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Abstract Lake Markermeer, a large shallow lake in
The Netherlands, suffers from turbidity and ecology prob-
lems. As part of a study aiming to mitigate these problems,
we study flocculation processes in the lake; in particular, the
possible mutual flocculation between algae and re-suspended
bed sediments. We show that sediment re-suspended from the
bed of the lake can flocculate, forming flocs for which size is a
function of the turbulence level in the water column. More-
over, we also demonstrate that algae and re-suspended bed
sediments can mutually flocculate, yielding organic-
inorganic aggregates. These aggregates have different features
to those of their individual components, some of which have
been measured and characterized in this paper. Furthermore,
the characteristics of the resulting organic-inorganic flocs are
strongly influenced by the type of algae in the aggregate. We
found that, in the case of flocs consisting of bed sediments and
filamentous algae, flocculation yields smaller flocs than for
bed sediments only, resulting in an increased turbidity in the
water column. In the case of flocs consisting of bed sediments
and colonial algae, flocs grow faster and become larger than

bed sediment flocs, which may result in the depletion of most
colonies from the water column.

Keywords Flocculation . Cohesive sediments . Blue-green
algae .Markermeer . Turbidity

1 Introduction

The Markermeer is a large, man-made freshwater lake located
in the centre of The Netherlands. Together with the northern
IJsselmeer, it is the largest freshwater reservoir in Europe. This
area is known as the IJsselmeer Region. During the last de-
cades, the lake has experienced a decrease in its ecological
values (Noordhuis and Houwing 2003; Van Eerden and van
Rijn 2003). This ecological decline has been attributed to high
turbidity levels and sediment transport rates in the lake (van
Duin 1992; Van Kessel et al. 2008). In this paper, we study the
flocculation of suspended bed sediments in the Markermeer.
Flocculation affects the size and settling velocity of suspended
sediments. The rate at which suspended sediments flocculate
is a function of sediment concentration, hydrodynamics and
the presence of biota in the water column, amongst others
(Mietta et al. 2009a; Winterwerp 1998). Moreover, floc sizes
do have an impact not only on settling fluxes to the bed but
also on light climate in the water column. Hence, the impor-
tance of studying flocculation processes in the Markermeer.

Figure 1 shows a schematic illustration of the sediment
layers in the bed of the lake. The uppermost layer is a thin
oxic sediment layer, highly bioturbated and, due to its low
erosion threshold, frequently re-suspended (de Lucas Pardo
et al. 2013). Below, a thicker and stronger anoxic layer can
be found, which is eroded only during storm events (de Lucas
Pardo et al. 2013; Vijverberg et al. 2011). Finally, the bottom
layer consists of old deposits from the period in which the
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whole region was still an estuary. Because of the frequent re-
suspension of the oxic layer, we chose sediments from this
layer as the main material for our flocculation study. Never-
theless, the flocculation behaviour of sediment form the anox-
ic layer is addressed as well.

The work described in this manuscript follows on a number
of hypotheses on the relevance of flocculation in the
Markermeer. The first hypothesis is that suspended sediments,
mobilized from the bed, can flocculate and attain an equilib-
rium floc size which is a function of the turbulence level. The
first hypothesis is tested through small-scale flocculation ex-
periments in mixing jars. The evolution of the floc size distri-
bution (FSD) is monitored, as well as the obscuration caused
by the sediment suspension. The obscuration is defined as the
percentage of either absorbed or scattered light from the laser
beam in the particle sizer. Thus, obscuration is a measure of
the turbidity induced by the suspension. However, obscuration
cannot be translated directly into NTU, Secchi depth or any
other known light climate parameter. An increase in obscura-
tion can be expected because of an increase in the number of
fines or an increase in the overall concentration, whereas a
decrease in obscuration can be expected upon aggregation of
flocs or after settling of sediments to the bottom of the jar.
Moreover, different floc structures are likely to diffract and
absorb light in different ways and therefore exhibit different
obscuration values. The research goal of this small-scale ex-
periment is to characterize the equilibrium floc size for a num-
ber of turbulence fields, which are defined by their turbulent
shear rate G. Similar work was undertaken by Manning et al.
(2010) but for a mixture of sand and fines. Moreover, another
goal is to find the relationship between obscuration and FSD
for suspended bed sediments.

Various studies suggest that variations in turbidity levels in
the Markermeer over the years cannot be fully explained by
the occurrence of storms and associated re-suspension events.
Moreover, the species of algae in the lake have changed over
the last decades, attaining overall chlorophyll concentrations
that vary over the year in a way that is not understood. These
two observations may be related to the mutual flocculation of

algae and suspended sediments. Therefore, the second
hypothesis is that algae and suspended sediments can floccu-
late, affecting the floc properties and light climate in the water
column. Flocculation between minerals (cohesive sediments)
and algae has indeed been reported (Verspagen et al. 2006).
Furthermore, previous research has confirmed the existence of
large floc aggregates during algae bloom season (Lunau et al.
2006; Mikkelsen 2002; van der Lee 2000b). Moreover, sea-
sonal changes in the settling velocity of fines have been re-
ported (Sanford et al. 2001), which was attributed to seasonal
variations in algae (Mikkelsen 2002). Therefore, an effect of
algae on floc size and structure is suggested. Further to these
observations, Verney et al. (2009) presented a detailed study
quantifying the influence of algal blooms on the growth rate of
flocs under the influence of a specific turbulence level. In this
manuscript, we address the effect of flocculation between al-
gae and sediments on several floc properties and light cli-
mates, for a range of turbulence levels, and for two specific
species of (blue-green) algae. The role of algae is studied by
repeating the experiments for a mixture of bed sediments and
algae. Comparison with the results from the bed sediment
experiment provides information on the effect of algae. Two
species of algae are studied: a species of colonial algae and a
species of filamentous algae. In all experiments, filtered
Markermeer water is used, free of sediments and algae.

Finally, our third hypothesis is that the characteristics of the
resulting organic-inorganic flocs depend on the type of algae
added to the suspension. The polysaccharides excreted by
both species are expected to enhance flocculation with the
suspended sediments. However, we do not study if these algae
produce different polysaccharides, affecting flocculation in a
different way. Nevertheless, the differences in morphology
and characteristics of the algae may also lead to different
floc sizes, structure and flocculation behaviour. Mehta et al.
(2009) also reported examples of organic-inorganic flocs in a
shallow lake.

The structure of this manuscript is as follows. First, the
results of the experiments on suspended bed sediments are
presented, testing the first hypothesis. Second, the behaviour

Fig. 1 Schematic illustration of
the sediment layers in the bed of
Markermeer
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of the algae in the experiments is analysed. This provides
relevant information for interpreting the results later present-
ed. Third, the results of the experiments for a mixture of bed
sediments and algae are shown, testing hypotheses two and
three. A final section is included in which measurements of
the flocculation rate with and without algae are presented, to
provide further information for the evaluation of hypotheses
two and three.

The overall main study aim is to evaluate the relevance of
flocculation in the Markermeer, while increasing the present
knowledge on the formation of organic-inorganic flocs and its
characteristics. In particular, the following research goals are
addressed in this manuscript:

& to characterize the equilibrium floc size of Markermeer
flocs for a number of turbulence fields.

& to demonstrate the formation of organic-inorganic flocs.
& to prove that the characteristics of the resulting organic-

inorganic flocs are a function of the type of algae com-
bined in the aggregate, and to quantify the influence of
two specific types of algae on these characteristics.

2 Methods

2.1 Mixing jars

Small-scale flocculation experiments are performed in a JLT6
jar test set-up from VELP Scientifica. The dimensions of the
mixing jars are 0.125 m inner diameter and 0.185 m height.
The turbulence field in the jar is induced by a rotating paddle,
placed 0.01 m above the bottom of the jars. This turbulence
field is characterized by its turbulence shear rate G. An aver-
age value for G in the jar can be approximated with: log G=
−0.849+1.5 log (60 sf), where sf is the stirring frequency of the
paddle in rotations per second (KIWA 1976). Other methods
to estimate G in the jar are available (Bouyer et al. 2005;
Nagata 1975). The estimations of G with these methods

deviate no more than 5 % from the estimation by KIWA
(KIWA 1976) for G<101 s−1 (Mietta 2010).

2.2 Experiments

The following sequence of laboratory experiments is
used in the flocculation study. First, a turbulence field
of a specific magnitude is applied in a jar containing
suspended sediments. Under the influence of turbulence,
sediments flocculate and, with time, attain a dynamic
equilibrium, characterized by an equilibrium floc size.
It is assumed that the equilibrium floc size is reached
when there is no further increase in size between three
consecutive measurements. The frequency at which the-
se measurements are performed is discussed later in this
section. When the equilibrium floc size is attained, the
magnitude of the turbulence field is modified, and with
time, floc sizes attain a new equilibrium. A complete
flocculation experiment consists of six turbulence fields
applied to one sediment sample. Figure 2 illustrates the
first steps in this sequence. Table 1 shows the sequence
of the applied turbulence fields and the initial size of
flocs. Before starting an experiment, de-flocculation by
ultrasonic treatment is applied to the sediments. The
first applied G is always 65 s−1, and thus, the flocs at
the beginning of an experiment have the size of the
primary particles. When the equilibrium floc size for
G=65 s−1 is reached, G is decreased to 47 s−1. Each
sub-experiment is continued until equilibrium. Sediment
used for these experiments was sampled from the bed
and mixed with Markermeer filtered water.

2.3 Measuring instrument and measured parameters

Floc sizes are measured with a Malvern Mastersizer
2000. This is essentially a particle sizer, but it measures
some other relevant parameters as well. These are ob-
scuration, volume concentration and specific surface ar-
ea of particles. Obscuration is defined as the percentage
of either absorbed or scattered light from the laser beam

Fig. 2 First steps in the sequence
of experiments applied in the
current flocculation study
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of the particle sizer, which can vary from 0 (clear wa-
ter) to 100 % (no signal). Given a constant suspended
sediment concentration, a decrease in obscuration can be
caused by aggregation of flocs. Given a constant size of
flocs, a decrease in obscuration can be caused by set-
tling of sediments to the bottom of the jar. Finally, flocs
with a different structure may diffract the laser beam in
a different way, and therefore, different obscuration for
different floc structures can occur. The volume concen-
tration is calculated using Beer-Lambert’s law, and the
specific surface area is calculated as the total area of
particles divided by the total weight. More details on
how these parameters are established can be found in
the Malvern Mastersizer 2000 user manual (Guide
1998). Literature also provides information on instru-
ment uncertainties and limitations (Berlamont et al.
1993; Sperazza et al. 2004), as well as on comparison
between several instruments capable of measuring floc
sizes, revealing that Malvern underestimates the size of
the flocs with respect to other instruments (pipette and
SediGraph for example) (Vdović et al. 2010). Neverthe-
less, Malvern is still regarded as a valuable instrument,
specially recommended for intercomparisons and to
track changes in grain sizes (Berlamont et al. 1993).
Moreover, there are many examples in literature of stud-
ies that have made use of Malvern to measure floc sizes
(Bainbridge et al. 2012; Bale and Morris 1987; Dyer
and Manning 1999; Lartiges et al. 2001; Lee et al.
2011; McCabe 1991) and primary particles at the

laboratory (Lee et al. 2011; Mikkelsen and Pejrup
1998; Mikkelsen and Pejrup 2000).

2.4 Measurement and sampling parameters

Suspended sediments are sampled from the mixing jars and
pumped to the particle sizer and back into the mixing jars. The
pump discharge for sampling should be low enough to avoid
break-up of flocs. Mietta (2010) found that a discharge of
1.3 ml/s would avoid break-up for kaolinite suspensions at a
specific pH and salt concentration. The behaviour of
suspended bed sediments from Markermeer at two discharge
rates is shown in Fig. 3. It appears that the break-up of flocs is
avoided by using a discharge of 0.9 ml/s. Lower discharge
would result in the settling of flocs within the sampling tubes.
The length of the tubes is 85 cm, which is the minimum length
within the current set-up. Lengths up to 120 cm are possible
without affecting the size of sampled flocs (Mietta 2010).

Next, we study whether large flocs break-up as a result of
sampling. Figure 4 shows the effect of sampling from an equi-
librium sediment suspension at G=65 s−1. The equilibrium
floc size, characterized by D50=81 μm, is not affected by
sampling. However, this is not the case for the larger flocs.
Figure 5 shows howD50 decreases as a result of sampling for a
sediment suspension at equilibrium at G=30 s−1. Flocs larger
than 100 μm break up during sampling due to the stresses in
the sampling tubes. This affects the results of subsequent mea-
surements, since the flocs are pumped back into the mixing jar
after sampling and measuring. Thus, sampling time must be

Table 1 G characterizing the various turbulence fields, sequence of application and initial floc sizes for each of the sub-experiments

G=65 s−1 G=47 s−1 G=30 s−1 G=23 s−1 G=11 s−1 G=6 s−1

Sequence First Second Third Fourth Fifth Sixth

Initial size of flocs Primary
particles

Equilibrium floc
size at G=65 s−1

Equilibrium floc
size at G=47 s−1

Equilibrium floc
size at G=30 s−1

Equilibrium floc
size at G=23 s−1

Equilibrium floc
size at G=11 s−1

Fig. 3 Floc size distributions (FSD) measured at several discharge rates.
Sediments from the anoxic layer at a 0.19 g/l concentration. The
turbulence shear rate is characterized by G=47 s−1

Fig. 4 FSDs forD50=81μm. Sediment concentration is 0.19 g/l. Interval
between measurements is 10 min
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kept to a minimum, minimizing break-up of flocs. Another
measure undertaken to minimize the impact of this break-up
is to increase the time between measurements. It is assumed
that increasing this period allows for re-flocculation. Figure 6
shows that increasing the time between measurements to
30 min is enough to mitigate for this break-up. When equilib-
rium is attained, an extra measurement 1 h after the detection
of the equilibrium is performed as a final check.

2.5 (Blue-green) algae

Two species of blue-green algae (or cyanobacteria) were pur-
chased from the Netherlands Institute for Sea Research
(NIOZ): Aphanizomenon sp. (CCY9904) and Aphanotece
sp. (CCY0618). Upon arrival, the algae were in their expo-
nential growth phase, indicating a good state. The concentra-
tion in the culture is measured immediately prior to an exper-
iment, by counting the diatom individuals in a small sample of
known volume, using a high resolution microscope. Upon
calculation of the concentration in the culture, a certain vol-
ume is added to the jars to get the desired algae concentration.

The concentration of algae is measured again after an experi-
ment to check the survival rate of algae. This survival rate was
found to always be 100 %. Note that the experiment time was
maximal 24 h.

2.6 Microscope images

Some microscope images are reported in the results section.
The samples did not undergo any specific or standardized pre-
treatment. Flocs were sampled from the jars with a small sy-
ringe and placed on a small petri dish. The diameter of the
mouth of the syringe was 1 mm, to avoid break-up of flocs
upon sampling. The images were taken in regions of the sam-
ple where the concentration of flocs was not qualitatively
large, so that the light could go through the flocs.

Fig. 5 FSDs measured at 10 min interval. D50 decreases from 132 to
114 μm as a result of sampling. Sediment concentration is 0.19 g/l

Fig. 6 FSDs measured at 30 min interval. D50=131 μm. Sediment
concentration is 0.19 g/l

Fig. 7 Equilibrium floc sizes achieved at each of the studied turbulence
levels, for sediments from the oxic layer. The sediment concentration is
0.19 g/l in all cases

Fig. 8 Evolution of D50 of the measured FSD over an experiment, for
sediments from the oxic layer I.G is indicated. The horizontal axis depicts
the sequence of measurements, reflecting the experiment time. The
equilibrium floc size at each G is marked with a black circle

Ocean Dynamics (2015) 65:889–903 893



3 Results and discussion

3.1 Flocculation of suspended bed sediments. Effect
of turbulence

Figure 7 shows the equilibrium floc sizes obtained at each of
the studied turbulence levels and for four samples of sedi-
ments from the oxic layer. These samples are all collected
from the same place in the lake and are labelled as I, II, III
and IV. In all cases, the sediment concentration in the jar is
0.19 g/l. The floc sizes plotted in Fig. 7 are characterized by
the median particle diameter D50 of the measured size distri-
bution, whereas the turbulence levels are characterized by the
turbulent shear rate, G. The Kolmogorov micro-scale and the
size of the primary particles are plotted for reference. Figure 8
shows, as an example, the evolution ofD50 over a flocculation
experiment for sediments from oxic layer I. The equilibrium
floc sizes attained at each G are marked with a black circle.
These equilibrium sizes are the values plotted in Fig. 7 for oxic
layer I. Finally, Table 2 shows the G of each of the studied
turbulence fields, and the sequence in which the turbulence
fields are applied and the initial size of flocs.

Below the size of the Kolmogorov micro-scale, viscosity
begins to have a noticeable effect on the motion of the fluid.
At length scales beyond the Kolmogorov micro-scale,

turbulent shear stresses become rapidly larger than the yield
stresses of flocs, resulting in floc break-up. Therefore, flocs
can attain equilibrium sizes of about the Kolmogorov micro-
scale (Fettweis et al. 2006; Mietta et al. 2009a; Winterwerp
1998). In fact, Fig. 7 shows that all samples follow the Kol-
mogorov micro-scale until somewhere between G=6 and G=
11 s−1, when settling occurs. This settling becomes apparent
through a 55 to 95 % decrease in the measured volume con-
centration, as well as a 300 to 900 % increase in the specific
surface of particles (e.g. only the smallest particles remain in
suspension). In oxic layer III and oxic layer IV, the particles
remaining in suspension continue flocculating until an equi-
librium floc size of 245 and 340 μm, respectively; whereas for
the other two samples, flocculation did not occur anymore at
this lower turbulence rate. This difference in behaviour is ex-
plained; because for oxic layer III and IV, the volume concen-
tration after settling is 0.08 and 0.1 %, respectively; while for
oxic layer II and oxic layer III, this concentration is 0.01 and
0.02 % only, respectively. Flocculation cannot occur (fast
enough) at these very low concentrations.

Figure 9 shows the obscuration registered for each of the
measurements on the oxic layer sediments. The first measure-
ments were carried out at the largest turbulent shear rate, while
the last measurements were undertaken at the smallest turbu-
lent shear rate, with intermediate turbulence levels in between.
The latter becomes apparent in Fig. 10, where an indication of

Table 2 G characterizing each of the turbulence fields, order in which turbulence fields are applied and initial floc sizes for each of the studied
turbulence fields

G=65 s−1 G=47 s−1 G=30 s−1 G=23 s−1 G=11 s−1 G=6 s−1

Order First Second Third Fourth Fifth Sixth

Initial size
of flocs

Primary
particles

Equilibrium floc
size from G=65 s−1

Equilibrium floc s
ize from G=47 s−1

Equilibrium floc
size from G=30 s−1

Equilibrium floc
size from G=23 s−1

Equilibrium floc
size from G=11 s−1

Fig. 9 Measured obscuration for sediments from the oxic layer. The first
measurements correspond to the largest turbulence shear rate, whereas the
last measurements correspond to the smallest turbulence shear rate, with
all the intermediate turbulence levels in between

Fig. 10 Measured obscuration for sediments from the oxic layer I. G is
indicated for clarification of Fig. 9
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G at every measurement at the oxic layer I experiment is given
for clarification. Overall, obscuration decreases as floc size
increases, ranging from 3.5 to 0.15 % and suggesting a de-
crease in small particle concentration. The lowest obscuration
values are measured after settling.With all flocs in suspension,
the lowest obscuration values are around 1 %.

Figure 11 shows the equilibrium floc sizes at each of the
turbulence levels for two samples of sediments from the an-
oxic mud layer. These samples are collected from the same
place in the lake and are labelled as I and II. In all cases, the
sediment concentration in the jar is 0.19 g/l. Settling occurs
somewhere between G=11 and G=6 s−1 in anoxic mud layer
II, as in the oxic layer experiments. However, in anoxic mud
layer I, settling occurs already between G=23 and G=11 s−1.
This settling is characterized by a 75 % decrease in volume
concentration and a 200 % increase in specific surface area of
the remaining particles. The settling between 6 and 11 s−1 is
characterized by an 85 % decrease in volume concentration
and a 600% increase in specific surface area. Settling between
23 and 11 s−1 suggests that sediments from the anoxic mud
layer build up heavier flocs than sediments from the oxic
layer. As the size of flocs from the oxic layer and anoxic layer
are similar, this settling suggests a higher floc density for the
anoxic mud layer. Figure 12 shows the measured obscuration
for sediments from the anoxic mud layer. The obscuration by
sediments from the anoxic mud layer ranges between 6 and
11 % and is approximately three times larger than the obscu-
ration by sediments from the oxic layer (typically 1.5 to
2.5 %). This may be caused by the larger proportion of small
particles present in the anoxic layer. Obscuration increases
with increasing floc sizes over the first three measurements.
This is attributed to measurement errors, in particular to a too
short elapsed time for heating up the laser. After this initial
increase, obscuration decreases with increasing floc sizes and
for the rest of the experiment.

Overall, it can be concluded that in the Markermeer sedi-
ments mobilized from the bed can flocculate, attaining an
equilibrium floc size which is a function of the turbulence
level. These results are in agreement with the results of Mietta
et al. (2009a) and Verney et al. (2011), who also found floc
sizes adjusting to the turbulence level and never exceeding the
Kolmogorov micro-scale. Sediments from the oxic layer and
from the anoxic mud layer attain similar equilibrium sizes at
all studied Gs, with settling occurring somewhere between
G=11 and G=6 s−1 in most cases. In one experiment, sedi-
ments from the anoxic layer settled somewhere between G=
23 and G=11 s−1, which means settling at a higher turbulence
level and which is attributed to a higher density of flocs from
the anoxic layer. Mietta (2010) performed the same floccula-
tion experiments but with Silica particles and found settling at
every G smaller than 35 s−1. Moreover, Mietta et al. (2009b)
also found settling of kaolinite suspensions of 0.135 g/l be-
tween G=23 and G=11 s−1 or between G=11 and G=6 s−1,
depending on the electrokinetic properties of the suspension
and the consequent ability of the flocs to form lighter or denser
aggregates. In addition, Mietta et al. (2009a) also performed
this flocculation experiment with Western Schelde mud and
measured settling only between G=6 and G=11 s−1. Finally,
sediments from the anoxic mud layer produce a three-time
larger obscuration than sediments from the oxic layer. The
latter is attributed to the larger proportion in which the fine
fraction is present in the anoxic layer. Moreover, for sediments
suspended from the bed (oxic and anoxic), obscuration de-
creases as floc size increases.

3.2 Behaviour of algae in the small-scale flocculation
experiment

To investigate the effect of algae on flocculation, the behav-
iour of a suspension of algae is studied first. Two species of

Fig. 11 Equilibrium floc size as a function of turbulence shear rate for
sediments from the anoxic mud layer. The sediment concentration is
0.19 g/l in all cases

Fig. 12 Measured obscuration for sediments from the anoxic mud layer.
The first measurements were carried out at the largest turbulence shear
rate, whereas the last measurements were done at the smallest turbulence
shear rate, with all the intermediate turbulence levels lying in between
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(blue-green) algae are studied: Aphanizomenon sp. and
Aphanotece sp. Both species are common in the
Markermeer. Aphanizomenon forms filaments consisting
of a varying number of cells. Aphanotece cells are
found in mucilaginous colonies of irregular shape. Fig-
ure 13 shows microscope images of the two species.
Figure 14 shows the equilibrium size that Aphanotece
colonies attain as a function of the turbulence level. The
concentration of Aphanotece is 5×105 cells/ml, which is
a representative of field conditions in the Markermeer.
The size of Aphanotece colonies varies substantially
within every measurement, but the average size is al-
ways between 250 and 300 μm. The colonies do not
seem to grow or aggregate, and the observed average
size of the colonies is not a function of the turbulence
level. This is an important difference to sediments from
the bed. Furthermore, Aphanotece colonies remain in
suspension even at the lowest studied G, which is at-
tributed to the ability of this alga to float. The obscu-
ration caused by the Aphanotece colonies varies around
0.05 %, and only few measurements reach 0.1 %. This
is one to two orders of magnitude smaller than the
obscuration caused by bed sediments, indicating very
different light adsorption and light diffraction properties.

Figure 15 shows the size that Aphanizomenon fila-
mentous as a function of the turbulent shear rate in
the jar. The concentration of Aphanizomenon is 5×
103 filaments/ml. The latter, assuming a cell size of
10 μm and an average length of filamentous of about
80 μm, results in a concentration of 4×104 cells/ml. In
the Markermeer, the concentration of Aphanizomenon is
2×104 cells/ml. According to Fig. 15, the equilibrium
size of the filaments seems to vary between 7 and 9 μm
independent of shear rate. However, the largest filamen-
tous in Fig. 13 are about 1 mm long. To explain this
disagreement, Fig. 16 shows the evolution of D50 during
the flocculation experiment. The first sizes measured in
the experiment indicated a D50 varying between 40 and
60 μm, with D90 reaching occasionally 1000 μm. Thus,
the first measurements are in agreement with the sizes
observed in Fig. 13. Apparently, the high initial turbu-
lent shear breaks the initially large filamentous into
pieces of about 10 μm. These pieces do not aggregate
during the rest of the experiment. The obscuration by
Aphanizomenon ranges between 0.3 and 0.35 %, much
larger than for Aphanotece, owing to their smaller size
(filaments are smaller than colonies).

Fig. 13 Left panel: several cells
of Aphanizomenon just before
being used in the flocculation
experiment. Right panel:
Aphanotece colony

Fig. 14 Aphanotece colony size as a function of turbulence shear rateG,
at a concentration of 5×105 cells/ml

Fig. 15 Equilibrium size of Aphanizomenon filamentous as a function of
turbulence shear rate and at a concentration of 1.3×105 cells/ml
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3.3 Flocculation between bed sediments and algae. Effect
on floc properties and light climate as a function
of combined type of algae

Figure 17 shows equilibrium floc sizes as a function of turbu-
lent shear rate for a mixture of Aphanotece colonies and sed-
iments from the oxic layer. This figure provides a number of
important observations:

1. Settling occurs between 11 and 23 s−1. For sediments
from the oxic layer (see Fig. 7), settling occurs between
6 and 11 s−1, whereas for Aphanotece colonies (see
Fig. 14), no settling occurs.

2. For G>11 s−1, the size of the biotic-abiotic aggregates in
Fig. 17 is larger than the size of the flocs from the oxic
layer (see Fig. 7).

3. For G>23 s−1, the size of the biotic-abiotic aggregates in
Fig. 17 is smaller than the size of Aphanotece colonies
(see Fig. 14) and follows the Kolmogorov micro-scale.

Fig. 16 Measured size of Aphanizomenon filamentous over the
flocculation experiment

Fig. 17 Equilibrium floc size as a function of turbulence shear rate for a
mixture of sediments from the oxic layer and Aphanotece colonies. The
suspended sediment concentration is 0.19 g/l, and the concentration of
Aphanotece is 5×105 cells/ml (compare with Figs. 7 and 14)

100 µm

100 µm

Fig. 18 Upper panel: image of a floc from the oxic layer (no algae
present). Lower panel: image of a floc obtained after the flocculation
experiment in which Aphanotece colonies and sediment from the oxic
later are mixed

Fig. 19 Measured obscuration for a mixture of Aphanotece colonies and
sediments from the oxic layer. The first measurements were performed at
the largest turbulence shear rate, whereas the last measurements were
done at the smallest turbulence shear rate, with all the intermediate
turbulence levels in between (compare with Fig. 9)
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4. For G<23 s−1 (after settling), the size of the particles in
Fig. 17 is six to seven times smaller than the size of
Aphanotece colonies (see Fig. 14).

5. For G<23 s−1, the size of the error bars for the measure-
ments in Fig. 17 is smaller than for Aphanotece colonies
(see Fig. 14). Colonies always vary largely in size within
one measurement, whereas the particles remaining in sus-
pension in Fig. 17 do not vary in size.

These observations suggest that (almost) all Aphanotece
cells are bound to the flocs, resulting in organic-inorganic
aggregates. This is in agreement with the work of Verspagen
et al. (2006), who reported aggregation of clay particles and
algae individuals at the laboratory, as well as with other field
and laboratory measurements in which biological aggregation
of cohesive sediments was confirmed (Fugate and Friedrichs
2003; Van der Lee 2000a; Verney et al. 2011). The observed
organic-inorganic aggregates are larger than the flocs from the
oxic layer (observation 2) and smaller (but heavier) than
Aphanotece colonies (observation 3) and settle at higher tur-
bulence than any of the individual components (observation
1). After settling, the particles remaining in suspension are
much smaller than the Aphanotece colonies (observation 4)
and vary little in size (observation 5).

The aggregates resulting from this flocculation experiment
were studied under the microscope upon finalization of the
experiment, confirming that neither colonies of Aphanotece
nor individual Aphanotece cells were found in any of the
studied samples. The upper panel in Fig. 18 shows a floc from
the oxic layer, whereas the lower panel in Fig. 18 shows a floc
resulting from the Aphanotece and oxic layer experiment, a
compound floc. The structure of the compound floc seems
similar to the structure of the mineral floc. Given a similar
structure, it is reasonable that larger flocs settle at a higher
turbulence level (observation 1). Moreover, there does not
seem to be a mainly organic region or a mainly mineral region
in the combined floc, but all material seems to be mixed. The
images in Fig. 18 suggest that the mechanism behind the floc-
culation between Aphanotece and minerals is the embedment
of the algae cell-individuals into the mineral floc structure.

This embedment is likely to be promoted by polysaccharides
excreted by the algae.

Until settling, the average equilibrium size of the combined
flocs follows but exceeds the Kolmogorov micro-scale, prob-
ably because of the polysaccharides providing a stronger bond
between the individual particles in the aggregate and therefore
increasing the yield stress of the floc. This is in agreement
with other results reported in literature, in which very large
aggregates in presence of algae are described (Fugate and
Friedrichs 2003; Lunau et al. 2006; Van der Lee 2000a). Set-
tling is characterized by a decrease of 75 % in the volume
concentration and an increase of 270 % in specific surface
area. Figure 19 shows the obscuration of a mixture of sedi-
ments from the oxic layer and Aphanotece colonies. This ob-
scuration is in the same range as for the sediments from the
oxic layer. However, the obscuration caused by the particles
remaining after settling (25 % in volume) is around 1.5 %;
whereas for sediments from the oxic layer, this is less than
0.5 %. The latter implies that a larger amount of inorganic
fines remain in suspension after settling of the organic-
inorganic aggregates. Presumably, some fines cannot

Fig. 20 Summary of flocculation
process between sediment from
the oxic layer and Aphanotece
colonies. All Aphanotece cells are
bounded to the flocs, which have
a similar structure to the inorganic
flocs. Flocs grow as G decreases,
until settling occurs. Only bed
sediments are left behind in the
water column

Fig. 21 Equilibrium floc size as a function of turbulence shear rate for a
mixture of sediments from the oxic layer and Aphanizomenon
filamentous. The suspended sediment concentration is 0.19 g/l, and the
initial concentration of Aphanizomenon is 5×103 filamentous/ml
(compare with Figs. 7 and 17)
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flocculate with the large flocs because of the presence of the
algae cells and are therefore left behind after settling.

Figure 20 shows an illustration summarizing the floccula-
tion process between sediments from the oxic layer and
Aphanotece colonies. Flocculation between Aphanotece colo-
nies and sediments from the oxic layer results in all
Aphanotece cells bounded to the flocs, with a structure similar
to an inorganic floc. Flocs grow as G decreases, until settling
occurs. After settling, only bed sediments are left behind in the
water column.

Next, the results of the flocculation experiments be-
tween sediments from the oxic layer and Aphanizomenon
f i lamentous are shown. A concentrat ion of 5 ×

103 filaments/ml is used. After the experiment, counting
of Aphanizomenon filamentous revealed that their concen-
tration dropped to 3.9×103 filaments/ml. It is assumed
that the remaining 1.1×103 filaments/ml became part of
the organic-inorganic aggregates during the flocculation
experiment. Note that break-up of filaments was not ob-
served when accompanied by mud in the water column.
Figure 21 shows equilibrium floc size as a function of
turbulent shear rate for a mixture of sediments from the
oxic layer and Aphanizomenon filamentous. Figure 22
shows the evolution of the measured D50 over the com-
plete flocculation experiment, with G at every measure-
ment. The first measurements show a D50 of suspended
particles of about 30 μm, and after which, D50 increases
with time until reaching an equilibrium floc size of about
90 μm for G=65 s−1. Afterwards, the floc sizes only in-
crease by 10 μm over the rest of the experiment. This is a
much smaller increase than in any of the other studied
cases.

At the beginning of the experiment, only primary parti-
cles are present (30 μm), and the concentration of these
particles, assuming a density between 1.1×103 and 1.2×
103 kg/m3 (Droppo et al. 2000), is of about 11.5×103 to
12.5×103 particles/ml. This is 2.5 times larger than the ini-
tial concentration of Aphanizomenon filaments. After floc-
culation, a floc size of about 90 μm is attained, and thus, the
concentration of mineral flocs, given a constant density of
flocs of 1.1×103 to 1.2×103 kg/m3, becomes 0.5×103 floc/
ml, which is eight times smaller than the concentration of
algae filaments at the end of the experiment. At this point,
further flocculation does not seem to occur. The latter is
because the drop in Aphanizomenon concentration during
the experiment is believed to be caused by flocculation with
inorganic fines, and thus, 1.1 × 103 filaments/ml of
Aphanizomenon belong now to the 0.5×103 floc/ml
existing in the suspension (i.e. two algae filaments per floc)
and so do the polysaccharides excreted by the algae. There-
fore, it is presumed that steric repulsion happens between
the organic-inorganic flocs (i.e. including its polysaccha-
rides) and the remaining suspended filamentous, preventing
further flocculation during the rest of the experiment
(Hiemenz and Rajagopalan 1997).

Figure 23 shows the obscuration caused by a mixture of
sediments from the oxic layer and Aphanizomenon filamen-
tous. Obscuration increases from 2.5 to 5 % while D50 in-
creases from 30 to 100 μm (at G=65 s−1). After 100 μm is
reached, obscuration decreases by 0.5 %. The increase in ob-
scuration for increasing sizes is remarkable, since sediments
from the oxic layer produce smaller obscuration for increasing
sizes (see Fig. 9). The fact that flocs absorb and/or scatter light
in a different way suggests that they have a different structure.
It is possible that this difference in structure is created by the
aggregation of filamentous.

Fig. 22 Evolution of the measured D50 during the flocculation
experiment for a mixture of sediments from the oxic layer and
Aphanizomenon filamentous. The suspended sediment concentration is
0.19 g/l, and the concentration of Aphanizomenon is 5×103 filaments/ml

Fig. 23 Measured obscuration for a mixture of Aphanizomenon
filamentous and sediments from the oxic layer. The first measurements
were performed at the largest turbulence shear rate, whereas the last
measurements were done at the smallest turbulence shear rate, with all
the intermediate turbulence levels in between (compare with Figs. 10 and
19)
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Figure 24 shows an illustration summarizing the floccula-
tion process between Aphanizomenon filamentous and miner-
al flocs from the oxic layer. Flocculation occurs initially be-
tween the sediments from the oxic layer and the filaments.
After a certain size is attained, the number of filaments largely
exceeds the number of flocs, and steric repulsion does not
allow for further flocculation between filaments and floc. This
results in a turbid suspension with a large number of small
particles.

Summarizing, sediments mobilized from the bed and water
column algae can flocculate. This flocculation affects the
properties of the original flocs, as well as the light climate in
the water column. This effect of mutual flocculation with al-
gae on the floc properties was also suggested by Sanford et al.
(2001), Fugate and Friedrichs (2003) and Mikkelsen (2002).
Moreover, the properties of these compound flocs depend
strongly upon the type of algae. When combined with
Aphanotece colonies, suspended sediments attain larger equi-
librium sizes and settle earlier. On the other hand, when com-
bined with Aphanizomenon filamentuos, flocculation is limit-
ed by steric repulsion and abundance of filaments, resulting in
smaller floc sizes. Furthermore, a different floc structure is
suggested, which increases the light attenuation for increasing

floc sizes. Finally, it has been demonstrated that flocculation
with diatoms may also affect the light climate, as in the case of
Aphanizomenon, where flocculation with bed sediments dou-
bles the obscuration.

3.4 Measurements of the flocculation rate

Figure 25 shows flocculation rates for sediments from
the oxic layer and from the anoxic muddy layer, at
0.19 g/l concentration. The x-axis represents the turbu-
lent shear rate G at which flocculation is measured. The
y-axis represents the flocculation rate, which is defined
as ΔD50/D0Δt, where D0 is the size of the flocs at the
beginning of each G. Table 3 indicates these initial floc
sizes. Flocculation rates measured at G=65 s−1 are one
order of magnitude larger than the rest of the floccula-
tion rates. This is expected, since the flocculation rate is
very high when the floc size is close to the size of the
primary particles (Mietta 2010). During the first phase
of the flocculation process, aggregation dominates, and
the largest flocs at the given conditions are formed.
Later, break-up becomes more important preventing the
largest flocs from continuing to grow, while further

Fig. 24 Summary of the flocculation process between Aphanizomenon
filamentous and sediments from the oxic layer. Flocculation occurs
initially between the sediments from the oxic layer and the filaments.

After a certain floc size is attained, the larger amount of filaments
relative to the number of flocs and steric repulsion do not allow for
further flocculation

Fig. 25 Flocculation rate as a
function of G, for sediments from
the oxic layer and for sediments
from the anoxic muddy layer
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aggregation yields an increase in the size of the smallest
flocs (Mietta 2010). The flocculation rate in this last
part of the process is small (Winterwerp 2002;
Winterwerp 1998). The flocculation rate appears to de-
crease with G until G=23 s−1, beyond which an in-
crease in flocculation rate is measured. This is because
settling occurs between G=23 and G=11 s−1, leading to
a different composition of the suspension with a de-
creased number of particles and with relatively more
fines and therefore to a faster flocculation rate. Before
settling, the flocculation rate can be approximately pre-
dicted as:

dD

dt
¼ D−D0

T f

dD
.
D0

dt
¼

D−D0ð Þ
.
D0

T f

ifD≫D0,Tf=kAcGD0 (Winterwerp 1998). Thus,

dD
.
D0

dt
¼ D−D0ð ÞkAcG

dD

.
D0

dt

������
G¼G1

dD

.
D0

dt

������
G¼G2

¼ D1−D0ð ÞG1

D2−D0ð ÞG2

Where:

D size of the flocs
D0 size of the primary particles
kA aggregation coefficient (kg/m2), and
c sediment concentration (kg/m3)

For example, one of the measured flocculation rates at G=
47 s−1 is of about 0.05 h−1; which, given the initial floc size at
G=47 s−1, 137 μm, and the final floc size at G=33 s−1,
150 μm, results in a prediction of a flocculation rate of
0.03 h−1, which is in the measured range.

Figure 26 shows flocculation rates for a mixture of sedi-
ments from the oxic layer and Aphanotece colonies, as a func-
tion of G. The concentration of sediments from the oxic layer
is 0.19 g/l, and the concentration of Aphanotece is 5×
105 cells/ml. A mixture of sediments from the oxic layer and
Aphanotece colonies yields a flocculation rate larger than the
flocculation rate of sediments from the oxic layer. Unfortu-
nately, the flocculation rate of this mixture is measured forG=
23 s−1 only. Literature also provides examples of increased
flocculation rates because of aggregation with algae, in partic-
ular those of Verney et al. (2009) and van Leussen (1994).

Figure 27 shows flocculation rates for a mixture of sedi-
ments from the oxic layer and Aphanizomenon filamentous, as
a function ofG. The concentration of sediments from the oxic
layer is 0.19 g/l, and the concentration of Aphanizomenon is
5×103 filaments/ml. The measured flocculation rates are in
the range of those measured for bed sediments only but a bit
larger. This is expected, since the organic-inorganic flocs that
Aphanizomenon form consist mostly of mineral material (1×

Fig. 26 Flocculation rate as a
function of G, for a mixture of
sediments from the oxic layer and
Aphanotece colonies. Sediment
concentration is 0.19 g/l, and
concentration of Aphanotece is
5×105 cells/ml

Table 3 Initial floc sizes for each of the studied Gs

G=65 s−1 G=47 s−1 G=30 s−1 G=23 s−1 G=11 s−1 G=6 s−1

Order First Second Third Fourth Fifth Sixth

Initial size
of flocs

Primary
particles

Equilibrium floc
size from G=65 s−1

Equilibrium floc
size from G=47 s−1

Equilibrium floc
size from G=30 s−1

Equilibrium floc
size from G=23 s−1

Equilibrium floc
size from G=11 s−1
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106 filaments in 0.5×106 flocs), and thus, they are formed at a
similar rate as mineral flocs until algae filaments are added to
the floc and steric repulsion occurs.

4 Conclusions

The loose bed sediments in the Markermeer form an anoxic
layer with a mean thickness of about 10 cm, with a consider-
able variation in thickness though. On top of this anoxic layer,
an oxic layer fewmillimetres thick is formed.Whenmobilized
from the bed and suspended in the water column, these sedi-
ments can flocculate, with equilibrium floc sizes following the
Kolmogorov micro-scale. However, in practice, a limited res-
idence time in the water column may result in settling of the
flocs prior to attaining an equilibrium size. Flocs consisting of
sediments from the oxic layer are less dense than flocs of
sediments from the anoxic mud layer and induce a three-
time smaller obscuration. The latter is attributed to the larger
proportion of fines in the anoxic layer. Therefore, erosion of
the anoxic layer will induce a higher turbidity in the water
column. This is in agreement with observations of higher tur-
bidity after storms, when the anoxic layer is brought into sus-
pension, and turbidity levels increase disproportionally be-
yond the background turbidity in the lake, induced by the
frequent re-suspension of the oxic layer.

Colonial algae group to form colonies, but their size ap-
pears not to be influenced by the turbulence field in the water
column. Moreover, the size of these colonies varies substan-
tially over the measurements. On the other hand, filamentous
algae do not aggregate mutually but break up as a result of
intense turbulent agitation. It is hypothesized that this break-
up does not occur when accompanied by fines in the water
column. Nevertheless, the stresses at which this break-up
would happen do not occur in the field. Both algae species
produce, at their field concentrations, an obscuration much
smaller than the obscuration caused by suspended bed sedi-
ments at its field concentration.

Together in the water column, sediment mobilized from the
bed and algae can flocculate, resulting in the formation of
biotic-abiotic aggregates. The characteristics of these aggre-
gates are a function of the type of algae and the environmental
conditions. Moreover, the dynamics of flocculation and the
impact of flocculation on the environment (e.g. turbidity)
may vary as a function of the type of algae as well. In the case
of the colonial algae, the biotic-abiotic aggregates are larger
than those consisting of inorganic sediments only, possibly
because of the increase in floc strength by polysaccharides
produced by the algae. Furthermore, we presume that these
polysaccharides are also responsible for the larger flocculation
rate. In the case of filamentous algae, biotic-abiotic flocs con-
sist mainly of fines and few (one to three) filaments. Flocs
grow at the rate at which inorganic flocs grow, until a certain
size. Then, flocculation stops because of the large amount of
filaments around the flocs (the concentration of filaments is
eight times larger than the concentration of flocs) and because
of steric repulsion between filaments and flocs. Note that ste-
ric repulsion is caused by the presence of few filaments in
every floc. Additionally, the obscuration by flocs composed
of oxic layer sediments and filaments is twice the obscuration
by sediments from the oxic layer alone. This is partly ex-
plained by steric repulsion which prevents filaments and
organic-inorganic flocs to further flocculate, leaving a large
number of small particles in the water column. Moreover, it
appears that mutual flocculation between filaments and bed
sediments also increases the obscuration of the suspension.

The present understanding of the fine sediment dynamics in
the Markermeer predicts that the light climate in the lake is a
function of fines re-suspended from the bed. However, the re-
sults presented here also suggest that the interaction/
flocculation of bed sediments with various types of blue-
green algae in the lake plays an important role. A more detailed
study of diatom characteristics and their distribution in the
Markermeer is required to fully understand the light climate
and turbidity patterns in the lake. Furthermore, the settling of
all Aphanotece colonies from the water column has important

Fig. 27 Flocculation rate as a
function of G, for a mixture of
sediments from the oxic layer and
Aphanizomenon filamentous.
Sediment concentration is 0.19 g/
l, and the concentration of
Aphanizomenon is 5×
103 individuals/ml
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implications for the ecology of the lake, withdrawing a relevant
amount of nutrients from the food chain of the lake. Note that
without the presence of suspended bed sediments, settling of
Aphanotece colonies does not occur at any of the studied tur-
bulence fields, and thus, colonies would always be available to
be eaten by the zooplankton. Finally, we also presume that the
aggregation of algae with fines constitutes an obstacle for the
feeding of mussels and other filter feeders in the lake. The latter
is because when aggregated to fines, algae belongs to a much
larger and more consistent structure than when isolated from
fines, causing a decrease in the efficiency with which filter
feeders process the aggregates and feed from the algae.
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