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Aggregation and sedimentation processes during a spring 
phytoplankton bloom: A field experiment to test 

coagulation theory 

by Thomas Kiorboel, Claus Lundsgaard*, Michael Olesen2 
and Jergen L. S. Hansen2 

ABSTRACT 
Spring diatom blooms in temperate waters are often terminated by aggregation of the cells 

into large floes and subsequent mass sedimentation of the phytoplankton to the sea floor. The 
rate of aggregate formation by physical coagulation depends on the concentration of sus- 
pended particles, on the turbulent shear that makes particles collide, and on their stickiness 
(= probability of adhesion upon collision). During a mixed diatom bloom in a shallow Danish 
fjord, for 3 weeks we monitored the concentration and stickiness of suspended particles and 
the species composition of the phytoplankton at 2-3 d intervals and we estimated the turbulent 
shear rate from observations of wind velocity. By means of coagulation theory these observa- 
tions were combined into a predictor of aggregation rate. We also quantified the sedimenta- 
tion of phytoplankton, other suspended particles and of aggregates by means of moored 
sediment traps. The sinking velocity of suspended particles and the sedimentation of aggre- 
gates varied in concert during the 3-week period and were closely mimicked by the coagulation- 
based predictor of aggregate formation. The population dynamics of the five quantitatively 
significant diatom species were all similar. During the first week of observation all increased 
approximately exponentially in abundance; thereupon the populations fluctuated around 
species-specific concentrations (10” - lo4 cells ml-l), even though nutrients were not limiting 
their growth. This pattern is consistent with a simple coagulation model of Jackson (1990), 
according to which growth and coagulation (and subsequent sedimentation) will balance at a 
certain equilibrium concentration. The equilibrium concentrations observed were accurately 
predicted by the model, and the stickiness coefficients estimated by the model were in 
accordance with those reported in the literature. Thus, aggregate formation by coagulation 
appears to account for the vertical flux of particles and for the dynamics of the diatom bloom in 
the fjord studied. 

1. Introduction 

Spring diatom blooms in temperate, coastal waters are often assumed to sediment 

out of the water column rather than being grazed by planktonic heterotrophs, and 
flocculation of diatoms into large, rapidly sinking aggregates has been implicated as 

1. Danish Institute for Fisheries and Marine Research, Charlottenhmd Castle, DK-2920 Denmark. 
2. Marine Biological Laboratory, DK-3000 Helsingor, Denmark. 
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an important mechanism facilitating the phytoplankton fallout (Smetacek, 1985). 
Observations of abundant phytoplankton aggregates at the height of diatom blooms 
support this view (Kranck and Milligan, 1988; Alldredge and Gotschalk, 1989; 
Riebesell, 1991 a,b; Olesen, 1993). 

Aggregation of phytoplankton may take place by various mechanisms, e.g. by 
packaging of algal cells into fecal pellets or by coagulation. Coagulation is a process 
by which particles collide due to interparticle velocity differences and subsequently 
stick together. Theoretical models have suggested that coagulation may be an 
important aggregation mechanism during phytoplankton blooms, where the concen- 
tration of phytoplankton is high and the abundance of grazers is low (Jackson, 1990; 
Jackson and Lochmann, 1992,1993; Hill, 1992). 

According to classical coagulation theory, aggregation of suspended particles 
depends on the concentration of particles, the size of the particles, the turbulent 
shear rate that makes particles collide, and on their stickiness (= the probability of 
sticking upon collision) (Smoluchowski, 1917; McCave, 1984). Other processes may 
bring about collisions between suspended particles, particularly differential settling, 
but these have (initially) been ignored in the present account. In principle, then, 
provided the above parameters and processes can be quantified, it is possible to 
predict the aggregation and subsequent sedimentation of particles and phytoplank- 
ton due to coagulation. 

The aim of the present study has been to describe the development and fate of a 
diatom spring bloom in the shallow Isefjord (Denmark) and specifically to evaluate 
the importance of physical coagulation for the sedimentation of the phytoplankton. 
The approach taken here has been (i) to monitor during a spring phytoplankton 
bloom the concentration and size distribution of suspended particles and phytoplank- 
ters, the turbulent shear rate (estimated from wind velocity) and the stickiness of 
suspended particles; (ii) from this to come up with semiquantitative predictions of in 
situ aggregate formation; and (iii) to compare the predicted temporal pattern in 
aggregate formation to the observed temporal patterns in sedimentation of aggre- 
gates and sinking velocities of suspended particles. We show that aggregate forma- 
tion plays a major role in the sedimentation of suspended matter and that the 
temporal development of the spring diatom bloom as well as patterns in sedimenta- 
tion can be largely accounted for by coagulation theory. 

2. Material and methods 

Sampling was conducted at a station (bottom depth of 10 m) in the northeastern 
part of Isefjord (Fig. 1) from R/V Ophelia. Isefjord is a eutrophic, brackish fjord. The 
average, maximum and sill depths are 7,17 and 3 m, respectively. The fjord receives 
freshwater from several small rivers as well as from diffuse drainage and connects to 
the open sea (Kattegat) in the north. Annual freshwater inflow (133 x10 6 m3) 
corresponds to about 10% of the fjord’s water volume (1560 x lo6 m3), and annual 
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Figure 1. Map of study area with position of sampling station and meteorological stations. 

precipitation almost balances evaporation (145 x lo6 and 180 x lo6 m3, respec- 
tively). The salinity is relatively constant (l&22%0), and water residence time is 
high, 3 months during winter and 12 months during summer. Entrance of water 
across the sill occurs mainly as episodic intrusions of saline water from the Kattegat 
during periods of strong winds from the sector NE-S. These intrusions become 
evident as episodic salinity stratifications of the fjord. (Anon., 1973; 1989). 

Sampling was carried out about 3 times per week between February 24 and March 
18. This is the expected timing of the spring diatom bloom. On each sampling 
occasion we measured vertical profiles of salinity and temperature (Salinity- 
Temperature Bridge, Type M.C.5, Electronic Switchgear Ltd., London) and in situ 
fluorescence (Q-Instruments fluorometer, Copenhagen). 

Water samples (30 1 Niskin bottle) were collected at 3-5 depths to quantify the 
concentration of inorganic nutrients (autoanalyzer) and to quantify and characterize 
the suspended particulate matter. 

a. Suspended particles and primaly production 

Samples for determination of pigments were filtered onto GF/C filters and 
extracted in 96% ethanol (Jespersen and Christoffersen, 1987). Chlorophyll a and 
phaeopigments were measured with a method based on Lorenzen (1967), using an 
acid factor of 1.7 and an absorption coefficient of 83.4 g cm-‘1-i (Wintermans and 
DeMots, 1965). 

The volume fraction of suspended particles in the size range 3-78 p+rn equivalent 
spherical diameter (ESD) was measured on an electronic particle counter (EL- 
ZONE 180, Particle Data, Inc.) equipped with a 120 pm orifice tube. Particulate 
organic carbon and nitrogen (POC and PON) were measured by a CHN analyzer 
(Carbo Erba Instruments, E.A. 1108) on material filtered onto muffled GF/C 
glassfibre filters. Phytoplankton species composition and concentration were quanti- 
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fied by inverted microscopy in 50-175 ml samples; Skeletonema costatum was counted 
in 9% of the sample volume, while all cells of other species were counted. Large and 
numerically rare species (Coscinodisc~s concinnus) were quantified in 2 1 samples 
that were concentrated on a 100 km plankton mesh. Biovolumes were estimated 
from measurements of linear dimensions assuming simple geometrical shapes, and 
carbon content was calculated from species specific carbon to volume ratios (Edler, 
1979). 

Phytoplankton primary production was measured as 14C fixation. Water from three 
depths was incubated in situ for 3 h in 58 ml glass bottles added 3 l&i NaH*4C03. We 
had one light and one dark bottle at each depth. After incubation one 0.50 ml sample 
for total i4C (T14C) and two 10.00 ml samples for total organic i4C (T014C) 
determinations were taken from each bottle. T14C samples were added 0.5 ml metoxy 
ethylamine in a scintillation vial. TOC samples were acidified to pH 2.5-3 with 1 N 
HCl and allowed to stand in open scintillation vials for at least 24 h to remove 
inorganic carbon. Instagel (Packard) was added to the vials and disintegrations per 
minute were measured in a Packard 1500 scintillation counter. Water samples were 
analyzed for inorganic carbon (TIC) on an IRGA. The carbon fixation was calculated 
as: TIC x T014C/Ti4C. Photosynthetic carbon fixation was corrected for dark lixa- 
tion. To calculate the daily primary production the carbon fixation rnw2 was divided 
by the photosynthetically active radiation (PAR) in the incubation period and 
multiplied by PAR from the whole day. Light was measured continuously at the 
nearby (50 km) laboratory and during incubations also on the ship. 

b. Sedimentation and sinking velocities of suspended particles 

Sediment traps were deployed for measuring sedimentation at each sampling 
occasion. Cylindrical sediment traps with a diameter of 5.3 cm and an aspect ratio of 
6.4 were used (Olesen, 1993). The traps were deployed at 3 or 4 depths (3,5, 7 and 
9 m or 4, 6, and 8 m) on an anchored mooring for ca. 4 hours at each sampling 
occasion (short time deployments, STD) and for 24-72 h (and up to 120 h) between 
the sampling occasions (long time deployments, LTD). We had three STD and 3 
LTD traps per depth. No preservatives were used in the traps. 

After the traps were picked up the supernatant water in the cylinders was 
removed. Subsamples of the sedimented material were taken from two STD and two 
LTD traps for analysis of POC, PON and chlorophyll a as described above, except 
that in STD traps chlorophyll was determined fluorometrically (Strickland and 
Parsons, 1968) after intercalibration of spectrophotometer and fluorometer. In LTD 
traps from one depth (4 or 5 m) subsamples (0.4%) for cell counts were preserved 
with 1% Lugols solution and with 1% glutaraldehyde (final concentrations). All cells 
were counted (inverted microscope), except Skeletonema costatum, that was counted 
in only 4% of the subsample volume. From the same depth all sedimented material in 
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one trap was washed on a 100 pm plankton mesh and Coscinodiscus concinnus cells 
were counted. 

In the bottom of one of the STD traps at 4 or 5 m depth we placed a petri dish filled 
with a viscous acrylamide polymer solution to collect aggregates (Jannasch et al, 
1980). The polymer conserves the 3-D structure of the aggregates, and prevents 
further aggregation in the trap. Upon retrieval, the petridish was photographed, and 
aggregates >0.5 mm at the longest dimension were characterized, counted and 
measured (linear dimensions). The volume of individual aggregates was calculated 
assuming simple geometrical shapes. 

The average sinking velocity [m d-l] of POC, PON and chlorophyll a was 
calculated as: sedimentation rate [mg m-2d-1] divided by the concentration [mg m-‘1 
in the surrounding water at the same depth. For LTD traps the average concentra- 
tion at time of deployment and pick up was used in this calculation. 

c. Stickiness andflocculation index of suspendedparticles 
Large volumes (50 1) of water were collected in the middle of the water column on 

every sampling day and transported to the laboratory. Here the samples were passed 
though a 100 pm screen and the stickiness (= probability that particles will stick 
upon collision) of suspended particles ( < 100 pm) was assessed by allowing particles 
to aggregate in a Couette device as described by Kiorboe and Hansen (1993). The 
Couette device consists of two closed, concentric cylinders (radii 4.35 and 5.65 cm, 
length 24.9 cm); by allowing the outer cylinder to rotate well defined laminar shear is 
generated in the water-filled annular gap between the cylinders (Duuren, 1968). All 
experiments were run at a shear rate of 30 s- l. In several instances the naturally 
occurring particles were concentrated by inverse filtration through a 11 km plankton 
net and the flocculation of the > 11 km particles was also investigated. We had 4 
Couetteincubators and, therefore, 2 or 4 replicates of each treatment. We monitored 
the decline in particle concentration in the Couette cylinders by an electronic 
particle counter. The cylinders were sampled at 0,15,30,60,90,120,150 and ca. 1200 
min. 

The stickiness (IX) of suspended particles was estimated by regressing log, particle 
concentration vs. incubation time in the Couette device according to (Kiorboe et al., 
1990): 

where I$ is the volume fraction of suspended particles and y is the laminar shear rate 
in the Couette cylinder. Since (Y is the only unknown in the above equation, it can be 
solved for. 

Flocculation was also quantified by monitoring the change in particle size distribu- 
tion over time by means of a laser diffraction instrument (MALVERN). By laser 
diffraction the particle volume (including ‘interstitial’ water) distribution is mea- 
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sured. It can be shown that the average diameter (L) of particles initially will increase 
approximately according to: 

LD = ~~(7.82Qd,y TI)I 
(2) 

where K is a constant and D is the fractal dimension of the aggregates. As a measure 
of L we used the 50% fractile of the cumulative volume distribution rather than the 
average (by number) particle diameter. This is because laser diffraction yields much 
‘noise’ in particle numbers in the lower size channels. The 50% fractile of the volume 
distribution is some power function of the average particle size, depending on the 
actual size distribution. Also, since the volume distribution develops into a bimodal 
distribution as flocculation proceeds (with peaks representing aggregates and nonag- 
gregated particles) this is a crude estimate of particle size. Due to these inaccuracies 
but inspired by Eq. 2 we define a flocculation index: 

Flocculation index = ‘slope’/+ (3) 

where ‘slope’ is the slope of a regression of log, L (50% fractile) vs. incubation time. 
Although this approach is not strictly quantitative it does provide a semiquantitative 
index of how readily the suspended particles flocculate. The advantage of laser 
diffraction over electronic particle counting to analyze particle size distributions is 
that aggregates are not disintegrated by the laser beam, as they potentially are when 
accelerated through the orifice of the electronic particle counter. 

d. Laboratory incubations 

On two occasions (Feb. 27 and 28) an additional 85 1 of water, collected as above, 
were incubated in 100 1 tanks in the laboratory at approximately in situ temperature 
(5°C) and light (L:D = 12h:12h; ca. 80 FE mm2ss1). Prior to incubation the water was 
passed through a 180 urn sieve to remove larger zooplankters. To avoid settling of 
particulate material the tanks were vigorously aerated. One to four times per day the 
tanks were sampled for measurements of inorganic nutrients, particulate chloro- 
phyll, carbon and nitrogen (as above), in vivo fluorescence (Aminco Fluorocolori- 
meter) and phytoplankton species composition. 

e. Wind and turbulent shear 

Records of wind velocity were obtained from two meteorological land stations 
(Spodsbjerg Fyr and Kollekolle) close to the sampling station (Fig. 1). Wind 
velocities were measured during four (Spodsbjerg) and three (Kollekolle) lo-min 
periods between 9 am-3 pm and 8 am-9 pm, respectively. Since wind velocities at the 
two stations were similar and strongly intercorrelated (6 = 0.81) all observations 
were pooled into one daily average. 

Daily average turbulent energy dissipation rates (E, rn’ s-‘) in the 10 m water 
column due to winds were estimated from wind velocity by applying the empirical 
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Figure 2. Isopleth diagrams of (a) salinity and (b) temperature at the sampling station 
between February 24-March 18. 

wind-e regression model for shelf seas of MacKenzie and Leggett (1991). Average 
fluid shear rates (y, s-r) were subsequently calculated from y = (E/v)O.~ (Camp and 
Stein, 1943) where v is the kinematic viscosity (10d6m2 s-l). 

3. Results 

a. Physical and chemical observations 

i. Salinity and temperature. Isopleth diagrams of salinity and temperature (Fig. 2) 
show very weak or nonexisting vertical stratification of the water column. The salinity 
declined only slightly (from 21.6 to 20.8, water column average), suggesting that no 
major intrusions of water from the Kattegat occurred, and that horizontal advection 
was minimal (i.e. restricted to advection of homogeneous fjord water over the 
sampling station) during the observation period. This is also supported by the fact 
that the wind direction during periods of stronger winds (see below) were from 
SW-NW; winds from these directions do not normally give rise to intrusions of 
Kattegat water into the fjord. 
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Figure 3. Concentration of inorganic nutrients (depth-averaged) at the sampling station. 

ii. Inorganic nutrients. There was no vertical variation in nutrient concentrations and 
the concentrations of nitrite + nitrate, phosphate and silica never fell below 1, 0.5 
and 4 kg-at/l (depth-averaged values, Fig. 3), respectively. Thus, nutrients probably 
did not become limiting for phytoplankton growth during the observation period. 

iii. Wind and shear, There were three wind events during the observation period with 
daily average wind velocities exceeding 7.5 m s-l; viz. on Feb. 23 immediately before 
sampling commenced, on March 2-3 and a longer period between March 9-16 with 
peak winds March 12-14 (Fig. 4a). 

Calculated fluid shear rates of course followed wind velocities (Fig. 4b). Average 
shear rate for the entire observation period was 1.2 s-l and during periods of 
elevated wind estimated shear rates exceeded 2-3 s-l. Given such high rates it is 
likely that shear rather than differential settiing, at least initially, is the dominating 
process in bringing suspended particles to collide (McCave, 1984). 

b. Development of the spring bloom and composition of suspended matter 

i. Chlorophyll and primary production. There was limited vertical structure in the 
distribution of chlorophyll. Thus, depth-averaged concentrations of chlorophyll are 
representative for the temporal development of the spring phytoplankton bloom 
(Fig. 5). From the start of the observation period, Feb. 24, until March 11 the 
chlorophyll biomass increased approximately exponential, whereupon it was almost 
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Figure 4. Daily average wind velocities (a) and calculated turbulent fluid shear (b) at the 
sampling station. 

constant until the end of the period. During the period of increase, the exponential 
rate of net increase was 0.10 d-l (r2 = 0.81). 

The temporal development of primary production (Fig. 5) largely followed the 
concentration of chlorophyll, and the assimilation number (= ratio of primary 
production to concentration of chlorophyll) varied by less than a factor of 2, between 
4.9-9.7 kg C d-l (t.J,g Chl)-l. Thus, phytoplankton growth was relatively constant 
throughout the observation period and showed no sign of nutrient limitation. 

ii. Volume fraction of suspended particles (3-78 km ESD). The volume concentration 
of suspended particlesvaried in concert with chlorophyll concentration (Fig. 6a), and 

Figure 5. Biomass of chlorophyll a (a) and rate of primary production (b) at the sampling 
station. 
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Figure 6. Temporal variation of the volume fraction of suspended particles in the size range 
3-78 p,rn equivalent spherical diameter (depth-averaged) (a) and relation between the 
concentration of particulate chlorophyll (CHL) and volume fraction of suspended particles 
(VFS) (b). The full line in (b) is the regression line: CHL = 2.83 + 3.60 VFS (n = 40, 
r2 = 0.83). The dotted line is the expected relationship assuming all particles to be 
phytoplankters, C:Chl = 45 and 0.11 x 10m6 ug C km-3. 

the two were intercorrelated (Fig. 6b). This suggests that suspended particle biomass 
was dominated by phytoplankton. In fact, the volume fraction of suspended particles 
(3-78 km) was insufficient to account for observed chlorophyll biomasses in that 
most observations of chlorophyll were higher than those predicted from particle 
volume by assuming C:Chl = 45 and 0.11 x 10e6 kg C km-” (see dotted line in Fig. 
6b). This is due to the occurrence of > 78 km phytoplankters (i.e. Coscinodiscus 
concinnus) . 

iii. POC and PON. The variations in POC and PON followed the concentration of 
suspended chlorophyll, again suggesting that the majority of suspended material was 
phytoplankton. Plots of POC and PON vs. chlorophyll yield linear relationships 
(Fig. 7) and C:Chl and N:Chl ratios of 45.8 and 7.2 can be estimated. This implies a 
phytoplankton C:N-ratio (by weight) of 6.4, which is close to the Redfield ratio. 
Intercepts of 99 pg 1-l POC and 16 pg 1-l PON suggest non-algal background 
concentrations on this order of magnitude. 

iv. Phytoplankton species composition. The phytoplankton community was numeri- 
cally dominated by Skeletonema costatum throughout the study period and this 
species reached concentrations of lo4 cells ml-’ (Fig. 8). The diatoms Thalassiosira 
spp. (predominantly T. nordenskjoldii), Leptocylindrus danicus and Rhizosolenia 
hebetata $ semispina as well as the autotrophic ciliate Mesodinium rubrum were all 
2-3 orders of magnitude less abundant, and the diatom Coscinodiscus concinnus 4 
orders of magnitude less abundant (Fig. 8). Initially all diatom species increased 
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Figure 7. The relationships between suspended particulate organic carbon (POC) and 
chlorophyll a (CHL) (a) and suspended particulate organic nitrogen (PON) and chlorophyll 
a (b). The regressions are: POC = 45.8 CHL + 99.3 (n = 41, r2 = 0.90) and PON = 7.22 
CHL + 16.3 (n = 41, r2 = 0.86). 

approximately exponentially in abundance, with net population growth rates during 
the first 3-4 observation days of between 0.25 - 0.54 d-l (Table 2); population 
growth rates varied independently of cell sizes. Subsequently population sizes 
fluctuated around more or less constant, species-specific concentrations during the 
remainder of the observation period. These fluctuations were to some extent 
synchronized between species; for example, all diatom species temporarily declined 
in abundance after March 4, subsequent to the wind event March 2-3. 

v. Phytoplankton development in tank experiments. Skeletonema costatum made up 
> 80% of the phytoplankton biomass in both tanks throughout the experiment. The 
S. costatum populations initially increased exponentially with a growth rate of ca. 
0.5 d-l. Population growth rate ceased when or slightly after nutrients were ex- 
hausted (either phosphate or silicate), and cell concentration in the stationary phase 
was about 60,000 cells ml-‘, ca. 10 times higher than for the field population. The 
continued dominance of S. costatum, the higher net growth rate and the higher 
maximum concentration in the laboratory tanks compared to the field situation 
together suggest that factors limiting S. costatum in the field were not operating in 
the tanks. Since zooplankters were removed and flocculation did not occur (due to 
strong aeration) in the tanks, grazing and/or flocculation and sedimentation may be 
the factors responsible. 

c. Stickiness and flocculation index of suspended particles 

Stickiness and flocculation index of the assemblage of suspended particles as they 
developed during the study period have been plotted in Figure 9. Except for a high 
flocculation index measured on March 16, the two measures followed the same 
temporal pattern (01 vs. log, flocculation index, omitting March 16: r* = 0.65, n = 9, 
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Figure 8. Cell concentrations of dominating phytoplankton species during the observation 
period. Thalassiosiru spp. is predominantly T. nordenskjoldii. Estimated ‘critical 
concentrations’ for each of the diatom species have also been shown; see text for further 
explanation. 

p < 1%); i.e., high in the beginning of the study period and declining to lower values 
after March 2. The high flocculation index measured on March 16 is real, since it was 
confirmed by visual and microscopic examination, but was not reflected by the 
stickiness coefficient, (Y, because formed floes were very fragile on this day and 
disintegrated during electronic particle counting. 
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Figure 9. Estimated stickiness (CL) ( a and flocculation index (b) of naturally occurring ) 
particles at the sampling station. Bars are -t- SD. 

After March 2 flocculation was also quantified in water samples in which particles 
> 11 km had been concentrated by inverse filtration. The flocculation indices in 
concentrated and untreated samples were significantly correlated (r* = 0.89, n = 7, 
p < 0.2%) and yielded similar temporal patterns. This was also more or less the case 
for the estimated particle stickiness coefficients (r* = 0.40, n = 7, t = 1.89), except 
for one instance. On March 4 we observed strong flocculation in the upconcentrated 
samples during the first 60 min of observation. Analyzing data for t = O-60 min 
separately yielded (Y = 0.60. 

All samples taken in the Couette incubators for analysis of particle concentration 
and -size distribution were also examined microscopically (inverted microscope). In 
general there was a good correspondence between microscopic observations and the 
above quantitative measures of flocculation. That is, when changes in size distribu- 
tion during Couette-incubations suggested flocculation we also observed floes micro- 
scopically. Frequently floes were also evident by the naked eye. S. costatum and other 
diatoms always contributed to these floes, but so did unidentifiable particles (‘detritus’) 
to a varying extent. On Feb. 28, March 2 and particularly on March 4 floes formed in 
the Couette incubators were entirely dominated by cells (and chains) of S. costatum. 
To what extent flocculation was caused by algal-algal, detritus-detritus or algal- 
detritus sticking cannot be decided from these observations, and estimated particle 
stickiness and flocculation index refer to the average properties of the entire particle 
assemblage. 

d. Sedimentation and sinking rates ofparticulate material 

i. Long term deployments. Sedimentation rates for particulate carbon (POC), nitro- 
gen (PON) and chlorophyll have been plotted in Figure lOa-c. Figures shown are 
averages for the 3-4 traps deployed during each period as there were no significant 
vertical differences in sedimentation. All parameters showed approximately the 
same temporal pattern in sedimentation, with elevated sedimentation rates on 
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Figure 10. Sedimentation rates (depth-averaged) in long term deployment traps (LTD) of (a) 
particulate organic carbon (POC), (b) particulate organic nitrogen (PON) and chlorophyll a 
during the observation period. 

March 2-4, March 11-16, and high rates also during March 16-18. Sedimentation 
events, thus, coincided or occurred immediately subsequent to wind events. 

Bulk properties of the sedimented material resembled that of the suspended 
matter; for example, both the POC and the PON vs. chlorophyll a relationships were 
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Figure 11. Sinking velocities calculated from LTD-traps (averages of 3-4 sediment trap 
depths) of particulate organic carbon (POC), particulate organic nitrogen (PON) and 
chlorophyll a. Sinking velocities are integrated averages over the deployment periods (see 
Fig. 10). 

linear (r2 = 0.81 and 0.86, respectively) and yielded C:Chl, N:Chl and C:N ratios of 
43.6,6.0 and 7.3, respectively. This is not significantly different from the correspond- 

ing ratios of suspended matter. 
Sinking velocities of POC, PON and Chlorophyll (Fig. 11) were similar and varied 

in concert during the observation period. Sinking velocities were ca. 0.5 m d-l until 
March 2, about 2 m d-l March 2-4, low (< 1 m d-l) again until March 11, and very 

high, 4-5 m d-l, during March 11-16. There were, thus, two events of elevated 
sinking velocities during the observation period, and both were associated with 
elevated wind velocities. In comparison, sinking velocities of unaggregated fluores- 
cent particulate matter measured in water samples transported to the laboratory, 
consistently yielded values between 0.35-0.45 m d-l between March 2-18 (unpub- 
lished observations). 

Sinking velocities for individual algal species were very variable and for rare 
species no consistent patterns emerged. Sinking velocities of Skeletonema costatum 
and Coscinodiscus concinnus have been shown in Figure 12. S. costatum showed 
elevated sinking velocities, up to 3 m d-l, between Feb. 28 and March 6 and C. 
concinnus a peak on March 4,7.5 m d-‘. Sinking velocities of both species were also 
elevated at the end of the observation period. Thus, the temporal pattern in sinking 
velocities of these two species largely resembled that of bulk particulate matter. 



[52,2 312 Journal of Marine Research 

~::~ ~~~ 

IIIIIIIIIIIIIIIIIIIIIIIIl 1111(11111111(11111IIIIII 

24 
Feb. ; 5 Id,',9 l5 

24 
Feb. ; 5 :I,. I5 

Figure 12. Sinking velocities of Skeletonema costatum (a) and Coscinodiscus concinnus (b) as 
calculated from LTD-traps. 

ii. Short term deployments. Short term deployments of sediment traps gave the same 
overall pattern in sedimentation rates for POC, PON and chlorophyll as the long 
term deployments (Fig. 13). Sinking velocities of suspended particles derived from 
STD yields instantaneous rates (in contrast to time-averaged rates from LTD). The 
temporal variation in sinking velocities was similar to that provided by LTD, except 
that elevated rates were also recorded on February 24 by STD (Fig. 13). This may be 
a tail effect of the wind event on February 23, and appears to have had little influence 
on the average sinking velocity between February 24-27. 

Aggregates >OS mm collected in the polymer in STD traps consisted of two 
distinct types: (1) optically dense aggregates composed mainly of detritus but with 
diatom cells entangled, and (2) optically less dense aggregates dominated by 
diatoms. Average sizes and sedimentation rates of the two types of aggregates have 

Feb. Mar. Feb. 

Figure 13. Short term deployment traps (STD): sedimentation rates (a) and sinking velocities 
(b) of particulate organic carbon (POC), particulate organic nitrogen (PON) and chloro- 
phyll a. Figures are averages from 3-4 sediment trap depths. In (a) chlorophyll a has been 
converted to carbon units by multiplication with 45. 
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Table 1. Sedimentation and average volume of detritus- and algal aggregates (> 0,5 mm in 
longest dimension) in STD-traps. 

Date 

Sedimentation 
of detritus 
aggregates, 
cm3 mm2 d-l 

Sedimentation 
of algal 

aggregates, 
cm3 mm2 d-l 

Average volume 
of detritus 

aggregates, mm3 

Average volume 
of algal 

aggregates, mm3 

2412 21.66 0 6.05 
213 0.11 0 0.05 
413 0.73 113.35 0.27 42.47 
613 1.11 0 0.49 
913 0.97 0 0.34 
11/3 1.05 0 0.43 
1613 1.35 21.20 0.51 8.10 
1713 1.10 2.07 0.44 0.82 
18/3 0.77 0.59 0.34 0.26 

been given in Table 1. Sedimentation of detritus aggregates was high on Feb. 24, 
subsequent to strong winds on Feb. 23, and the aggregates were large. On March 2 
sedimentation of detritus aggregates was limited, and the aggregates were small. 
During the rest of the observation period, sedimentation and size of detritus 
aggregates was almost constant. We observed phytoplankton aggregates on only four 
observation days, viz. March 4 and 16-18. The sedimentation rates of phytoplankton 
aggregates on March 4 and 16, immediately subsequent to strong winds, were l-2 
orders of magnitude higher than sedimentation of detritus aggregates, and the 
aggregates were very large, particularly on March 4. On this day dense concentra- 
tions of huge floes were also observed by the naked eye from the boat. These 
observations of aggregate sedimentation are consistent with the temporal variation 
in settling velocities of particulate material (Figs. 11-13; see also Fig. 16 below). 

4. Discussion 

a. The origin of sedimented material 

The cumulated sedimentation of particulate organic carbon during the entire 
observation period was 28.4 g C m-2 and the net increase in suspended POC was 6.8 g 
C m-2. During the same period the cumulated pelagic primary production was only 
19.2 g C rne2. Thus, the primary production can account for only a little more than 
half the sum of sedimentation and pelagic accumulation of particulate carbon. This 
suggests that, overall, resuspension and subsequent sedimentation of POC is signifi- 
cant at the study site. We can estimate the sedimentary losses of phytoplankton by 
comparing the net accumulation rate of phytoplankton in the water column to (i) the 
decline in silica concentration and to (ii) the specific growth rate of the phytoplank- 
ton (from 14C fixation). First, between Feb. 24 and March 11 the ratio between the 
amount of phytoplankton (as chlorophyll) that had accumulated in the water column 
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Figure 14. Depth-averaged concentration of silica (Si) as function of depth-averaged concen- 
tration of chlorophyll a (Chl) between February 24 and March 11. The regression is: Si = 
15.48 - 0.43 Chl (n = 8, r* = 0.60). 

and the amount of silica that had disappeared during the same period (Fig. 14) was 
0.43 l.r,g-at. Silica (pg Chl)-’ = 12 kg Si (Fg Chl)-‘. Assuming a phytoplankton C:Chl 
ratio of 45, this yields 3.75 pg Phytoplankton-carbon (pg Silica))‘. In Skeletonema 
costatum the C:Silica weight ratio is about 5.5 (Own unpublished observation). If this 
ratio is representative for diatoms, and because diatoms (and S. costatum) dominate 
the chlorophyll biomass, this implies that 32% of the diatom production (Feb. 
24-March 11) had been ‘lost’, either to grazing or sedimentation. Second, an average 
phytoplankton assimilation efficiency of 6.7 pg C (pg chlorophyll))’ during Feb. 
24-March 11 equals an average growth rate of 0.15 d-l (C:Chl = 45). Together with 
the rate of net chlorophyll biomass increase (0.1 d-i) this implies a phytoplankton 
loss rate of 33%. 

A plot of cumulated sedimentation as % of cumulated primary production during 
the observation period (Fig. 15) shows that until March 11, sedimentation amounts 
to ca. 50% of primary production. Given the uncertainty in production and other 
estimates, this is consistent with the Silica budget and the phytoplankton growth and 
net accumulation rates given above. Thus, until March 11 sedimentation of resus- 
pended matter is of secondary importance. Between March 11 and 16, during a 
period of very strong winds, cumulated sedimentation significantly exceeded primary 
production; this suggests significant sedimentation of resuspended matter during this 
period. 

b. Significance of aggregate formation by coagulation 

i. Coagulation of suspended particles. The main purpose of this study has been to 
investigate whether classical coagulation theory and flocculation of suspended 



19941 Ki@rboe et al,: Aggregation and sedimentation 315 

Feb. 

Trrr 
10 

Mar. 

Figure 1.5. Cumulated sedimentation of particulate organic carbon as a function of cumulated 
primary production during the observation period. 

particles into rapidly sinking aggregates can account for the observed pattern of 
sedimentation and, in particular, sinking velocity of suspended particulate material. 
To examine this we designed a predictor of flocculation (‘flocculation potential’) as 
the estimated flocculation index multiplied by the observed volume concentration of 
suspended particles in the water column and the estimated fluid shear rates. To 
make this predictor comparable to sedimentation and sinking rates provided by 
LTD, we averaged observations taken at the start and at the end of trap deploy- 
ments. 

In Figure 16 we compare observed sinking rates of particulate matter, sedimenta- 
tion rates of aggregates and predicted flocculation. In qualitative terms there is a 
good correspondence between predicted aggregation and observed fall velocities of 
suspended particles. This pattern also resembles that of the sedimentation rate of 
aggregated material, thus supporting the prediction that elevated fall velocities are 
caused by aggregate formation. Thus, particle aggregation and classical coagulation 
theory appears to successfully predict observed sedimentation patterns. 

However, the observed pattern in sedimentation and sinking may be partly due to 
resuspension of ‘heavy’ and rapidly sinking particles following wind events. Wind 
generated turbulence will also enhance collision rates between suspended particles 
and, hence, predicted flocculation, and one cannot with certainty distinguish the two 
processes. The considerations above suggest that the high sedimentation rates during 
March 11-16 were to a large extent due to sedimentation of resuspended bottom 
material. However, the elevated sinking velocities of individual algal species and of 
particulate chlorophyll, both during this period and during March 2-4, can best be 
explained by aggregate formation, whether the aggregating particles were of genuine 
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Figure 16. Observed sinking velocity of particulate chlorophyll a in LTD traps (a), observed 
sedimentation rate of aggregates (detritus- and algal aggregates) in STD traps (b) and rate 
of aggregate formation (‘flocculation potential’) predicted from coagulation theory (c) 
during the observation period. 
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planktonic or benthic origin. This is supported by the temporal variation in sedimen- 
tation of aggregated material and suggests that aggregation does play a major role. 

ii. Coagulation ofphytoplankton. Above we have discussed coagulation of particulate 
material without distinguishing between types of particles. In the following we apply 
coagulation theory more specifically to the phytoplankton. By combining coagulation 
theory and algal growth dynamics Jackson (1990) showed that: 

dCldt = PC - 2.608qC2d3, 

where C is the concentration of single cells, lo, is the net algal growth rate (i.e. 
growth-grazing-sedimentation of uncoagulated cells), and d the cell diameter. For 
simplicity only collisions between single cells are considered, because these dominate 
the coagulation process. The validity of this simple model has been confirmed by 
more elaborate models of Jackson and Lochmann (1992). According to this model 
the phytoplankton population will initially grow exponentially and subsequently 
approach an equilibrium concentration (critical concentration, C,,) where growth 
and coagulation (and subsequent sedimentation) balances. The development of the 
populations of the 5 dominant species of phytoplankton all fit this pattern (Fig. 8). 
Also, the synchronized decline in cell concentrations subsequent to a period of 
elevated fluid shear rates March 2-4, accords with the model. The implicit assump- 
tion, that p is constant throughout, is supported by the constant assimilation 
efficiency of the phytoplankton, and the unlimiting concentrations of inorganic 
nutrients during the observation period. The critical cell concentration (C,,) can be 
estimated by putting dCldt = 0: 

C,, = 0.384+yd3)-‘. 

The critical concentrations predicted by this model were calculated assuming 
y = 1.2 s-i (the average shear during the study period), p = initial exponential 
growth rate for each species (Table 2), and d = the maximum linear cell dimension 
(except for Rhizosolenia hebetata where we used the equivalent spherical diameter). 
For simplicity we further assume (Y = 1 for all species, but we elaborate on this below. 
This analysis is crude, in that we ignore that some species are chainforming and 
possess extrusions, thus to some extent changing the effective cell size. Yet, predicted 
critical and maximally observed concentrations during the study period compare to 
within one order of magnitude over a 4 order of magnitude variation in cell 
concentration (Fig. 17 and Table 2; see also Fig. 8). 

We also did the inverse analysis, by putting C,, = observed max. Cell concentration 
and solving for (Y. The estimated stickiness coefficients required to obtain the 
observed cell concentrations have been given in Table 3. Estimated (Y for Skeleton- 
ema costatum compares well with what we have measured in the laboratory for this 
species (Kiorboe et aZ., 1990; Kiorboe and Hansen, 1993; Drapeau et al, 1994), OL for 
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Table 2. Cell sizes, initial net population growth rates, maximal cell concentrations and 
estimated critical concentrations (sensu Jackson, 1990) for 5 species of diatoms in the 
Isefjorden during February 24-March 18. Population growth rates have been calculated 
from changes in cell concentrations on the first 3 or 4 observation days. Cell sizes are 
maximum linear dimensions, except for Rhizosolenia hebetata where it refers to the 
equivalent spherical diameter. 

Maximal cell Critical 
Growth rate Cell size concentration, concentration 

Species (~1, d-’ (4, w ml-l (Cd, ml-’ 

Skeletonema costatum 0.43 7.63 104 3.58 x 103 

Thalassiosira spp. 0.37 23.0 5.5 x 10’ 1.13 x 102 

Leptocylindtus danicus 0.54 17.27 1.5 x 102 3.88 x lo* 

Rhizosolenia hebetata 0.25 27.43 10’ 4.48 x 10’ 

Coscinodiscus concinnus 0.33 250.0 100 7.80 x 10-Z 

Coscinodiscus concinnus is realistic, while (Y for the three medium and similar sized 
species are all > 1. This simple model, thus, appears to underestimate collision rates 
for these species. 

Jackson’s (1990) model of critical concentration assumes a monospecific bloom. In 
the present case we have 5 diatom species that occur in significant concentrations 
simultaneously and we, thus, attempted a slightly more complex model approach by 
letting the species interact. As in Jackson we consider only collisions between single 
cells. The concentration of individual cells of the i’te species (Ci) changes according 
to (in analogy with Jackson, 1990): 

dCildt = ~iCi - 2 CiCOl,,CjEiiPii, 

where p is the coagulation kernel and E the contact efficiency. The parameters have 
been specified in Table 4. We here introduce the contact efficiency, E, which is the 
probability that two particles in close proximity come into direct contact. E is close to 
unity for like sized particles, and is included in (Y the way we estimate it experimen- 
tally for single species in the laboratory (Kicarboe et al., 1990; Kiarboe and Hansen, 
1993). However, it declines rapidly with increasing difference in the size of approach- 
ing particles (Hill, 1992; Riebesell and Wolf-Gladrow, 1992; Table 4). We also take 
differential settling into account, because we are now considering cells of different 
size and settling velocity simultaneously. 

As above we put dC,ldt = 0 and C,,, = max. observed cell concentration of i’te 
species and solve for alI, (Yap, . . . , (Yap, which are the stickiness coefficients required to 
obtain the observed cell concentrations (Table 3). The estimates compare well with 
those estimated in laboratory experiments for the same or for similar species 
(Kiorboe and Hansen, 1993). The negative estimates for some species presumably 
arise due to the way we calculate interspecific stickiness, but suggest that the 
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Figure 17. Maximum cell concentrations during the study period of the 5 dominating diatom 
species as function of the predicted ‘critical concentrations’ (sensu Jackson, 1990). The 
critical concentrations have been calculated assuming stickiness 01 = 1, fluid shear rate y = 
1.2 s-r and by using measured maximum dimensions of the cells (except for Rhizosolenia 
h&tutu, where we used the equivalent spherical diameter) and measured initial population 
growth rates (see Table 2). The line is X = Y. 

stickiness of these are low. We also did the calculation assuming that differential 
settling is zero (i.e. Pij,s&rring = 0, Table 4). This does not change the OL estimates 
much, indicating that the relative significance of differential settling in bringing 
particles to collide in this system is limited. 

We have here shown that both phytoplankton and detritus form aggregates and 
that the dynamics of the bloom as well as the temporal pattern in aggregate 
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Table 3. Stickiness (a) required to yield observed cell concentrations of 5 species of diatoms 
calculated under various assumptions: (A) Monospecific blooms; the species do not 
interact; (B) Multispecies bloom with interspecific collisions and adhesion; collisions due 
only to turbulent shear; (C) as B but differential settling contributes also to cell collisions. 

Species 

Skeletonema costatum 

Thalassiosira spp 

Leptocylindrus danicus 

Rhizosolenia hebetata 

Coscinodiscus concinnus 

Stickiness 
A: monospecies 

bloom; no 
interspecific 
interactions 

0.36 

2.05 

2.59 

4.48 

0.08 

Stickiness 
B: Multispecies 

bloom; only 
turbulent shear 

0.35 

-0.08 

0.13 

-0.18 

-0.24 

Stickiness 
C: multispecies 

bloom; turbulent 
shear and 

differential 
settling 

0.35 

-0.10 

-0.10 

-0.19 

-0.25 

sedimentation and particle sinking are largely consistent with coagulation theory. 
However, we have been unable to decide what binds particles together. Recently 
Alldredge et al. (1993) described the occurrence of large transparent exopolymer 
particles (TEP) in high concentrations (30-5000 ml-‘) in the sea off California. 
These particles, presumably of phytoplankton origin, may add to the volume of 
suspended particles and thus increase interparticle collision frequency, but can be 

Table 4. Definition of model parameters. 

PiiEtj = (bj,shearEij,shear) + (Pij,settlingEij,settling) 

&sheaf = 1.3r(rj + r,)3 

P rj,settling = 2.48T(r, + rj)3 1r:.17 - Gr7 1 (Hill, 1992; Jackson 1990) 

Etj,shear = 7.5~~ (1 + 2p)-2 for i f  j (Hill. 1992) 

E r],shear = 1 .O for i = j (because already included in CY the way we estimate it) 

Eq,settling = 0.5p2 (1 + p)-2 

P = d;ldj (di < dj) 

a,, = a,, = 0.5 (cy,, + “jj) (We thus assume that the stickiness coefficient between two 
species is the average of the individual stickiness coefficients.) 

y  = shear rate = 1.2 s-t (average shear rate during observation period) 

di = diameter of i’te species 
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quantified only by staining techniques; they are not sensed by electronic particle 
counter. Passow et al. (1994) and Kiarboe and Hansen (1993) showed that diatom- 
produced TEP may act to bind non-sticky particles together and Alldredge et al. 
(1993) suggested that TEP may play a major role in marine snow formation in the 
ocean. However, the simple coagulation model considered above appear to be able 
to account for phytoplankton bloom dynamics and phytoplankton aggregate forma- 
tion without invoking the existence of TEP or other hydrosols (cf. also Hill, 1992). 
This bloom was numerically dominated by Skeletonema costatum which species 
Kiorboe and Hansen (1993) showed would coagulate without involving TEP. There 
are several other reports that S. costatum-dominated blooms are terminated by 
aggregate formation and sedimentation (e.g. Bodungen et aZ., 1981; Riebesell, 1989; 
1991b; Olesen, 1993), and in all of these cases available information about wind 
speed or turbulence and maximally observed cell concentrations are consistent with 
critical concentrations calculated from Jacksons (1990) model (see also below). TEP 
may still have played a role in these systems but may be particularly significant for 
particle coagulation in systems not dominated by S. costatum. For example, the 
abundant occurrence of aggregates in regions where particle concentration is low 
and models predict coagulation to be insignificant, e.g. during summer in the nearby 
Kattegat (Olesen and Lundsgaard, 1993) may be explained by the occurrence of 
TEP. 

While several theoretical models describing coagulation of phytoplankton have 
been developed recently (Jackson, 1990; Jackson and Lochmann, 1992, 1993; Hill, 
1992; Riebesell and Wolf-Gladrow, 1992), there are few attempts to rigorously test 
their predictions in the field. Weilenmann et al. (1989) combined modelling with field 
observations of sedimentation rates and stickiness of naturally occurring particles in 
Lake Zurich and concluded that coagulation was important and could account for 
observed vertical particle fluxes. Riebesell(1991a,b) in his study of a diatom bloom in 
the North Sea found that the concentration of phytoplankton aggregates varied 
nonlinearily with phytoplankton concentration. This verifies the prediction of 
Jackson’s (1990) coagulation model, showing aggregate formation to be a two state 
system, where coagulation is unimportant at low and dominant at high cell concentra- 
tions, and with a rapid transition between the two states. Riebesell (1991b) also 
applied Jackson’s ‘critical concentration equation’ in an attempt to explain maximum 
observed diatom concentrations. However, the model overestimated the critical 
concentration by an order of magnitude. However, Riebesell assumed a phytoplank- 
ton growth rate of 1 d-l, while the initial exponential net growth rate of individual 
species in his study varied between 0.04-0.27 d-l and averaged 0.15 d-l (calculated 
from his Fig. 3). With the lower growth rate of 0.15 d-l observed and predicted cell 
concentrations come to within a factor of 2. 

In conclusion, then, coagulation theory appears to account for significant proper- 
ties of the dynamics and sedimentation of diatom blooms. Other groups of phytoplank- 
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ters are known to sink as aggregates, e.g. coccohthophorids (Honjo, 1982; CadCe, 
1985) cyanobacteria (Lochte and Turley, 1988) and possible pryrnnosiophytes 
(Wassmann et al., 1990), but the stickiness of these groups have not as yet been 
documented. Also, coagulation theory has not yet been specifically applied to or 
tested for these groups, some of which dominate the phytoplankton in large regions 
of the ocean. 
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