans 
18 46.2 1.9 
19 46.2 0.7 
20 46.2 0.4 
2 1 46.2 0.2 
22 11.6 4.8 
23 11.6 1.6 
24 11.6 0.5 
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centrations were chosen to span all possible scenarios 
(Table I):  theoretical collision frequencies between C. 
gracilis were largest in the first treatment of each 
experiment and collisions between T. weissflogii were 
largest m the respective last treatments. In Expt 3 and 
subsequent experiments, special care was taken to 
keep the total amount of culture media (culture plus fil- 
tered culture) of each species constant between treat- 
ments. By keeping the total volume of the culture fil- 
trate the same, we controlled for aggregation due to 
TEP present in filtrate while still varying cell numbers. 

In Expts 4 and 5, Chaetoceros graciLis and Nitzschia 
angularis were combined. Both experiments were sim- 
ilar as far as cell concentrations of both species were 
concerned (Table 1). The culture of N. angularis used 
in Expt 4 was in its floccing phase, whereas the culture 
of C. gracilis used during this experiment was not floc- 
cing. Opposite flocculation behaviors were chosen for 
both species for Expt 5. 

Preliminary experiments to ensure an even cell dis- 
tribution within the bottles were conducted with a cen- 
trifuge bottle modified by the addition of a needle and 
septum through the cap. Thalassiosira weissflogii was 
rotated as described above and samples were with- 
drawn at specific locations near the top, bottom, center 
and sides of the rotating bottle and replaced with f i l -  
tered medium through a second syringe. Cells were 
evenly distributed within the bottle for the first 20 min 
of the experiment, and continued to remain so after 
several hours. 

Calculations of collision frequencies. Individual 
bottles rotating on their sides were used as aggrega- 
tion chambers. After several minutes ( e l 0  min), the 
liquid within a rotating cylinder achieves solid body 
rotation without shear (Lick et al. 1993, Jackson 1994). 
Thus collisions between particles in bottles are domi- 
nated by shear during the first phase of rotation (min- 
utes) and by differential settlement during the latter 
phase (hours). Particles hitting container sides further 
complicate the system and an exact quantification of 
collision rates in rotating bottles is impossible (Jack- 
son 1994). Nevertheless, we determined ratios at 
which to combine species for experiments by estimat- 
ing initial collision frequencies based on shear and on 
differential settling (Eqs. 1 & 2 below). Several ratios 
(different treatments) were chosen for each experi- 
ment to encompass a wide range of assumptions (see 
below). Calculations to predict species ratios expected 
within aggregates were based on the assumption of 
differential settling as the main mechanism of colli- 
sion. We also calculated the respective predicted spe- 
cies ratios in aggregates based on maximal possible 
shear rates within the rotating cylinders (not pre- 
sented). Predicted ratios based on these calculations 
were similar enough to those based on differential 

settling that the general conclusions drawn remained 
the same. 

Collision frequencies for cells were calculated using 
Eqs. (1) & (2) for shear and differential settling, respec- 
tively (McCave 1984, Jackson 1990): 

where C is the collision frequency ( s l  m l l ) ,  G the 
local velocity gradient estimated at 0.209 s l  from the 
rotation speed of bottles, d the cell diameter (pm), W 
the sinking velocity (cm s l )  and N the cell concentra- 
tion (ml l ) .  Subscripts i and 1 denote species i and j, 
respectively. 

The diameters (d) of cells were approximated by 
equivalent spherical diameters (ESDs). Calculations of 
ESDs were complicated by the diverse shapes of the 
cells. Maximum and minimum ESDs were calculated 
for each species using lower and upper estimates of the 
volume swept clear by sinking cells (Fig. 1). Nitzschia 
angularis is a spindle-shaped diatom of approximately 
44 pn in length and 7 pm in width, which may rotate 
while sinking. A minimum ESD of N. angularis was 
approximated from its equivalent spherical volume 
(Assumption Nl).  A maximum ESD was calculated 
from a sphere of a volume equivalent to the disk swept 
by the cells when rotated about their pervalvar axis 
(Assumption N2). N2 approximates the area of poten- 
tial cell collisions for a diatom turning in 2 dimensions 
while sinking. A 3-dimensional approximation was 
rejected, as it would imply that a cell tumbled quickly 
enough to completely sweep out a sphere equivalent in 
diameter to the cell's length. Chaetoceros gracilis is 
disc-shaped (radius = 10 pm, height = 3.5 pm) with 
setae of approximately 50 pm. The ESD of C. gracilis 
was approximated by a sphere equivalent to the cell 
volume (Assumption Cl)  and by a sphere equivalent to 
the volume of the cell including setae in 2 dimensions 
(Assumption C2). The latter assumption allows for the 
possibility that cells may collide and attach on their 
extremities (Fig. 1). Thalassiosira weissflogii are cylin- 
drical cells with an approximate width of 7.5 pm and 
approximate length of 13 um. T. weissflogii cells were 
approximated by spheres equivalent to their cell vol- 
umes (Assumption T). 

Maximal and minimal sinking velocities were esti- 
mated from the size versus sinking velocity relation of 
Smayda (1970) using the maximal and minunal sizes of 
cells (Table 2). Predicted species ratios in aggregates 
(Table 3) were calculated using the above estimates of 
ESDs and assuming that all cells had the same sticki- 
ness. Averages of species ratios in floes were compared 
to initial species ratios and to predicted species ratios. 
All values were converted to proportions and normal- 
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Fig. 1. Assumptions of equivalent sphencal diameters (ESDs). 
Assumption N1: Nitzschia angulans' equivalent spherical vol- 
ume equals cell volume. Assumption N2: N. angularis' equiv- 
alent spherical volume is assumed to be equal to the volume 
of the disk swept out by a rotating N. angularis cell. Assump- 
tion C l :  Chaetoceros gracilis' equivalent spherical volume is 
approximated by the volume of the cell body, not including 
setae. Assumption C2: C. gracihs' eqmvalent spherical vol- 
ume is approximated by the disk formed by rotating the cell 
and setae. Assumption T (not shown): Thalassiosira weiss- 
flopi cells were approximated by spheres eqmvalent to their 

cell volume. Drawings are not to scale 

ized with the arcsine square root transformation for 
statistical analysis (Table 3). The calculations of theo- 
retical aggregate compositions were developed to pro- 
vide a yardstick against which to compare experimen- 
tal results. Departures from predicted ratios simply 
mean that species composition in aggregates was not 
caused solely by differences in abundance and mor- 
phology of cells (different collision frequencies). 

RESULTS 

Expt 1 tested composition of aggregates formed by 
Nitzschia angularis and Thalassiosira weissflogii, 
when initial collision rates of N. angularis were similar 
(Treatment 4) or smaller (Treatments 1 to 3) than those 
between T. weissflogii. N. angularis formed dense ag- 
gregates in controls, but T. weissflogii did not aggre- 
gate in controls. Large aggregates were formed in all 
treatments combining N. angularis and T. weissflogii 
within 6 h of being placed on the rolling table. Aggre- 
gates in all treatments consisted of a higher proportion 
of N. angularis than was present in the initial mixtures 
and the proportion of N. angularis increased with time 
of rotation (Fig. 2). Average aggregate compositions as 
calculated in Table 3 do not reflect this increase in the 
fraction of N. angularis and the similarity between 
average floe composition and predicted floe composi- 
tion in Treatment 1 is considered coincidental. Floc 
compositions did not reflect the compositions of the ini- 
tial culture mixes, nor the aggregate ratios predicted 
from Eq. (2). 

Expt 2 examined aggregates formed by Chaetoceros 
gracilis and Thalassiosira weissflogii at starting pro- 
portions spanning the whole range of initial collision 
frequencies. C. gracilis flocced in controls, but no 
aggregates were observed in controls of T. weissflogii. 
Large visible aggregates appeared within 12 h in treat- 

ments combining C. gracilis and T. 

Table 2. Nitzschia angulans, Chaetoceros gracilis and Thalassiosira weissflop. 
Parameters used for calculations of collision frequencies, w: width; 1: length; 
h: height; d: diameter. Equivalent sphencal diameters (ESDs) are calculated 
from a hypothetical body which represents the volume swept clear by cells 
under Assumptions N1, N2, C l ,  C2 and T i n  Fig. 1. Sinking velocities are calcu- 

lated from Smayda (1970) 

Species Size range ESD Sinking velocities (m d l )  
(urn) (urn) Mm. Max. 

N. angularis w = 4-10 N1 N2 
1 = 42-45 9.7 20.2 

0.25 0.90 

C. gracilis h = 3-5 C l  C2 
d = 6-14 2.8 14.0 

0.08 0.20 1 
T. weissfloqii w = 6- 9 T 

1 = 12-17 14.0 

weissflogii. These aggregates were 
loosely flocced and fragile. Species 
ratios in these aggregates showed no 
discernable pattern over time, but 
appeared to vary at random (Fig. 3). 
The average ratios of C. gracilis to 
T. weissflogii (statistically) matched 
predicted ratios in one treatment, but 
otherwise appeared to reflect initial 
concentrations best, except for Treat- 
ment 5 (see Table 3). 

Expt 3 repeated Expt 2, but culture 
filtrate in different treatments was 
kept constant to correct for potential 
influence of TEP. As in Expt 2, floes 
were formed in the control of Chaeto- 
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Table 3. Nitzschia angularis, Thalassiosira weissflogii and Chaetoceros gracilis. Relative species composition in the initial sus- 
pension, in flocs, and predicted species concentration in flocs based on several assumptions. Predicted ratios give the ratios be- 
tween both species expected in aggregates if all of the following assumptions apply: (1) collision rate was dominated by differ- 
ential settling; (2) the stickiness of both species was the same; and (3) the respective Assumptions N1, N2, Cl ,  C2 and T of ESD 
given in Fig. 1 apply. Note that for the 2 right-hand columns, N, T and C represent species names, not the assumption number. 
Experimental initial ratio reflects initial species composition in suspension. Mean experimental floe ratio represents the average 
ratio observed in aggregates during the experiment. 'A ratio which is within the confidence interval of the mean experimental 

floe ratio 

Treatment Predicted Experimental 
Initial Flocs 

N. angulans and T weissflogii 
Expt 1 

1 0.15 
2 0.01 
3 0.06 
4 1.13 

C. gracilis and T weissflogii 
Expt 2 

5 1.6 
6 0.5 
7 0.6 
8 0.4 
9 0.0 

Expt 3 rn 
10 2.7 
11 1.4 
12 0.7 
13 0.4 

C. gracilis and N. angularis 
Expt 4 C1:Nl Cl:N2 

14 19 6 
15 14 4 
16 23 * 7 
17 47 * 14 

Expt 5 
18 
19 
20 
2 1 
22 
23 
24 

"Average composition although enrichment of N. angularis increased with time 
' N. angulans for Treatment 4 was taken from a different batch culture than Treatments 1 to 3 

ceros gracilis, but not in that of Thalassiosira weiss- 
flogii. Large and fragile aggregates were formed 
within 15 h in treatments combining C. gracilis and 
T. weissflogii. As in Expt 2, the ratio of C. gracilis to 
T. weissflogii in aggregates varied greatly between 
samples and exhibited no trend with time (Fig. 4). 
Experimental C. gracilis to T. weissflogii ratios were 
statistically most similar to the initial ratios in 3 of the 4 
treatments (Table 3). 

Expt 4 investigated composition of flocs when non- 
floccing Chaetoceros gracilis was combined with 

Nitzschia angularis in floccing phase. C. gracilis did 
not aggregate in controls, while N. angularis formed 
compact aggregates within 24 h. Large aggregates 
were formed within 24 h when C. gracilis and N. anqu- 
laris were combined. As in the first experiment the 
contribution of N. angularis to aggregates increased 
with time of rotation (Fig. 5). Aggregates were dispro- 
portionately composed of N. angularis (Table 3) and 
did not reflect the composition of the initial culture 
mixes. The average composition in flocs statistically 
matched predicted composition in 2 treatments, but as 
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+ Treatment 2 

El 
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Fig. 2 Nitzschia angularis and Thalassiosira weissflop. Changes m the 
ratios of N. angularis to T weissflogii in aggregates during Expt 1. This ex- 
periment tested composition of aggregates formed by N. angularis and T,  
weissflogii, when initial collision rates of N. angularis were similar to (Treat- 
ment 4) or smaller than (Treatments 1 to 3) those between T. weissflop. Ini- 
tial ratio of suspended cells is depicted at t = 0 and connected to species 

ratios in aggregates by a dotted line 

in Expt 1, this similarity is not considered significant 
because of the increase of N. angularis in flocs with 
time. 

Expt 5 examined aggregate composition 
when Chaetoceros gracilis in floccing phase 
was combined with non-floccing Nitzschia 
angularis. C. gracilis flocced within 12 h in 
controls, while no aggregates were formed in 
the control with N. angularis. Large visible 
aggregates appeared within 12 h when C. 
gracilis and N. angularis were combined. 
Aggregates were fluffy in appearance, simi- 
lar to those formed in Expts 2 and 3. The 
species ratio of the aggregates varied over 
time without any discernable pattern (Fig. 6). 
Species composition in aggregates in 4 treat- 
ments were similar either to model predic- 
tions or to initial ratios and none of the 
species was enriched in flocs. 

Average enrichment factors (EF) for the dif- 
ferent species (ratio between the proportion 
of a species in an aggregate and its initial 
proportion in the suspension) are presented 
in Table 4. Nitzschia angularis was enriched 
in aggregates if it was in floccing phase. Con- 
sequently, the species with which N. anqu- 
laris was combined was under-represented in 
these flocs. In Expt 5, where monocultures of 

N. angularis were not floccing, N. angu- 
laris was not enriched. Chaetoceros gra- 
cilis was never enriched in flocs. Aggre- 
gates formed by C. gracilis reflected 
species composition of the suspended 
cells (Table 4). 

In summary, no qualitative or quantita- 
tive differences were observed between 
treatments within each experiment, sug- 
gesting that differences in collision rates 
due to varying morphology and abun- 
dance of cells played a minor role in 
determining floe composition. The rela- 
tive composition of aggregates formed 
during Expts 2 and 3 was also very simi- 
lar, suggesting that the concentration of 
TEP did not limit aggregation due to TEP 
in any of the treatments of Expts 2 and 3. 
However, appearance and relative com- 
position of flocs differed appreciably 
between the other experiments. The 
appearance of mixed flocs depended 
mostly on the species which initiated 
aggregation. When Nitzschia angularis 
was responsible for the aggregation, flocs 
were densely packed and resistant to dis- 
ruption, similar to flocs formed by N. 

angularis alone. N. angularis was enriched in these 
flocs and the proportion of N. angularis increased dur- 
ing rotation. When Chaetoceros gracilis was responsi- 

Experiment 2 

f3 Treatment 5 

0 Treatment 6 

rn Treatment 7 
+ Treatment 0 

Q Treatment 9 

TIME (Hours) 

Fig. 3. Chaetoceros gracilis and Thalassiosira weissflogii. Changes in 
the ratios of C. gracilis to T weissflogii in aggregates during Expt 2. This 
experiment examined aggregates formed by C. gracilis and T weiss- 
f l o p  at starting proportions spanning the whole range of initial collision 
frequencies. Initial ratio of suspended cells is depicted at t = 0 and 

connected to species ratios in aggregates by a dotted line 
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o Treatment 11  

0 5 10  15 20  25 3 0  35  4 0  

TIME (hours) 

Fig. 4. Chaetoceros gracilis and Thalassiosira weissflogii. Changes in the 
ratios of C. gracibs to T. weissflogii in aggregates during Expt 3. This expen- 
ment repeated Expt 2, but culture filtrate in different treatments was kept con- 
stant to correct for potential influence of transparent exopolymer particles 
(TEP). Initial ratio of suspended cells is depicted at t = 0 and connected to 

species ratios in aggregates by a dotted line 

cells were low compared to the collision 
frequencies o f  the other species, indicat- 
ing high sticking efficiency for collisions 
of  N. angularis with itself compared to 
other collisions. A high a for collisions 
between N. angularis cells also explains 
w h y  the relative contribution of N. 
angularis in flocs increased with time of  
rotation. T h e  EF of  N. angularis was 
similar between treatments, even 
though treatments covered a large 
range of  relative concentrations, also 
indicating that N, angularis had a high 
a. Estimates o f  relative collision fre- 
quencies, the relative increase of  N. 
angularis in  flocs and the  small variabil- 
ity o f  the EF all suggest that the prefer- 
ential aggregation of  N. angularis was 
largely due to a greater stickiness o f  
cells, rather than larger collision fre- 
quencies. 

Aggregation of Chaetoceros gracilis 
follows a different mechanism. TEP are 
of  primary importance for the aggrega- 
tion o f  C. gracilis (Passow et al. 1994). 

ble for aggregation, flocs appeared f lu f f y  and were TEP are formed from dissolved polysaccharides (Pas- 
easily disrupted like monospecific flocs of  C. gracilis. sow et al. 1994), which many diatoms excrete abun- 
T h e  composition o f  these flocs reflected roughly initial dantly during growth (Myklestad 1974, Decho 1990). 
composition of  cells and did not change with time. The  stickiness o f  TEP is 3 to 4 orders o f  magnitude 

higher than that of  C. gracilis cells and flocs are formed 

DISCUSSION 

The  main question o f  this investigation 
was whether some diatom species be- 
came enriched in  aggregates or whether 
species composition in  aggregates re- 
flected the composition of  particles in 
suspension. Our results indicate that 
aggregates may  b e  enriched in one spe- 
cies or they may  mirror species composi- 
tion in  suspension depending on the spe- 
cific aggregation behavior o f  the species 
aggregating. 

Nitzschia angularis cells stick directly 
to each other when  aggregating, which 
explams the dense appearance of  flocs 
dominated b y  N. angularis (Passow & 
Alldredge 1994). W h e n  N. angularis was 
in a floccing stage, its proportional con- 
tribution in  mixed aggregates increased. 
Thus,  this species flocs preferentially. 
N. angularis was enriched even in those 
treatments where the theoretical colli- 
sion frequencies between N. angularis 

Experiment 4 

S3 Treatment 14 
o Treatment 15 

Treatment 16 

-I 
0 5 10 15 20  25 30  35  40  

TIME (hours) 

Fig. 5. Chaetoceros gracihs and Nitzschia angularis. Changes m the ratios of 
C. gracdis to N. angularis in aggregates during Expt 4. This experiment in- 
vestigated composition of flocs when non-floccing C. gracilis was combmed 
with N. angulans in floccing phase. Initial ratio of suspended cells is depicted 

at t = 0 and connected to species ratios m aggregates by a dotted line 
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I EXPERIMENT 5 

0 Treatment 18 
S Treatment 19 
0 Treatment 2 0  
+ Treatment 2 1  
E3 Treatment 2 2  
A Treatment 2 3  
X Treatment 2 4  

TIME (Hours) 

Fig. 6. Chaetoceros gracilis and Nitzschia angularis. Changes in the ratios of C. 
gracilis to N. anqularis in aggregates during Expt 5. This experiment examined 
aggregate composition when C. gracilis m floccmg phase was combined with 
non-floccing N. angulans. Initial ratio of suspended cells is depicted at t = 0 and 

connected to species ratios in aggregates by a dotted line 

when TEP are abundant enough to incorporate cells in 
a mucous matrix (Passow et al. 1994). Flocs formed in 
treatments where C. gracilis was in floccing stage 
were loose and fluffy and contained large amounts of 
mucous material. They did not show a pattern of 
increasing enrichment with time. Flocs formed in the 
presence of floccing C. gracilis were never appreciably 
enriched in any species, suggesting that TEP scav- 
enged all particles passively and randomly according 
to their proportion in the water. 

Thalassiosira weissflogii never flocced in monocul- 
ture, indicating low stickiness of T. weissflogii with 
itself and the absence of sticky TEP. T. weissflogii was, 
however, found in flocs formed in the presence of 

Table 4. Nitzschia anqularis, Thalassiosna weissflogu and 
Chaetoceros oracilis. Averaue enrichment factors (EF) of - - 

species in flocs for Expts 1 to 5 

Expt N. angularis T weissflogii C. gracilis 

T h e  average EF of Treatments 1 to 3 is 3.7 Â 0.4. N. anqu- 
lans from a different batch culture was used for Treat- 
ment 4 and N. anqularis may have been in a slightly 
different flocculation phase 

Nitzschia angularis or Chaetoceros 
gracilis. The low contribution of T~ 
weissflogii to flocs caused by N. angu- 
laris suggests that stickiness between 
N. angularis and T. weissflogii cells 
may have been low compared to stick- 
iness of N. angularis with itself. 

Measurements of stickiness coeffi- 
cients confirm that the a of collisions 
between cells of Nitzschia anqularis is 
higher than the a of collisions between 
Thalassiosira weissflogii cells (Logan et 
al. 1994). Sticking coefficients have 
generally been measured as the 
attachment efficiency between 2 cells 
of the same species (Ki~rboe 1990, 
Logan et al. 1994). However, stickiness 
is not a characteristic of a particle type, 
but of a type of collision. Stickiness 
between 2 diatom species (interspe- 
cific) may not be directly inferred from 
the intraspecific stickiness of each 
species. Our data suggest 2 principally 
different mechanisms of attachment, 
which result in differences in interspe- 

cific sticking behavior of particles with a high a for 
intraspecific collisions. Intraspecific stickiness of both 
N. angularis and TEP are high (Logan et al. 1994, Pas- 
sow et al. 1994). However, TEP seems to behave more 
like glue, exhibiting a high stickiness towards most 
types of particles. Cell surfaces of N. angularis when 
cells are in floccing phase may behave more like 
VelcroTM, sticking well only to specific counterparts. 

Our results indicate that the species composition of a 
mixed diatom bloom in nature may determine the 
mechanism of aggregation and therefore the composi- 
tion of aggregates. Sticky species, like Nitzschia angu- 
laris, will tend to aggregate and sink preferentially, 
leaving other species in suspension. For example, cells 
of Skeletonema costatum are sticky themselves, like N. 
angularis, and flocculation proceeds without the par- 
ticipation of TEP (Ki~rboe & Hansen 1993). S. costatum 
is consistently found to make a larger contribution to 
aggregates than surrounding seawater in coastal 
waters of California, USA (Crocker 1993). Species with 
lower a will not be included in such aggregates, but 
remain in the surface waters and continue to bloom. 
Differential aggregation during blooms may result in 
species succession during the bloom and sequential 
sedimentation. 

If, on the other hand, a bloom is dominated by spe- 
cies like Chaetoceros gracilis, which generate TEP, 
other species present will also be entrained in aggre- 
gates and removed from surface waters. A bloom with 
a large component of such species would tend to floe 
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suddenly and completely, ending with 1 short sedi- 
mentation pulse. Thus, aggregate composition, bloom 
dynamics and flux to the benthos may all be signifi- 
cantly determined by the species composition of the 
bloom and the aggregation mechanisms of the species 
present. 
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