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Abstract The Markermeer is a large and shallow man-made
freshwater lake in the Netherlands, characterized by its high
turbidity. As part of a study aiming to mitigate this high
turbidity, we studied the water–bed exchange processes of
the lake’s muddy bed. The upper centimeter’s–decimeter’s
of the lake bed sediments mainly consists of soft anoxic
mud. Recent measurements have proved the existence of a
thin oxic layer on top of this soft anoxic mud. This oxic layer,
which is much easier to be eroded than the anoxic mud, is
believed to be related with Markermeer’s high-turbidity
levels. Our hypothesis is that the thin oxic layer develops from
the anoxic mud, enhanced by bioturbation. Actually, we will
demonstrate that it is the bioturbated state of the bed that
increases its erodability, and not the oxidation state of the
sediments. In particular, we will refer to bioturbation caused
by meiobenthic fauna. The objective of this study is therefore
to determine the influence of the development of the thin oxic
layer on the water–bed exchange processes, as well as to
establish the role of bioturbation on those processes. This is
done by quantifying the erosion rate as a function of bed shear

stresses, and at different stages of the development of the oxic
layer. Our experiments show that bioturbation increases the
rate at which Markermeer sediments are eroded by almost an
order of magnitude. The short-term fine sediment dynamics in
Markermeer are found to be driven by the complex and highly
dynamic interactions between physics, chemistry, and biolo-
gy. Finally, the long-term fine sediment dynamics are driven
by the erosion of the historical deposits in the lake’s bed,
which is only possible after bioturbation, and which leads to
an increase of the stock of sediments in the lake’s muddy bed.

Keywords Cohesivesediments .Markermeer .Bioturbation .

Erodibility

1 Introduction

The Markermeer is a large man-made freshwater lake located
in the center of the Netherlands. Together with the northern
IJsselmeer it is one of the largest natural freshwater reservoirs
of Europe. This area is known as the IJsselmeer Region. The
average suspended sediment concentration in the Markermeer
is about 50 mg/l near the surface. During storms, the sediment
concentration increases to a level of about 100 mg/l or more
(Van Kessel et al. 2008). It is assumed that the turbidity in the
Markermeer started to increase after the lake’s closure in 1975.
However, there is no clear increasing trend in turbidity be-
tween 1982 and today (Vijverberg et al. 2011). During the last
decades, the lake has experienced a decrease in ecological
values (Noordhuis and Houwing 2003; van Eerden and van
Rijn 2003). The reasons for this ecological deterioration are
still uncertain. However, fine sediments are considered to be
an important stress factor for the ecosystem of the lake.
Furthermore, water quality problems are also related to sedi-
ment composition and transport in the Markermeer (Van Duin
1992). Therefore, fine sediments in the system seem to be a
key factor in explaining the negative trends in the ecosystem
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over the last decades. As part of a study that aims to mitigate
Markermeer’s high turbidity, we studied the water–bed ex-
change processes of the lake’s muddy bed.

Lake Markermeer did not exist before the twentieth centu-
ry. The IJsselmeer Region was then the Zuiderzee, a shallow
inlet from the North Sea of about 5,000 km2. During the
Zuiderzee era, when the whole region was still a large estuary,
there was a net landward fine sediment flux, caused by tide
and estuarine circulation. Thick layers of clay and loam were
deposited as a result of this flux, and given certain favorable
local conditions (e.g., sheltered areas). Then, in the twentieth
century, the Zuiderzee works took place, and the morphology
of the region changed entirely. Figure 1 shows the current
configuration of the IJsselmeer Region. Markermeer was cre-
ated at the head of the old sea inlet, with finer bottom sedi-
ments and smaller depths than the northern IJsselmeer. The
closure and the disconnection from the sea led to changes in
the hydrodynamics of the system. The dike separating the
lakes, known as the Houbtrijdijk, does not allow fine sedi-
ments to be transported out of Markermeer.

TheMarkermeer is a shallow lake, with a mean water depth
of 3.6 m. About 90 % of the lake has a water depth between 2
and 5 m (Vijverberg 2008). The total surface of water, includ-
ing Lake IJmeer, is 691 km2 (Coops et al. 2007). The volume
of stored water is about 2.5 109 m3 (Van Duin 1992). The
residence time ranges between 6 and 18 months (Vijverberg
2011). The large-scale flow pattern in Markermeer is mainly

dominated by wind, inducing horizontal circulations
(Vijverberg 2011). These circulations may have opposite di-
rections in the surface and near the bottom, which results in a
complex 3D flow pattern (Vijberverg 2011). Different large-
scale circulation patterns can occur depending on wind direc-
tion (van Kessel et al. 2008). This water circulation is respon-
sible for the fine sediment dispersion over the system. Wind
also generates waves, which, together with currents, induce
bed shear stresses that may resuspend sediments from the bed
of the lake. The relationship between wind speed and
suspended solids in the Markermeer is shown in Fig. 2.
Wind-induced waves may have a more important effect on
re-suspension of sediments from the bed than wind-induced
currents in the Markermeer (Royal Haskoning and Delft
Hydraulics 2006).

Figure 3 shows a schematic illustration of the sediment
layers in the bed of the Markermeer. The upper sediment layer
in the bed is a very thin oxic layer. It is well known that thin
oxic layers on a mud surface exert a pronounced influence on
the exchange of substances across the mud–water interface
(Mortimer 1942). In fact, erosion and deposition of the upper
oxic mud layer dominates the suspended sediment concentra-
tion in the water column (Vijverberg 2011). Thus, it is crucial to
quantify the erodability of this oxic layer, as well as to establish
the mechanisms behind it. A thicker soft anoxic mud layer is
present underneath the oxic layer. This anoxic mud is mobi-
lized during storm events only, while erosion of the oxic layer
can occur already at low wind speeds (e.g., Bft 3) (Vijverberg
2011). When the oxic layer is completely eroded from the bed,
a new, easily erodible oxic layer will develop from the more
stable anoxic layer. Our main hypothesis is that the mechanism
behind the development of the new oxic layer and consequent
increase in erodability is bioturbation. Diffusion of oxygen into
the anoxic layer is of course required for the oxidation of the
sediments, inducing the yellowish color. However, the in-
creased erodability of the oxic layer cannot be explained by
diffusion of oxygen into the sediments. Thus, we hypothesize
that bioturbation further enhances the development of the oxic

IJsselmeer

Markermeer

Closed in 1932

Closed in 1975

Fig. 1 The IJsselmeer region. The dikes are indicated in red. The dike
separating the IJsselmeer Region and the North Sea was finished in 1932.
The dike separating theMarkermeer and the IJsselmeerwas finished in 1975

Fig. 2 Relationship between wind speed and suspended solids in
Markermeer for temperatures above and below 15 °C (Noordhuis
2010). Note that temperature is most likely a proxy for winter
conditions—the larger values in wintertime are likely induced bymemory
effects of the large Markermeer sedimentary system
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layer, as well as increases its erodability. The aim of the study
described in this paper is to test this hypothesis.

Bioturbation includes the processes of feeding, burrowing,
and locomotory activities of sediment-dwelling benthos
(Fisher and Lick 1980), and severely affects sediment dynam-
ics (Le Hir et al. 2007). Bioturbators form an important
subgroup within benthic biota (Knaapen et al. 2003), which
can attain high densities in soft mud substrata (Pearson and
Rosenberg 1978). Previous researchers have measured the
effect of bioturbation in the erodibility of fine sediments
(Rhoads 1970; Willows et al. 1998; Widdows et al. 1998
and 2000; Amaro et al. 2007). Most of them used an annular
flume and characterized this erodability through the increase
in turbidity levels in the water column. Others have studied the
feeding mode and feeding rates of bioturbating fauna, and
have characterized their effect on the stratigraphy of the sed-
iment deposits (Davis 1974; Fisher and Lick 1980; van de
Bund 1994). We have measured the effect of bioturbation by
meiobenthic fauna on the erodability of sediments, but our
approach focuses on quantifying the erosion rate as a function
of bed shear stresses. These erosion rates were measured at
several times within the development of the thin oxic layer.

In this paper, we present the results of three groups of
experiments: groups I, II, and III. Each group of experiments
aims to address a particular research question. In group I, we
compare the erodibility of the oxic layer in a defaunated
sample with the erodibility of the oxic layer in a bioturbated
sample. Note that an oxic layer is expected to develop in the
defaunated sample due to diffusion of oxygen, while devel-
opment of the oxic layer in the bioturbated sample is expected
to be enhanced by the increase in porosity by bioturbation. In
group I, bioturbation was caused by all meiobenthic
bioturbators found in a fresh sample of Markermeer sedi-
ments. The research questions to be answered with group I
are the following: (1) Is bioturbation indeed an important
driver of the physico-chemical water–bed exchange processes

in the Markermeer, (2) Does oxidation of the sediments in-
crease their erodability or is bioturbation responsible for the
increase in erodability of the bed, and (3) Does the increase in
erodability by bioturbation (partly) explain the high turbidity
of the Markermeer. In groups II and III, we study the biotur-
bation effect of Tubifex only. Our sampling revealed that
Tubifex is an important meiobenthic bioturbator in the
Markermeer. At some locations, it was not the most abundant,
but it was present at all the locations we analyzed. In group II,
we studied the effect of bioturbation by Tubifex in two soft
anoxic mud samples: a surficial sample and a 10-cm deep
sample. The research questions to be answered with group II
are as follows: (1) What is the specific effect of Tubifex in the
bioturbation process and (2) Has the degree of consolidation
of the bed cause an impact in the effect of bioturbation.
Furthermore, group II aims to provide additional information
to contribute in answering research question (3) from group I.
Finally, in group III, we study the effect of bioturbation by
Tubifex in the Zuiderzee deposits. The research question to be
answered with group III is (1) If bioturbation of the Zuiderzee
deposits is possible, and, if so, what are the consequences of
this for the long-term sediment transport processes. The last
question will help in understanding the long-term sediment
transport processes is the lake, which are currently unknown.

2 Methods

Cylindrical bed cores were collected from the Markermeer.
The sampler was designed and constructed at Delft University
of Technology. The diameter of the cylinders is 0.1 m.Most of
the cores collected contained a thin oxic layer on top of the
soft anoxic mud, and with some Zuiderzee deposits at the
bottom of the core. The experimental treatment used in our
experiments is illustrated in the sequences shown in Fig. 4.
The upper sequence in Fig. 4 illustrate the treatment applied

Fig. 3 Schematic illustration of sediment layers in the bed ofMarkermeer. Themain processes affecting the dynamics of these layers are also sketched in
this Figure
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for all bioturbation experiments: firstly, we removed the thin
oxic layer from the surface of the soft anoxic mud. As a result,
the surface of the soft anoxic mud became smooth and
unbioturbated. The soft anoxic mud was then carefully ex-
truded from the sampling cylinder and placed in another
cylinder. The latter was designed to fit into the erosion device,
with 0.1-m diameter as well. The approximate height of the
extruded soft anoxic mud was 0.1 m. Secondly, an initial
erosion experiment was performed to the anoxic mud sample,
to characterize the erodibility of the not yet bioturbated sam-
ple. Thirdly, individuals of Markermeer meiobenthic
bioturbators were added to the sample, aiming to enhance
the development of an oxic layer. In group I, we added all
the meiobenthic bioturbators we found in a fresh sample. In
groups II and III, we added Tubifex only. All the meiofauna
was obtained by sieving fresh and oxic mud through 250- and
500-μm sieves. The cylinders were kept in a small chamber, in
which temperature and light conditions were controlled to
mimic field conditions. We chose 6 °C and no light exposure.
Incubated for n days, the upper part of the sample oxidized

and became bioturbated, forming a thin oxic layer on top of
the soft anoxic mud, upon which, fourthly, an erosion
experiment was executed. The erodibility of an n -days-old
thin oxic layer was thus characterized. After an erosion exper-
iment was finished, the thin oxic layer was removed, the
meiofauna in the thin oxic layer sieved and stored, and the
process was repeated from the first step. We performed ero-
sion experiments at n =2, 4, 6, and 8 days after the beginning
of the thin oxic layer development and bioturbation (the n of
each step is therefore 2 days higher than for the preceding
step). We will refer to these experiments as days 2, 4, 6, and 8,
respectively. The lower sequence in Fig. 4 illustrate the treat-
ment applied to the defaunated sample in group I. In this case,
the sample was first defaunated by sterilization with gamma
rays at the Nuclear Reactor Institute Delft. This gamma ray
treatment ensured the absence of fauna in the sample.
Bioturbators were never added to this defaunated sample.
The experiments in group I were executed in the following
order: days 4, 2, 8 and 6. In groups II and III, the sequence was
as follows: days 2, 4, 6, and 8. Table 1 presents a summary of

Fig. 4 Upper sequence experimental treatment used in all samples where we studied the effect of bioturbation. Lower sequence experimental treatment
used in the defaunated sample
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all the experiments performed for all groups, specifying name,
bioturbator type, and bed material type for each of the exper-
iments. Note that for Group IIb, we used a soft anoxic mud
sample obtained by removing the upper 0.1 m of the core,
aiming to test bioturbation in a more consolidated bed.

To the bioturbated sample in group I, we added a specified
number of individuals of meiofauna to the first erosion exper-
iments. The survivors of the first experiment were added to the
second one, etc. In groups II and III, 11 individuals of Tubifex
were added at the beginning of every experiment.

The erosion experiments were performed with an UMCES-
Gust Erosion Microcosm System (Gust 1989 and 1990). This
microcosm was calibrated at Deltares, using sand of various
diameters and Shield/van Rijn’s erosion diagram (van Rijn
1984). The resulting calibration curve can be seen in Fig. 5.
The following nine bed shear stresses were applied at every
erosion experiment on Markermeer samples: 0.05, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 Pa. Every bed shear stress lasted
for 60 s. A so-called OSLIM turbidity meter was installed at
the suction outlet of the microcosm, with which the turbidity
of the out-flowing water was measured. The turbidity meter

was calibrated with samples at different concentrations of the
sediments to be studied. Eq. 1 shows how the eroded mass
was calculated from the turbidity data:

E ¼ c ⋅Q ⋅Δt ð1Þ

where E is the eroded mass (in grams), c is the sediment
concentration (in grams per liter) in the out-flowing water, Q
is the discharge (in liters per second) of water through the
suction outlet, andΔt (in seconds) is the interval between two
measurements of the turbidity meter. The erosion rate (in
grams per square meter per second) was then calculated by
dividing the eroded mass by the surface of the microcosm
section, and by the number of seconds within each bed shear
step. Thus, we obtained one erosion rate per applied bed shear
stress.

3 Results and analysis

3.1 Group I experiments

In this group of experiments, we studied the difference in
erodibility between a defaunated sample and a bioturbated
sample. The type of sediments studied was soft anoxic mud
in both cases. Several meiobenthic bioturbators fed and
burrowed in the bioturbated sample. These species were col-
lected from a fresh sample, and consisted of Hydrobia ulvae ,
Chironomid larvae, Nematoda , Ostracoda, and Tubifex . The
most abundant were Ostracoda and Tubifex . Figure 6 shows
the density of each of the species present in the fresh oxic
layer, as well as those that were found after every erosion
experiment. The density of animals after experiment day 6
was the lowest. The oxic layer thickness in the bioturbated
sample was 1 mm after 2 days, 1 mm after 4 days, 2 mm after
6 days, and 2.5 mm after 8 days. The thickness of the oxic
layer in the defaunated sample was 1 mm, remaining constant
thereafter. The oxic layer in the defaunated sample was
formed by diffusion of oxygen only. Figure 7a shows the
erosion rate as a function of the bed shear stress for the
bioturbated sample. The rate at which a 2-day-old oxic layer
erodes is higher than the erosion rate of the anoxic mud from
which the oxic material developed. This holds for six out of
the nine bed shear stresses applied. Please note that the erosion
rate under 0.8 Pa is smaller than the erosion rate under 0.5 Pa.
We elaborate on this inconsistency in the last chapter of this
paper. All erosion rates of the oxic layers are higher than the
erosion rate of the anoxic mud from which they developed.
The erosion rate of a 4-day-old oxic layer is higher than the
erosion rate of a 2-day-old oxic layer for four out of the nine
bed shear stresses, while these rates are almost similar for the
other five. However, the erosion rate of a 6-day-old oxic layer

Table 1 Summary of the characteristics of each group of experiments

Group Sample name Bioturbators Bed material

I Bioturbated Various Anoxic mud

I Defaunated – Anoxic mud

II Surficial Tubifex Anoxic mud

II 10-cm Deep Tubifex Anoxic mud

III Zuiderzee Tubifex Zuiderzee deposits

Fig. 5 Calibration curve of the UMCES-Gust Erosion Microcosm Sys-
tem. The error bars were calculated by using D10 and D90 (instead of
D50) for the calculation of the critical shear stress according to Shields/
van Rijn (van Rijn 1984)

Ocean Dynamics (2013) 63:1137–1150 1141



is higher than the erosion rate of a 4-day-old oxic layer only
for the 0.8 Pa test. This is probably caused by a high mortality
of meiofauna during the day 6 experiment. Finally, the erosion
rate of an 8-day-old oxic layer is higher than the erosion rate of
a 4-day-old oxic layer for the highest three bed shear stresses,
while similar for the other bed shear stresses.

Figure 7b shows the erosion rate as a function of the bed
shear stress for the defaunated sample. An oxic layer did
develop on the defaunated sample as well, but did not exceed
1-mm thickness. The erosion rate was always between 0 and
0.1 (in grams per square meter per second) at each bed shear
stress, and did not show any evolution over time. Furthermore,
the erosion rate of the anoxic layer was higher than the erosion
rate of the oxic layer for all the defaunated experiments. Thus,
oxidation of the anoxic layer by diffusion of oxygen does not
increase the erodibility of the bed in the range of bed shear
stresses we studied, but decreases it.

Figure 8a shows the cumulative eroded mass for all the
experiments on bioturbated samples, as well as for all the
anoxic samples from which they developed. The total eroded
mass (TEM) from a 2-day-old oxic layer is higher than the
TEM from the anoxic layer from which the oxic layer devel-
oped. Actually, the TEM from any of the oxic layers is higher
than the TEM from the anoxic layer from which they devel-
oped. The TEM from a 4-day-old oxic layer is higher than the
TEM from a 2-day-old oxic layer. However, the TEM from a
6-day-old oxic layer is smaller than the TEM from a 4-day-old
oxic layer, but still higher than the TEM from a 2-day-old oxic
layer. Finally, the TEM from an 8-day-old oxic layer is the
highest amongst the observations. Figure 8b shows the cumu-
lative eroded mass for all the experiments in the defaunated
sample. All TEM from oxic layers in Fig. 8b are smaller than
the TEM from the anoxic layers. The critical shear stress for
erosion can be defined as the stress at which the erosion curves
in Fig. 8a deviates from zero. According to that criterion, there
is not a clear effect of bioturbation on the critical shear stress
for erosion. Figure 9 gives an overview of the lower range of
erosion rates. Erosion rates in the range 10−3 to 10−2 g/m2s
occur at 0.05 Pa.

3.2 Group II experiments

In this group of experiments, we studied the individual effect
of Tubifex on the erodibility of Markermeer sediments. This
group is composed of two sub-experiments. For group IIa, we
used a surficial soft anoxic mud sample, while for group IIb,
we used a soft anoxic mud sample obtained by removing the
upper 0.1 m of the core. Both samples were extruded from the
same sediment core. The oxic layer thickness in group IIa was
1.2 mm after 2 days, 1.5 mm after 4 days, 2 mm after 6 days,

Fig. 6 Density of each specie present in the field oxic layer, as well as
after each of the erosion experiments within group I

Fig. 7 Comparison between erodibility of a bioturbated sample and
erodibility of a defaunated sample (group I). The left panel shows the
erodibility of a bioturbated sample as function of bed shear stress, and as a

function of the time since the bioturbation process started. The right
panel shows the erodibility of a defaunated sample as a function of bed
shear stress, and as a function of time since the oxidation process started
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and 2.5 mm after 8 days. The oxic layer thickness in group IIb
was 1 mm after 2 days, 1 mm after 4 days, 1.5 mm after
6 days, and 2 mm after 8 days. Figure 10 shows the erosion as
a function of bed shear stress in group II, as well as the
cumulative eroded mass for all the experiments in group II.
Figure 10a, b refers to group IIa, while Fig. 10c, d refers to
group IIb. Figure 10a, c shows that erosion rates increase with
increasing bioturbation time. However, there are some devia-
tions from that trend: the 8-day-old oxic layer in Fig. 10a and
the 6-day-old oxic layer in Fig. 10c. The erosion rates of these
layers deviate from the general pattern. For group I, the
highest erosion rates were found at the highest bed shear
stresses. This is not the case for group II. Most of the highest

erosion rates in Fig. 10a were found at bed shear stresses of
0.3 and 0.4 Pa. Thus, the bed shear stresses producing the
highest erosion rates in group I are not producing the highest
erosion rates in group II. We believe that this discrepancy
between groups I and II is related to the way through which
different species of meiofauna affects the bed characteristics:
the effect of Tubifex only is probably different from the effect
of the group of species in group I.

Figure 10b, d show the cumulative erodedmass in group II.
Again, the trend is clear: the longer the bioturbation time, the
higher the TEM. The 8-day-old oxic layer in Fig. 10b and 6-
day-old oxic layer in Fig. 10d are exceptions.

3.3 Group III experiments

In Group III, we studied the effect of Tubifex on the erodibility
of the Zuiderzee deposits. We presume that bioturbation of the
Zuiderzee deposits is only possible when oxygen is available
at its surface, and therefore when this surface is not covered by
anoxic mud. The oxic layer thickness in the sample was 1 mm
after 2 days, 1.5 mm after 4 days, 1.5 mm after 6 days, and
2 mm after 8 days. Figure 11a shows the erosion rate as a
function of bed shear stress in group III, while Fig. 11b shows
cumulative eroded mass for all the experiments in group III.
The erosion rate increases as a function of bioturbation time at
most of the bed shear stresses. The highest increase in erosion
rate over time can be observed at 0.3 Pa. Please note that the
vertical scale in Fig. 11a is twice the vertical scale of Figs. 7
and 10a, c. The vertical scale in Fig. 11b is also three times
larger than the vertical scale in Figs. 8 and 10b, d. Figure 11b
shows that the TEM increases as a function of the bioturbation
time as well. The TEM of a non-bioturbated Zuiderzee bed is

Fig. 8 Cumulative eroded mass (group I). The left panel shows the cumulative eroded mass of the bioturbated sample. The right panel shows the
cumulative eroded mass of the defaunated sample

Fig. 9 Erodibility of a bioturbated sample as function of bed shear stress
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never higher than 0.02 g. This is the lowest TEM measured
among all the experiments presented in this paper. However,
after 8 days of bioturbation, the TEM on a Zuiderzee bed is in
the range of the TEM of a non-consolidated anoxic bed. The
critical shear stress for erosion of a non-bioturbated Zuiderzee
bed cannot be clearly identified in the range between 0 and
0.8 Pa, while all the bioturbated Zuiderzee beds showed a
critical shear stress for erosion of 0.2 to 0.3 Pa.

4 Discussion

In the defaunated sample, unstirred by bioturbation, a thin
oxic layer develops within a day, due to the diffusion of

oxygen into the sediments. The thickness of this oxic layer
is approximately 1 mm, and remains constant over time be-
cause of oxygen consumption within the bed. With bioturba-
tion, the bed is disrupted by channels, burrows, and pelletiza-
tion, increasing the bed’s water content. Oxygen can therefore
penetrate further, and thus, the oxic layer thickness increases
over time, well beyond the thickness of the oxic layer in the
defaunated sample. The strength of the thin oxic layer in the
defaunated sample is slightly higher than the strength of the
anoxic mud from which the thin oxic layer developed. The
observed small increase of bed strength upon oxidation of
sediments in the defaunated sample can be explained by a
cementation effect caused by the formation of Fe+++, which
may form rust (Fe2O3), bog-ore (Fe(OH)3), and/or various

Fig. 10 Erosion rate as a function of bed shear stress, and cumulative
eroded mass (group II). a Erodibility of the surficial anoxic sample as
function of bed shear stress and as a function of the time since the
bioturbation process started. b Cumulative eroded mass as a function of
experiment time and as a function of the time since the bioturbation

process started. c Erodibility of the 0.1-m deep anoxic sample as a
function of bed shear stress and as a function of time since the bioturba-
tion process started. d Cumulative eroded mass as a function of experi-
ment time and as a function of the time since the bioturbation process
started

1144 Ocean Dynamics (2013) 63:1137–1150



forms of FeOOH (Dniker et al. 2003; Ivanov and Chu 2008).
With bioturbation, erodibility increases as a function of bio-
turbation time, due to disturbance of the bed, but not because
of changes in chemical sediment properties. Actually, in the
case of bioturbation, there should also be iron oxide forma-
tion, since bioturbation also causes oxidation. However, the
bioturbation disturb the sediment network continuously in a
shorter time scale, so that reinforcement by iron oxides is not
possible. Therefore, it has been demonstrated that bioturbation
drives the physico-chemical water–bed exchange processes,
increasing erodability of the bed and oxic layer thickness as a
function of bioturbation time. Oxidation of the sediments in
the bed itself does not increase the erodability of the bed under
the range of bed shear stresses we studied, and, therefore,
bioturbation must be the only driver of the increased
erodability of the bed. Furthermore, there are also important
consequences to the system to be highlighted: without biota
effects, significant erosion of the bed may only occur at bed
shear stresses much higher than 0.8 Pa. How much higher
cannot be deduced from the experiments presented in this
paper. Wind speeds ranging from 10 to 13 m/s (depending
on wind direction) would be needed to reach a 0.8-Pa bed
shear stress in the middle of the lake (van Kessel et al. 2008).
Wind speeds exceeding 10m/s were recorded 11% of the time
during 2010 in the middle of the Markermeer. In that way, we
would have erosion of the bed only 11 % of the time, whereas
the lake is actually characterized by a highly turbid state.
Therefore, bioturbation is an important mechanism behind
the high turbidity in Markermeer.

The erodibility of the group IIa-bioturbated oxic layers is
higher than the erodibility of the group IIb-bioturbated oxic
layers. Furthermore, the erodibility of the group IIa anoxic
layers is higher than the erodibility of the group IIb anoxic

layers. This is attributed to the higher degree of consolidation
of the sample in group IIb. However, the total eroded mass
from the 8-day-old oxic layer in group IIb, is higher than the
total eroded mass from a 4-day-old oxic layer in group IIa.
Thus, enough bioturbation time can increase the erodibility of
a bed up to the erodibility characteristic of a less consolidated
bed. We have observed two ways in which bioturbation dis-
turbs the bed. These are related with the type of meiobenthic
fauna present in the bed. Montserrat (2008) uses a classifica-
tion of benthic fauna as a function of their impact on the
benthic region. He distinguishes tube-building fauna,
surface-disrupting species, surface pelletizers and biodiffusing
bivalves. The first type of disturbance observed in our exper-
iments is caused by surface disrupters and biodiffusing bi-
valves. Ostracoda is a biodiffusing bivalve, and H . ulvae is a
surface disrupter. These species move around the sediment-
water interface, increasing the water content of the bed and
therefore decreasing its strength. This results in weakening of
the bed. The second type of disturbance observed is caused by
surface pelletizers. According to the descriptions by Fisher
et al. (1980) and Davis (1974), Tubifex can be classified as a
surface pelletizer. This is supported by our visual observations
of the bioturbated samples in groups II and III experiments
where fecal pellets were found on the surface of the sediments,
while tubes or other types of disruptions were not. Figure 12
shows a picture of the bed before erosion experiment day 6 in
group IIb, fromwhich we can observe several large clusters of
pellets deposited on top of the mother bed. Some clusters of
pellets can be seen near the curved wall of the microcosm in
Fig. 12. Tubifex ingest sediment from the substratum and
expel this material at the sediment-water interface (Fisher
et al. 1980). This result in the mixing and subduction of
sediments: a layer of sediment above the zone of peak feeding

Fig. 11 Erosion rate as a function of bed shear stress and cumulative eroded mass for group III
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moves downward as a fairly discrete unit (Fisher et al. 1980).
Therefore, the surface of a sediment bed in which Tubifex is
active may be completely pelletized after a certain time, as
described by Rhoads (1970), who analyzed the development
of fecal-rich surfaces under bioturbators influence. The pellet-
ization time varies with meiofauna density and temperature.
This type of bioturbation has important implications for the
erodibility of the bed. The Tubifex worms rework the fine
sediments deeper into the bed, forming loose aggregates on
the bed surface. These pellets are more easily erodible than the
undisturbed bed sediments. Some Tubifex individuals are
likely to be more effective than others, producing larger/
more pellets than other individuals. Thus, a pelletized bed
consists of a distribution of pellet-size classes. Each size class
will be eroded at different eroding forces. This is in line with
the work of van Prooijen and Winterwerp (2010), who sug-
gested that some parts of cohesive sediment beds are more
likely to erode than others, and due to, e.g., difference in sizes
and bonding properties.

As discussed above, we have observed that during some
experiments, erosion rates decrease with increasing bed shear
stress, as shown in Figs. 10a, c; 11a; and 7a. This decrease in
erodibility is to be attributed to starvation of erodible sedi-
ment. There are two possible causes for such starvation. The
first possible explanation is a vertical gradient in strength
within the bed, induced by physico-chemical processes such
as consolidation. However, this gradient is likely to be
destroyed by the burrowing meiofauna. The second explana-
tion is a depletion of sediments available for erosion. These
sediments may either originate from a region of the bed
weakened by surface disrupters, or may consist of fecal pellets
deposited on the surface. In groups II and III, starvation of
erodible sediments occurred during all experiments. In group
I, such starvation occurred in two out of four erosion experi-
ments. These observations are in agreement with Amos
(1992), who defined an erosion type Ia, associated with the
erosion of fecal pellets in a highly active benthic environment.

This type of erosion was characterized by a steep increase of
erosion rate after an increase in bed shear stress, followed by a
smooth decrease over the next 3 min. Hence, the pelletization
of the bed and subsequent erosion rate are a function of the
number of bioturbating individuals and their efficiency, and of
the time available to build up the pellets on the bed, prior to
removal by erosion. A third factor is the degradation of pellets.
Sediment ingested by Tubifex is packaged into a mucus
(McCall 1979), which breaks down with time, resulting in
degradation of the fecal pellet. McCall (1979) studied the
pellet degradation rate, and found that the pellets broke down
within 2 to 20 days, depending on temperature and mechan-
ical stirring. Thus, the number of pellets available for erosion
is determined by the complex balance between production of
pellets and breakdown of the mucus. In our work, we did not
study the behavior of degrading pellets, but it is an important
factor to be taken into account to predict availability of pellets
for erosion. The specific role of Tubifex in the bioturbation
process has been defined.

Next to erosion of the bed by pick-up of pellets, we ob-
served erosion of the bioturbated bed during days 6 and 8 in
the group I experiment, as shown in Fig. 7a. In that case,
erosion rates continued to increase with increasing bed shear
stress. From our data, it is difficult to assess the distribution of
eroded material originating from pellets or from the bioturbat-
ed bed. However, we anticipate this distinction can be made
with the use of a simple mathematical model of the bed
response to bioturbation, the parameters of which can be
calibrated against our observations.

Tubifex individuals were found in 10 out of the 12 samples
we analyzed. In fact, they were the dominant species in nine
samples, and the only present species in four samples.
However, we cannot be certain that Tubifex is the dominant
species for the bioturbation in the Markermeer without further
data on the biota and their relative effects. Nevertheless, it was
found that Tubifex is abundant in organic rich waters because
of lack of competition and abundant food supply, in conjunc-
tion with a high tolerance for reduced oxygen conditions
(Chapman 2001). As all available information and literature
suggests that Tubifex should indeed be abundant in the
Markermeer, erosion of pellets by the flow is likely an impor-
tant erosion mechanism in the Markermeer. These observa-
tions suggest that the current short-term sediment dynamics
are characterized by a continuous cycle of pelletization, sur-
face disruption, erosion, flocculation, deposition, consolida-
tion, reduction, and oxidation, all subject to the wind forcing
exerted on the sediment surface through flow and wave action.
All together, these phenomena form a highly dynamic system
driven by the interaction of physics, chemistry, and biology. A
sketch of that system is given in Fig. 13. The fate of sediments
in the current state of Markermeer is determined by the com-
plex interactions between all the phenomena in Fig. 13, and
long-term predictions on the sediment dynamics should be

Fig. 12 Pelletized bed before performing erosion day 6 experiment in
group IIb. Large clusters of pellets can be observed on the bed, especially
close to the curved wall of the microcosm
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based on an understanding of all these phenomena and their
interactions.

Erodibility of the bed under large bed shear stresses is not
addressed in this paper. However, Vijverberg (2011) found
that the soft anoxic mud can be mobilized under storm condi-
tions only. This is relevant information for the Markermeer
sediment dynamics as well. Tubifex can harvest in anoxic
sediments, as long as part of their body remains in contact
with oxygen. Hence, also part of the anoxic layer is subject to
bioturbation, losing its strength. It is this weaker material that
can be mobilized under storm conditions, as observed by
Vijverberg et al. (2011).

Our results have further important implications for the fine
sediments dynamics in the Markermeer. Currently, it is hy-
pothesized that Markermeer’s soft anoxic mud stems from the
Zuiderzee deposits. This hypothesis was already postulated by
van Duin (1992), who suggested that the “IJsselmeer de-
posits” partly originate from sediments from the river IJssel
and partly from erosion of the more ancient Zuiderzee de-
posits. Without bioturbation, the erosion rate of the Zuiderzee
deposits varies from 0.001 to 0.01 g/(m2 s), for bed shear
stresses of 0.2 to 0.8 Pa. However, when bioturbated, erosion
rates reach values characteristic for a soft anoxic bed. In
particular, we measured erosion rates up to 0.2 g/(m2s) under
0.3 Pa after 8 days of bioturbation by Tubifex . This is one
order of magnitude higher than without bioturbation. In prac-
tice, this implies that Zuiderzee deposits become erodible only
after bioturbation. However, bioturbation of the Zuiderzee
deposits is only possible when their surface is exposed to
oxygen, activating the meiofauna in the sedimentary deposits.

Therefore, an inference of these findings is that the soft anoxic
mud protects the Zuiderzee deposits from bioturbation, hence
from further erosion. This explains why the total amount of
soft sediment in the Markermeer is still fairly limited, even
though the current hydrodynamic conditions prevail already
for more than three decades.

Let us now evaluate the possibility that the soft anoxic mud
actually stems from bioturbation-associated erosion of the
Zuiderzee deposits. Let’s also assume no soft anoxic mud
layer present on the bed of the lake before the closure of the
Houtribdijk. In that case, bioturbation of the Zuiderzee de-
posits was possible over the entire Markermeer bed. The
bioturbated material would be eroded from the bed, as shown
in our experiments, and transported over the lake. Next, these
sediments settle in the bed again, in the form of oxic sedi-
ments. These sediments accumulate in specific places of the
lake, and after achieving a certain thickness, reduction of the
sediments due to the action of bacteria will occur. This creates
a (soft) anoxic mud, covering the Zuiderzee deposits and
protecting it from further bioturbation and erosion.

We can use the data from our measurements to estimate the
yearly production rate of soft anoxic mud, and therefore, the
decrease in Zuiderzee deposits surface subjected to bioturba-
tion. Let’s assume that all sediments eroded from the
Zuiderzee deposits will contribute to the stock of soft anoxic
mud. We measured a TEM from the Zuiderzee deposits of
0.2 g after 8 days of bioturbation in group III, experiment day
8. If we assume all pellets on the bed were eroded during the
erosion experiment, and if we assume that all erosion was in
the form of pick-up of pellets, then 0.2 g of pellets were

1. Wind driven currents.
2. Wind driven waves, whose 
energy reaches the bottom and 
exerts a bed shear stress.
3. Erosion and re-suspension 
of sediments.
4. Bioturbation forming 
surface pelletization
5. Bioturbation disrupting the 
bed surface
6. Primary production of algae 
in the water column.
7. Flocculation, including 
biotic-abiotic interactions.
8. Settling of flocs and 
sediments particles.
9. Consolidation processes.
10. Diffusion of oxygen into 
the soil, facilitated by the 
burrowing of the meio-fauna.
11. Oxidation of sediments 
12. Reduction of sediments by 
bacteria

Fig. 13 Sketch of the highly dynamic system driven by the interaction of physics, chemistry, and biology. All together, these processes determines
Markermeer sediment dynamics
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produced in 8 days of bioturbation. The density of Tubifex in
Group III was 1,400 individuals/m2. The density of Tubifex in
the 10 fresh samples we analyzed was 2,177±883 individuals/
m2. Thus, 0.31 g of Zuiderzee deposits would be eroded in the
field, per microcosm surface, every 8 days, assuming a linear
effect of biota density on the production of pellets. This means
an erosion of about 5 g/(m2day) and therefore of about 2 kg/
(m2year). Given dry bed densities of the soft anoxic mud of
200 to 300 g/l, this leads to an upper estimate for the produc-
tion of soft anoxic mud of 0.9 cm per year all over the lake,
and a lower estimate of 0.6 cm per year all over the lake. This
would imply that the 10-cm soft anoxic mud should have been
formed within a period of 10–15 years after closure of the
Houtribdijk. This estimate would only hold for the first years
after the closure of the Houtribdijk, when the entire surface of
the Zuiderzee deposits would still be exposed to bioturbation.
However, a large part of the surface of the Zuiderzee deposits
became covered by the soft anoxic mud within a few years.

Another factor not yet considered is temperature. Davis
(1974) found large variations in the amount of sediment
pelletized by Tubifex . In most cases, the pelletization rate
was found to increase with increasing temperature. The pel-
letization rates reported by Davis (1974), as well as the current
values measured for the soft mud and Zuiderzee deposits, are
presented in Fig. 14. The currently measured weight of pel-
letized sediments over 8 days, at a Tubifex density of 1,400
individuals/m2, has been scaled tomilliliter per worm per year.
The pelletization rate from the soft mud layer is well in
agreement with the results reported by Davis 1974.
However, the pelletization rate from the Zuiderzee deposits
is much smaller than any other pelletization rate. This must be
caused by the virgin state of these deposits, e.g., their high
degree of consolidation.

Figure 14 suggests that our estimations on pellets produc-
tion rates from the Zuiderzee deposits, as discussed above, are
not representative of the actual pelletized material over a year,

since a variation in temperature would lead to a variation in
pelletization rates. Therefore, two important factors influenc-
ing bioturbation and erosion of the Zuiderzee deposits are
percentage of coverage of Zuiderzee deposits and tempera-
ture. We have used these two factors for refining our estima-
tions with a very simplemodel of the production of soft anoxic
mud since the closure of the Houtribdijk. The water temper-
ature inMarkermeer varies between 0 and 20 °C over the year.
We have modeled water temperature variation in Markermeer
as: 10sin(t-π/2)+10, which leads to 0 °C at 1 January and
20 °C at 2 July. We assume that the pelletization rate varies
linearly with temperature. The total daily production of soft
anoxic mud is a function of the exposed Zuiderzee deposits
surface. Therefore, we have established a bimodal coverage
function: the surface of the Zuiderzee deposits can be either
covered by a 10-cm thick soft anoxic mud layer, or completely
exposed. Thicknesses of the soft anoxic mud layer higher or
smaller than 10 cm are not considered in our approach. The
result of these calculations is shown in Fig. 15. Half of the
surface of the Zuiderzee deposits was covered already 5 years
after the closure of the Houtribdijk. In about 10 years, three
quarters of the surface of the Zuiderzee deposits were covered
by soft anoxic mud. Note that we did not take into account
neither hydrodynamics nor consolidation processes. In reality,
the hydrodynamics of the lake would not allow the 10-cm
thick deposits to be created in the shallow areas, while thick-
nesses much higher than 10 cm can be achieved in deep
regions of the lake. Vijverberg 2011 reported that there is
not a clear increasing trend of turbidity since 1982, though
variations in turbidity over the years depended mostly on
climatology. This is consistent with our analysis, since
according to our computations the coverage of the Zuiderzee
deposits was approximately 60 % in 1982. The current cov-
erage is estimated around 70 %, suggesting that the coverage
remains constant, while the total amount of soft sediment
continues to grow. This increase in stock of soft sediments is

Fig. 14 Relationship between
temperature and yearly defecation
rate reported by Davis (1974), as
well as the relationship we
measured on the Zuiderzee
deposit and on the soft
Markermeer mud
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rather slow, since a large part of the currently exposed
Zuiderzee deposits surface is sandy bed.

Next to the corroboration of the hypothesis and research
questions, the following physics-related facts can be concluded
from the results of our experiments as well: (1) Meiobenthic
bioturbators increases the rate at which Markermeer sediments
are eroded up to a factor of four at bed shear stresses of 0.2 to
0.8 Pa. (2) The action of meiobenthic bioturbators do not affect
the critical shear stress for erosion of the soft anoxic layer,
while it does affect the critical shear stress for erosion of the
Zuiderzee deposits. (3) The erosion rate increases with biotur-
bation time in 15 out of the 18 bioturbation experiments
presented in this paper. Thus, the higher the bioturbation time,
the higher the increase in erosion rate.

5 Conclusions

Our study shows that bioturbation bymeiobenthic fauna drives
the development of an oxic layer and the subsequent increase
in erodability in the fine sediment bed of the Markermeer.
Diffusion of oxygen is responsible for the oxidation of the
sediments in the oxic layer, but bioturbation plays a major role
in the exchange of oxygen with the water column, further
increasing the depth at which oxygen can penetrate into the
bed because of the increased porosity caused by the tunneling
and burrowing of the meiofauna. Furthermore, the oxidation
state of the sediments does not increase the erodability of the
bed itself, but it is bioturbation alone that produces this increase

in erodability. On the other hand, a certain oxygen level is
needed to activate the meiofauna in the sediments.

The current results have important implications for the
Markermeer. Bioturbation of the anoxic layer is creating a
continuous input of erodible material, which is responsible
of the high turbidity in Markermeer. Without the effect of
biota, the erodability of the bed would be smaller, leading
to re-suspension of sediments only under storm events.
The specific role in the bioturbation process of Tubifex
in comparison with other type of fauna was also evaluated
in this paper, and through studying the way in which
fauna modifies the bed. We observed two ways through
which meiobenthic bioturbators can increase the erodibility
of the bed. Firstly by mechanical disruption of the bed by
meiobenthic bioturbators, leading to increase in porosity
and water content, and a decrease in bed strength and
secondly, by pelletization of the bed. Some species of
meiobenthic bioturbators (e.g., Tubifex) can pelletize the
bed. These pellets are easily erodible, in the form of a
pick-up of pellets. The effect of this pelletization on the
erodability is only temporal.

In summary, the short-term sediment dynamics in
Markermeer are driven by the complex interactions between
physics, chemistry, and biology. On the other hand, the long-
term sediment dynamics are dominated by the increase in
stock of anoxic layer. The latter is linked with bioturbation-
associated erosion of the Zuiderzee deposits, as well as with
the percentage of Zuiderzee deposits surface that is exposed to
bioturbation. It is suggested here that the stock of anoxic layer
increased rapidly during the first years after the closure of the

Fig. 15 Evolution of Zuiderzee deposits surface exposed to bioturbation since the closure of the Houtribdijk. The larger the exposed surface, the larger
the production of soft anoxic mud over the lake. Hydrodynamics and consolidation processes have not been considered for this calculation
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lake, and due to a sequence of processes that was initiated by
bioturbation of the Zuiderzee deposits. Meiobenthic
bioturbators play therefore a major role in the long-term and
short-term fine sediment dynamics in Markermeer.
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