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Summary

The Port of Rotterdam dredges annually approximately 10 million m? of sediment. Though the
Harbour Authority is interested in reusing a fraction of these, the characteristic elevated
dewatering times of the sediment in the port makes it challenging in practice. Over the last
decade, Deltares has investigated using endemic aquatic worms to speed up dredged
sediment dewatering, leading to promising results in fresh water environments. This report
presents the results of a feasibility study for using marine worms to accelerate dewatering
and ripening of dredged sediment from the Port of Rotterdam (PoR). This feasibility study
took place in the form of a number of small scale dewatering and ripening experiments at the
sediment laboratory of Deltares, and thus is a technical feasibility study. In other words, our
goal was to test if, from a technical point of view, marine worms are able to dewater sediment
from the Port of Rotterdam. In general, marine worms have demonstrated to be a promising
dewatering and ripening mechanism for marine dredged sediments from Port of Rotterdam of
initially 1400 kg/m3 in density and 0.42 in SC. Worms result in a initial large sediment
dewatering of up to 15% of the initial sediment volume within the first month of experiments,
in contrast to the almost absence (<5%) of dewatering over the same period for the controls.
In fact, for the reference experiments (e.g. with no worms) to reach the same 15%
dewatering, more than 7 months had to pass. Moreover, experiments with worms reached
the transition to unsaturated regime earlier in time (typically 2-3 weeks before), and exhibited
a final equilibrium Solids Content SC that is up to 0.68, thus 0.1 SC units larger than the 0.58
obtained for the reference experiments (e.g. where natural ripening brings the sediment from
0.42 to 0.58, the addition of worms brings it up to 0.68). All of the reported improvements
following addition of worms were likely affected by a lab artefact during the tests, suggesting
that the potential of worms to dewater dredge sediment is in fact greater. All in all the results
indicate that the technology is technically feasible and in fact promising. Next steps in this
research trajectory should address the economy (worms dosage) and logistics (worms
supply) of a hypothetical large scale intervention.
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Introduction

Context and primary goal

The Port of Rotterdam dredges annually approximately 10 million m? of sediment. Though the
Harbour Authority is interested in reusing a fraction of these, the characteristic elevated
dewatering times of the sediment in the port makes it challenging in practice. Over the last
years, Deltares has demonstrated the efficiency of aquatic worms in enhancing dewatering
and subsequent ripening of dredged sediments. In general, aquatic worms are able to
increase dredged sediment dewatering speed up to a factor 20 (subjective to the choice of
Solids Content SC to define dewatering), compared to classical ripening operations.
Moreover, worm treated sediment often reaches further dewatering (and a final solid content
too) than the same sediment in the absence of treatment. The latter has been tested for
multiple species of freshwater worms and earthworms, in a wide range of sediment properties
with salinities from fresh to brackish, covering sediments from South and North America,
Europe and Asia. Only once have we tested marine worms in marine dredged sediment, but
then for sediment from the Delfzijl harbour. Dredged sediment from Port of Rotterdam has
also already been studied with this technology, but the sediment had undergone desalination
by dilution in a large freshwater tank in the context of unrelated research. Therefore, a
experiment where marine worms were tested in fully marine dredged sediment from the Port
of Rotterdam has never been done. The latter is in fact the primary goal of this work: to
explore if worm dewatering is applicable to fully marine dredged sediment from Port of
Rotterdam.

This study takes place in the context of the PRISMA 3 project, a research project where
multiple aspects related to sediment management and dredging operations at the port will be
investigated in cooperation with Rijkswaterstaat, Port of Rotterdam, TU Delft, Boskalis, van
Oord and van der Kamp. In particular, the presented results belong to Work Package 3
“Beneficial Use of Sediment”. The objective of this work package is to evaluate the feasibility
of sediment re-use strategies at the scale of the port. The worms dewatering study does not
have a scale component in this study, but was added as part of Work Package 3 as worms
may also serve as first step in sediment re-use strategies.

Research questions

In this study, we want to address the following set of research questions (RQs):
1. Can marine worms be sampled from the coast and transported alive elsewhere?

2. Are marine worms able to initially dewater marine dredged sediment as freshwater
worms do with fresh water dredged sediment? If so, how much?

3. Are marine worms able to trigger the onset of evaporation earlier than in the absence
of treatment (e.g. traditional ripening)? If so, how fast?

4. Are marine worms able to increase evaporation from a dredged sediment bed during
ripening?

PRISMA 3, Work Package C: beneficial Sediment Re-use; sub-task: Investigation into
feasibility to use worms for speeding up dewatering of Port of Rotterdam dredged sediment
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2 Materials and methods

2.1 Materials

2.1.1 Sediment
The origin and the salinity of the sediment is an important aspect of this work. Figure 1 shows
an aerial image of the region around Port of Rotterdam, including a red marker that
approximately depicts the location were our sediment was taken. We joined a dredging
vessel on the 6% of June of 2023 at Calandkanaal, and sampled 100 L from the bed of the
Nieuwe Waterweg. Regardless to note that the sediment collected at that location was fully
marine. Figure 2 and Figure 3 show the section of the dredging vessel where the dredged
sediment is dropped after being collected, and a snapshot of the transferring of the sediment
from that section into our containers. Upon arrival to our laboratory the sediment was
characterized to have a bulk density of approximately 1400 kg/m3, which is equivalent to a
solids content (see definition in 2.2.2) of 0.42.
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Figure 1. Port of Rotterdam region. The red marker shows the place where the sediment for this study was
taken.

7 of 23 PRISMA 3, Work Package C: beneficial Sediment Re-use; sub-task: Investigation into
feasibility to use worms for speeding up dewatering of Port of Rotterdam dredged sediment

11208811-006-ZKS-0001, 1 October 2024 De l ta res



Figure 3. Inside the dredging vessel. Transfer of dredged sediment from the storage section to the portable
containers.
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21.2 Worms
In this study, we use three species of marine worms:

1. Tubificidae
2. Heteromastus
3. Hediste multicolor

We chose these worm species based on the following considerations. In a previous research
project, i.e., the Kleirijperij, we studied the effect of marine Oligochaete worms on dewatering
of marine sediment from Delfzijl. Back then, the worm species we selected was
Heteromastus. Our choice was made after having consulted internally with expert ecologists,
to whom we asked for a marine equivalent for Tubifex tubifex, our most studied freshwater
worm. Nevertheless, when we posed the same question to Waardenburg Ecology they
advised us to also study Tubidificae, as they are in fact even closer to Tubifex tubifex from a
behavioural point of view (e.g. vertical tunnelling). Finally, they also indicated the potential
convenience of testing Hediste Multicolor, as these are common in muddy environments in
NL and certainly easier to find and to sample following their larger size.

These species were sampled in cooperation with Waardenburg Ecology by means of a field
campaign in August 2023. Figure 4 shows a map of the South of The Netherlands, where the
location of the field campaign is indicated. This location was chosen for practical reasons?. It
is important to note that the 100 km separating our field location from Rotterdam are distance
enough not to expect the same biodiversity. However, the species we targeted in this study
are rather common, and in fact have been reported to occur in the region of Rotterdam, both
historically (355206 (wur.nl)) and recently (Diversity and distribution of Tubificidae, Naididae,
and Lumbriculidae (Annelida: Oligochaeta) in the Netherlands: an evaluation of twenty years
of monitoring data | Hydrobiologia (springer.com)).

1 The reason why the field campaign took place at the Western Scheldt and not within the waters of
Rotterdam is because Waardenburg Ecology was already busy at the Western Scheldt in the period in
guestion (and thus was their equipment and personnel also available in that area). It was therefore
convenient to adapt to the availability of Waardenburg Ecology instead of requesting a dedicated field
campaign, particularly from a cost perspective. Moreover, the colleagues at Waardenburg Ecology had
shared that at the Western Scheldt they had mapped locations where they could find the targeted
species in large numbers, whereas in the Port of Rotterdam the survey would have been more
explorative (and thus uncertain and expensive).
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Flgure 4. South of The Netherlands. The red mark shows the location where the worms were collected.
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Figure 5 shows a pair of photos as taken at the field campaign. In the left hand, a colleague
takes a mud sample and observes it visually. When visually verified for the presence of
fauna, the sample was sieved and the result of the sieving stored in a separate container.
The process was rather laborious and it took two experienced surveyors and one colleague
from Deltares a full day of work to obtain the amounts as reported later in this report.

Figure 5. Left: a colleague from Bureau Waardenburg collecting a sample of mud. Right: some of the
equipment deployed at the field campaign.
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2.2 Methods

22.1 Column set-up at Deltares

PRSME= > - y :
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Figure 6. Column set-up at the sediment laboratory of Deltares. Columns are grouped in triplicates per type of
treatment. A ruler is pasted to the side of the columns to follow sediment interface.

To conduct dewatering and ripening experiments (and thus to answer research questions 2, 3
and 4) 12 columns were built and set up at the Physical Laboratory of Deltares in Delft.
Columns were made of transparent PVC and were 0.5 m tall and had a diameter of 0.15 m.
Columns were filled with sediment at its in-situ density (until 0.45 m), and worms were added
to the columns. The worm concentration was in all cases approximately 1 g/L.

Every single experiment was done in triplicates, to account for variability in worm behaviour
and sediment properties.

The following four different experiments were performed:
- Areference experiment with mud at its in-situ density and no worms;
- An experiment with mud at its in-situ density and Hediste worms;
- An experiment with mud at its in-situ density and Heteromastus worms;
- An experiment with mud at its in-situ density and Tubificidi worms.

Hediste, Heteromastus and Tubificidi are very different worms with very different
morphologies, behaviors and sizes (see Figure 7). Therefore the method to sub-sample them
from mud also varies. Hediste can be picked with a stick, Heteromastus requires pincets and
a magnifying glass, and Tubificidi can only be separated from sediment by doing a series of
dilution and settling experiments. These methods are not equally accurate when it comes to
separate a certain biomass from the mud, hence the concentration of Heteromastus and
Tubificidae is an estimate.
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Figure 8. Left photo: a group of Heteromastus worms within a shallow sediment layer, taken with a regular
camera. Mid photo: a group of Hediste worms, taken with a regular camera. Right photo: a group of Tubificidi,
taken with a microscope.

222 Measurements to the column-set up at Deltares
After the experiment started, we observed how the Sediment Bed Level (SBL) drops over
time. Initially, this is due to dewatering, later it is due to evapotranspiration.

Two measurements were performed on the dewatering columns as introduced in section
1.2.1. The first one was the SBL. This was measured determining the height at which the
sediment level was located relative to the ruler pasted at the column’s side (see Figure 9).
Initially, the lowering of the SBLis due to dewatering, when the sediment is still fully saturated.
Once the unsaturated regime is reached, evapotranspiration becomes dominant.

During the dewatering phase the resulting overlying water was periodically removed from the
top of the bed by means of a syringe. This was done to reproduce conditions comparable to
these in the field, where dewatering lagoons are often equipped with lateral sluices to get rid
of the overlying water. We did this twice per day during the first days of experiment, when
most of the dewatering occurs, and weekly the next two weeks. Later no free water was
observed on top of the sediment anymore.

During the saturated regime, the SBL can be used to compute the Solids Content SC as
follows:

SC = mass of solids / (mass of solids + mass of water), where:

Mass of water = initial mass of water — (SBL drop / density of water)

As the mass of solids is constant and equal to the initial mass of solids, and since the initial
mass of water is known (see section 1.1.1 for the sediment initial SC and bulk density),
following the SBL does indeed directly provide the SC.

Once the unsaturated regime is reached, the SC can be calculated by:

SC = mass of solids / (mass of the column — empty mass of the column)
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Results and discussion

General observations and conclusions

Figure 11 shows the SBL (left y-axis) and the SC (right y-axis) as a function of time for the
dewatering experiments on marine PoR sediment with marine worms. The average of the
triplicates and their error bars are displayed as data points. The grey dotted line marks the
transition from saturated to unsaturated conditions, determined by visual observation (e.g.
when the sediment at the bed-air interface starts to dry up). A number of general conclusions
can be already withdrawn from this graph:

- Initial dewatering is lowest for the reference, with less than 5% dewatering
throughout the entire saturated regime (which lasted months).

- The worm-treated columns drop up to 15% in height in only a few hours. Tubificidi is
the worm species dewatering the fastest, followed by Heteromastus and Hediste.

- The transition to unsaturated conditions (e.g. beginning of evapotranspiration and
ripening) occurs fastest for the worm-treated columns. Tubificidi reaches unsaturated
conditions already after one month of experiments, followed by Heteromastus and
Hediste. The reference needs almost 2 months to reach unsaturated conditions.

- There seems to be a plateau in SBL drop occurring over some days before
unsaturated conditions are met, particularly for Tubificidi and Heteromastus worms. A
possible reason for this plateau is discussed in Section 3.

- The final SBL is lower for worms than for the reference. The lowest SBL is observed
for Tubificidi, with Heteromastus and Hediste following them respectively. Note that
the SC as determined from the SBL (see section 2.2.2) and plotted in the right y-axis
of Figure 11 is only correct before unsaturated conditions are reached. Thereafter is
just a conservative approximation of the actual SC, as when calculated from SBL is
does not account for air filled pores. Figure 10 shows a photo of the columns taken on
February 2024, and thus once the final SBL was achieved for all cases. From this
photo it becomes clear that evapotranspiration within the columns is still ongoing
despite the observed horizontal SBL, confirming that calculating SC from the SBL is
indeed misleading and incomplete. An accurate determination of SC for the
equilibrium conditions is provided later in this section.

- It takes 6 to 8 months for the reference columns to reach the Sediment Bed Level
drop that Tubificidi delivers within the first month of experiments (see where both
dewatering lines reach the 85% SBL).

Beyond these set of general conclusions, the assessment of the research questions as
presented in section 1.2 are elaborated over the coming sub-sections.
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Dewatering and ripening of PoR sediment with worms
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Figure 11. Sediment Bed Level SBL (% relative to the initial sediment height within the columns) as a function
of time for the dewatering experiments of marine PoR sediment and marine worms. The right y-axis gives an
indication of the Solids Content SC. The grey dotted line marks the transition between the saturated and the
unsaturated regime.
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Figure 12. Photo of the ripened columns on February the 24™ of 2024. From left to right, columns are: a.
Reference columns; b) Columns with Heteromastus; ¢) Columns with Tubificidi; d) columns with Hediste.
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RQ 1: “Can marine worms be sampled from the coast and transported
alive elsewhere?”

Section 2.2.1 showed a number of photos of the worms upon arrival to the Sediment
Laboratory of Deltares. The worms appeared to be healthy and moving. Later (but still on the
same day), they were added into the marine dredged sediment from PoR and, in all cases,
they rapidly started digging into the sediment and make tunnels. In Figure 13 a number of
photos showing the worm activity taken over the first minutes of experiment are reported.
These confirm that the worms arrived safe to the laboratory, and showed a behaviour
consistent with our extensive experience in freshwater worms.

l
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Figure 14. Photos of the worms after addition into marine dredged sediment from PoR. From left to right: a)
Tubificidi protruding from the bed in the upper right side, plus a number of tunnels at 1 and 2 cm depth; b)
One Hediste individual migrating down into the sediment via a vertical tunnel; ¢) multiple tunnels by
Heteromastus at depth.

RQ 2: Are marine worms able to initially dewater marine dredged
sediment as fresh water worms do with fresh water bagger? If so, how
much?

Figure 11 indicated the ability of marine worms to initially dewater dredged marine sediment
from PoR. To further elaborate on the initial dewatering, the SBL and associated SC over the
first 700 hours (e.g. 1 month) of the experiment are presented in Figure 15. Again, it is clear
that marine worms are able to initially dewater marine dredged sediment. Note that the
reference columns only dewatered 2% within the first month, and thus not even 1% in SC.

The dewatering effect per type of worm can be quantified as follows:

- Tubificidi are able to dewater 15% of the initial sediment volume within the first month
of dewatering, in fact leading to an increase of Solids Content SC of 5 percentual
points, thus transitioning from the initial 0.42 into 0.47. Most of this initial dewatering
occurs within the first 10 to 20 hours of experiment.

- Heteromastus are able to dewater 10% of the initial sediment volume within the first
month of dewatering, in fact leading to an increase of Solids Content SC of 3
percentual points, thus transitioning from the initial 0.42 into 0.45. Unlike Tubificidi
the dewatering effect of Heteromastus is concentrated between 20 h and 50 h of
experiments. Before 20h little dewatering is registered. The latter is attributed to the
Heteromastus needing more time to establish a network of tunnels over the entire
sediment bed. That can be understood by the fact that Heteromastus typically dig
oblique and horizontal tunnels, opposite to the mostly vertical Tubificidi tunnels.

- Hediste leads to only marginal improvements in Sediment Bed Level SBL drop and
SC increase.

PRISMA 3, Work Package C: beneficial Sediment Re-use; sub-task: Investigation into
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Lo Initial dewatering of PoR sediment with worms
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Figure 15. Sediment Bed Level SBL (% relative to the initial sediment height within the columns) as a function of time for
the initial dewatering phase of marine PoR sediment and marine worms. The right y-axis gives an indication of the Solids
Content SC. The grey dotted line marks the transition between the saturated and the unsaturated regime. The worm
concentration was in all cases approximately 1 g/L.

To elaborate on the practical consequences of the observed improvement in dewatering, we
consider the following. If we had a dewatering pond of 1 ha and 1 m deep, an increase in
dewatered volume of 10 to 15% would mean an increase in total dewatering of 1000 to 1500
m3 from the deposit. This is equivalent to 100 to 150 liquid cargo trucks, which would already
be achieved within one month. Later, more improvements are produced, which are discussed
in the subsequent sections of this report.

3.4 RQ 3: Are marine worms able to trigger the begin of evaporation at an
earlier stage? If so, how fast?

Figure 11 showed that marine worms trigger the onset of evaporation at an earlier stage.
The SBL and associated SC registered after the first 100 h of the experiment and until the
end of the experiment are presented in Figure 16. It should be noted that the onset of the
unsaturated regime was in all cases assessed visually, and its begin is marked with the grey
dotted line in Figure 16.

Our observations on the begin of the unsaturated regime always coincide with a break in the
slope of the SBL graph, indicating a correlation between the observed phenomenon (visual
observation of drying) and the plotted related parameters (SBL and SC). This strengthens the
validity of our visual observations. In general, it is clear that marine worms are able to trigger
the onset of evapotranspiration earlier than in the absence of worms (and under the condition
of the water being drained as we see in the field and forced in our tests).

The reference columns reached unsaturated regime somewhere between 40 to 80 days (6-
11 weeks) after the start of the experiment. As for the onset of the unsaturated regime as a
function of the type of worm:
- Tubificidi reaches the unsaturated regime after three weeks (i.e. 500 h).
- Heteromastus reaches the unsaturated regime somewhere between three and four
weeks (it was not visually observed at 500 h, but it was when we looked again after
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700 h; Heteromastus is the only case where the SBL line shows a drop slightly
before the unsaturated conditions were observed visually).
- Hediste reached the unsaturated regime somewhere around week 5 (i.e. 800 h).

Worms dewatering
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Figure 16. Sediment Bed Level SBL (% relative to the initial sediment height within the columns) as a function of time
between 100 h experiment time and the end of the experiment for marine PoR sediment and marine worms. The right y-
axis gives an indication of the Solids Content SC. The grey dotted line marks the transition between the saturated and
the unsaturated regime.

The SC as calculated from the Sediment Bed Level and plotted in Figure 16 indicates larger
equilibrium SC for the worm treated columns. Nevertheless, and as indicated in section 2.2.2
and section 3.1, SC calculated in this way do not account for air filled pores and thus are an
underestimation of the actual SC. In this context, one measurement of the final mass of the
columns was performed at the end of the experiment, and reported in the next section to
assess research question 4.

3.5 RQ 4: Are marine worms able to increase the evaporation from a
dredged sediment bed during ripening?

Figure 17 shows the final SC as directly measured by weighting the mass of the columns at
the end of the experiment (as defined in section 2.2.2). The actual final SC achieved at the
end of the experiment is always larger than as estimated via the SBL and presented earlier in
this report, in most cases more than 10% larger. The conceptual picture emerging from these
results is equivalent to this following the SC calculated from SBL: worms are able to increase
evaporation from a dredged sediment bed during ripening. The final SC exhibited by the
reference columns was 0.58, thus resulting in an increase of SC of 0.16 (from 0.42 to 0.58).
As for the worms:

- Tubificidi resulted in a final SC of 0.68, thus 10 percentual points more than in the
absence of worms. This means that Tubidifici added 0.1 extra increase in SC to the
natural 0.16 increase in SC observed for ripening of sediments without worms. In other
words, worms are able to extend the increase in SC observed in natural dewatering by a
factor 0.63 (100/0.16*0.10=0.63).

- Heteromastus resulted in a final SC of 0.65, thus 7 percentual points more than in the
absence of worms.

- Hediste resulted in a final SC smaller than at the reference columns.
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Figure 17. Final Solids Content SC as determined from direct measurements of the mass of the columns at
the end of the experiments. The left hand vertical double arrow indicates the total increase in SC that the
reference columns exhibited as a result of dewatering and ripening. The right hand vertical double arrow
indicated the maximum total increase in SC under worms. The horizontal grey dotted lines within each of the
colored bars indicate the SC following SBL measurements and reported earlier in this report.

It should be noted that the increase in SC following the evapotranspiration phase as reported
in Figure 18 is also a function of the humidity and temperature of the room. Under a different
humidity regime evapotranspiration will also differ in absolute value, though the relative
differences are likely to be kept. In other words, evapotranspiration outdoors is probably
going to result in further evaporation from all beds, but should still keep the pattern of more
evapotranspiration occurring from worm treated beds.

To elaborate on the practical consequences of the observed improvement in dewatering, we
consider the following. If we had a dewatering pond of 1 ha and 1 m deep, a increase in final
SC from 0.58 to 0.68 would mean an increase in total dewatering of 1400 m3 from the
deposit. This is equivalent to 140 liquid cargo trucks. That is the amount of extra water that
we would free up per ha (only 1 m deep) by applying the worms technology. Note that this
extra dewatering originates partly at the initial dewatering phase (see section 2.3), but it
increases throughout the experiment, resulting in fact in a final bed that has dewatered 1400
m? more per ha (and 1 m deep). This means that not only is the dewatering faster under
worms, but also that the final bed can be substantially further dewatered than in the absence
of worms.
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4 Discussion

In Figure 11, Figure 15 and Figure 16 a plateau can be observed between hour 50 (starting the
1st of September 2023) and hour 400 of experiment (when unsaturated conditions develop),
specially in the Tubifidici and the Heteromastus results (i.e. the most successful worms in
dewatering according to this study). This was preceded by an observation of a thick and
white mucus layer at the air-water interface at the overlying expelled from the bed water on
Monday the 4th of September. This layer developed due to bacterial activity at the air-water
interface, and impeded the diffusion of oxygen into the water and eventually into the bed. We
hypothesize that the latter created a shock in the worms population. The latter stopped the
positive dewatering trend during the saturated phase, but did not seem to affect the rest of
the reported positive effects of the worm treatment as reported here. Of course the layer was
taken out once the overlying water got removed (see section 2.2.1). We hypothesize that
these layers are not common in real scale applications, as the wind and the continuous
dewatering via lateral sluices would not allow for stagnant water in field applications. The
latter is also consistent with our experience in larger scale and dewatering sites, where such
layers have never been reported. We do see them in the laboratory very often in this type of
experiments, but typically they take longer to develop which makes them more likely to be
removed in the periodical water removal during saturation phase. The fact that in this study
the bacterial layer developed only in a couple of days is attributed to the different bio-
chemistry in marine water (compared to our mostly fully fresh extensive historic data base).
To conclude, we think that the layer is an artefact of the laboratory conditions, and we
acknowledge its effect in decreasing the positive impact of worms in the initial dewatering.
Nevertheless despite this event the worm treated columns continued to show positive effects,
like the earlier transition into evapotranspiration and the substantially large final Solids
Content SC.

Moreover, we cannot assess at which point in time did the worm treated columns reach the
0,58 SC that was registered for the reference columns. This is because once the unsaturated
regime is reached (dotted lines in Figure 11, Figure 15 and Figure 16), the SC as calculated
from SBL and reported in Figure 11, Figure 15 and Figure 16 is an underestimation of the actual
SC. In subsequent stages of this work, we would need to monitor SC directly more often (by
regularly monitoring the column mass in addition to the mud level) to be able to assess how
early do the worm treated columns achieve the equilibrium SC measured at the reference
columns. What we can conclude at this moment though is that you need 8 months to obtain a
bed as compact as the one produced in one month in the presence of Tubificidi.

The final noteworthy discussion item of this work is the depth at which worms are typically
able to deliver their beneficial dewatering and evaporation properties. In the current study,
worms went clearly down to the column bottom, but these were only 0.5 m deep.
Nevertheless throughout the years Deltares has studied the worm technology demonstrating
that: a) worms can populate a dredge sediment bed as thick as 3 m (which is the maximum
we have ever tested), and b) worms are able to climb up onto a newly deposited layer of
dredged sediment, allowing that the same worm population treats a number of discrete layer
when deposited in the correct order.
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5 Conclusions

Our results show that marine worms are able to accelerate dewatering and ripening of marine
dredged sediment from PoR. The following specific conclusions can be drawn based on our
work:

- Marine worms can be sampled from the field and transport safely to a laboratory,
where they can also survive introduction to marine dredged sediment. Afterwards,
they show similar behaviour as freshwater worms.

- Marine worms enhance initial dewatering of marine dredged sediment, by up to
500% (Tabel 1).

- Marine worms are able to trigger the development of unsaturated conditions at an
earlier stage when added to marine dredged sediment, by up to 2 weeks (Tabel 2)

- Marine worms are able to increase evaporation from a ripening bed of marine
dredged sediment significantly, resulting in a final SC of 0.68 (Tubificidi worms) which
is 10 percentual points higher as the reference case SC of 0.58 (Tabel 3)

Tabel 4. Summary of the obtained results for the dewatering and ripening experiments in this report.

initial transition to
dewatering unsaturated
(% of initial initial dewatering (in regime final SC time to reach 15%
volume) SC untis) dewatering
reference <5% <0.01 5 to 10 weeks 0.58 30 weeks
tubificidi 15% 0.05 (0.42 to 0.47) 3 weeks 0.68 3 weeks
heteromastus 10% 0.03 (0.42 to 0.45) 3-4 weeks 0.65 11 weeks
hediste 5% 0.01(0.42 to0 0.43) 5 weeks 0.57 15 weeks

Tabel 5 also reports the time that it takes the Sediment Bed Level to reach a 15% drop relative
to the initial sediment volume. Moreover, as elaborated at multiple sections within this report,
the presented improvements in dewatering and ripening performance would result in a extra
water release of 1000 to 1500 m?3 from a 1 ha by 1 m deep dewatering basin within the first
month of treatment. This extra dewatering is maintained throughout the entire ripening
process, resulting in a final bed that would also contain approximately 1500 m3 less water
than in the absence of worms (for the same hypothetical basin).

This means that worms not only accelerate the initial dewatering of a ripening bed but also
result in a lower long-term water content compared to beds without worms. In other words,
the bed dewaters faster initially and retains less water overall. In practical applications,
mechanical treatments or reworking during the ripening process could increase total
evapotranspiration, potentially reducing the worms' evapotranspiration advantage, leaving
only the benefit of faster initial dewatering. However, since reworking can only be done once
water content is low enough, we would still gain from the shorter dewatering times provided
by worms. More importantly, even if mechanical methods like bulldozers can match the
evaporation rates of worms, the ability to achieve this passively and naturally remains a
highly attractive option.

To conclude, it should be again noted that a laboratory artefact (mucus layer at the air-water
interface over the weekend, see section 3) had most likely affected the performance of the
worms, decreasing the final improvements recorded under worm treatment. In other words,
we expect the benefits from applying marine worms in fact greater than what reported here,
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and this initial set of results should only be seen as a conservative estimate on the potential
of worms in dewatering sediment.
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Recommendations

Apart from the recommendation to include direct measurements of the SC during the
unsaturated and ripening phase as indicated in the last paragraph of the conclusions, the
following set of recommendations are presented:

- Repeat the same type of experiments and assess the effect of the treatment on
sediment geochemistry.

- Study the effect of varying concentrations of Tubidifici and Heteromastus in the
dewatering and ripening performance.

- Allocate funding to execute a dedicated field campaign with the objective of finding
the relevant worms in the region of Rotterdam.

- Investigate the feasibility to obtain the necessary biomass of worms for a hypothetical
large-scale intervention.

- Perform planting experiments in the resulting soil, to assess the hypothetical
beneficial effect of worms treatment in the subsequent development of vegetation
(and thus in the application of the sediment at restoration or development sites).
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