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Abstract

The disturbance of coastal sediments by human activities constitutes a potentially large disruption to
natural sediment and carbon fluxes, but large-scale estimates of these impacts are lacking thus far. Using
data analysis and process-based numerical modelling, we estimate the amounts of sediment and organic
carbon disturbed, as well as potential CO; released from North Sea sediments resulting from (1) dredging
in the form of mineral aggregate extraction and (2) dumping of material dredged during waterway
maintenance. Despite disturbing less sediment than aggregate extraction, dumping has a greater potential
for carbon remineralization due to a higher organic carbon content in estuarine muds compared to subtidal
sands and gravels. Overall, we estimate carbon disturbance by both activities to be 1-2 magnitudes higher
than by marine construction, but 1-2 magnitudes lower than by bottom-contacting fisheries. Simulations
show that most material dumped within the German Bight and Wadden Sea deposits within the coastal
basins and intertidal areas after one year, the amount being similar in magnitude to natural sedimentation
in that area. These results highlight the potential of human activities to shape long-term coastal
morphology, and we argue that they should be considered in regional to global sediment and carbon

budgets.
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1. Introduction

As the interface between terrestrial and marine environments, coasts and marginal seas play an important
role in regional to global sediment and carbon cycles, wherein the seafloor acts both as a zone of
transformation and long-term sequestration'. Recently, various budget estimates have aimed to quantify
coastal particle and solute fluxes on regional or global scales by accounting for natural processes such as
river loads, coastal erosion, redistribution by ocean currents, and sedimentation>™®. Studies of
anthropogenic impacts on these fluxes have largely been limited to effects related to watershed
modifications such as river damming, channel deepening, and erosion due to changes in climate and land-
use’ % as well as associated impacts on ecosystem production and elemental cycles!!!2, In contrast,
activities that cause direct mechanical disturbance and/or relocation of sediment have received little
attention. When sediment is disrupted mechanically, organic matter within the suspension plumes can be
transported, exposed to oxygenated waters and remineralized more readily than when trapped in the
sediment, effectively increasing nutrient turnover rates and thereby reducing the efficacy of Blue Carbon
ecosystems as natural nutrient and carbon pumps'®. Additionally, seafloor disturbances can alter benthic
habitats, with adverse impacts on ecosystem functions through changes to both macrobenthic and

microbial communities'*'6.

Prevalent human activities with impacts on coastal Blue Carbon ecosystems include the construction of
coastal and offshore infrastructure such as wind farms, cables, oil and gas platforms, and harbours'”!8,
aggregate mining'®, bottom-contacting fisheries?’, and dredging and dumping?!*2. It has been suggested

that a considerable portion of the global net sediment flux is due to one or several of these activities. For

example, the global mass of dredged and dumped material has been estimated to the order of 10 Gt
3
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annually?, rivalling the export of riverine material to the coast in scale?*. A similar magnitude has been
estimated for the amount of sediment resuspended by bottom trawling fisheries on continental shelves?.
It is thus evident that any holistic analysis of contemporary matter fluxes in the Earth system must account

for direct human impacts on sediment disturbance.

In this study, we estimate the amounts of bulk sediment and organic carbon (OC) disturbed or relocated
by dredging and dumping in the North Sea, a marginal sea under intense human pressures (Figure 1). We
focus on two activities for which large-scale quantifications are lacking thus far: (1) aggregate extraction
in the form of sand and gravel mining and (2) dumping of material originating from the dredging of
waterways and harbours, or for beach nourishment or construction. Based on publicly available data and
numerical simulations, we estimate amounts of disturbed bulk sediment and organic carbon and its
potential remineralisation. We analyse the results with an emphasis on the Wadden Sea, Earth’s largest
tidal flat system that stretches along the Dutch, German, and Danish coasts. Dredging and dumping have
been identified as main risks for maintaining the Outstanding Universal Value of the Wadden Sea World
Heritage Site®.

The amount of material extracted from the European seabed has increased drastically, by two orders of
magnitude since the 1970°s%. Aggregate extraction is typically conducted using suction dredgers that
pump a sediment-water mixture from the seafloor into hoppers onboard the vessels. The suction heads
themselves create resuspension plumes at the seafloor. On the vessels, the excess, sediment-laden water
spills back into the ocean as overflow discharge. In addition, the mixture is often screened in the hoppers,

that is, the unwanted, fine particulates filtered out. Along with the overflow discharge, this creates highly

concentrated surface sediment plumes that can be detected up to several kilometres from the extraction

4
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sites?’. These plumes contain most of the organic matter present in the dredged material, including
fragmented benthic invertebrates?®. Extraction sites are concentrated in the southern North Sea and at the

Danish coast.

The majority of dumped material in the North Sea originates from maintenance dredging in navigation
channels and harbour basins, with only a small amount of dredged material being disposed of on land*.
Most dumping is concentrated at the southern North Sea coast near large ports such as those of Antwerp,

Rotterdam, and Hamburg. Harbour sludge is typically rich in organic matter?’.

As a result of its relatively shallow depth (average 95 m) and energetic semi-diurnal tidal currents, the

3031 Therefore, sediment disturbances

North Sea experiences strong benthic-pelagic coupling
considerably affect the pelagic ecosystem and element cycles, particularly in the shallower southern North

Sea (depths around 15-30 m), where the water column is mixed throughout most of the year, and where

many coastal human activities are concentrated.
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Figure 1. Study area in the North Sea with dredging and dumping locations. Annual bulk dumping activity

averaged for 1995-2021 (green circles), and marine aggregate extraction areas (blue polygons). For visual

representation, dumping amounts were cumulated on a 1°x1° grid and the dumping site coordinates for

each grid cell averaged. Colour scale shows modelled sediment carbon mineralization rates. Projection:
85 Albers Equal-Area Conic.
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2. Results

2.1. Aggregate extraction

In total, an order of 100,000 kt of marine aggregates in the form of sand and gravel are extracted each
year in the North Sea for use in construction, land reclamation, and beach nourishment, albeit with
considerable inter-annual variability (Figure 2). In 2009 and 2010 years, the amount more than doubled

compared to the multi-year average.

The sudden increase in extraction starting in 2009 coincides with large coastal engineering efforts with
high raw material requirements, such as the construction of the deep sea harbour JadeWeserPort in
Germany in 2009 and the Dutch sand engine, a large beach nourishment effort completed in 201132, This
indicates that individual projects can be responsible for the bulk of the disturbance through aggregate

extraction.

The average concentration of sediment OC at the extraction sites is 0.10%. We estimate the recent amount
of annually disturbed organic carbon from aggregate extraction in the North Sea to the order of 100 kt. In
our model, 87% of this disturbed OC constitutes the refractory fraction, which is unlikely to be
remineralized following disturbance, while 10.0% and 3.0% of OC are semi-labile and labile,
respectively, and therefore more readily degraded, resulting in a potential OC short-term remineralisation
on the order of 50 kt COze/yr for the North Sea. For comparison, the recent fuel emissions of the European
dredging fleet was estimated at 600-800 kt CO»e/yr according to an industry report®®. Nevertheless, it is
important to note that the refractory OC fraction is not fully inert, and may be made more bioavailable
when exposed to oxygen, especially when mixed with more labile compounds®*. Therefore, the longer-

7
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term potential of aggregate extraction to cause excess OC remineralization may indeed be somewhat

higher, but should not exceed the order of a few hundred kt COze/yr.
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Figure 2. Time series of aggregate extraction in the North Sea. Total extracted amounts over time (left
axis) with estimates of the disturbed sedimentary OC of different labilities according to the numerical
model (right axis).

2.2. Material dumping

Recent dumping of dredged material in the North Sea is reported at 50,000-100,000 kt/yr. Despite
interannual variance, the data show no clear trend during the past decades, with the apparent onset of

increase after 2008 attributable to the inclusion of data from the UK in that year. Our estimate for the
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amount of organic carbon contained in dumped material is in the range of 500-5,000 kt/yr, reflecting the

uncertainty in the OC content of dumped material (Figure 3b).

In our dumping simulations, a large portion of the dumped material remains close to the coast in both
simulations with slowly sinking and more rapidly sinking tracers (Figure 4). However, the slowly sinking
tracers distribute more toward the northeast along the direction of the residual circulation, while the
rapidly sinking tracers stay closer to the dumping locations. This is especially apparent in the shallow
English Channel, where the slowly sinking material is nearly completely winnowed by strong currents,
while the quickly sinking particles remain in place even after one year. At the end of the simulation year
2012, 99.6% (92.3%) of the slowly (rapidly) sinking dumped OC is deposited on the seabed, while the
remainder of 0.4% (7.7%) is in suspension in the water column. Of the material dumped within the
German Bight and the Wadden Sea area, 59.4% (68.6%) remain within the Wadden Sea World Heritage
area, and 25.3% (38.8%) deposits within the 24 German Wadden Sea basins>. Notably, 22.0% (34.0%)
deposits at depths of <1.5 m, which corresponds to the mean low water level in the Wadden Sea and is

roughly equivalent to its intertidal zone.

The amount of bulk sediment deposited in the Wadden Sea in the model after one year is on the order of
8,000 kt, which is the same magnitude as total mud deposition in the Wadden Sea®. This suggests that
dumping can be as important for the internal distribution of mud in the Wadden Sea as natural

sedimentation processes.

Estimating the potential remineralisation and corresponding climate impact of dumped material is
complicated by technical and conceptual challenges. Firstly, a large proportion of the dumping sites are

located within estuaries (Figure 3a), where it is quickly transported back into the estuaries by tidal
9
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pumping as part of the residual estuarine circulation within a short period of time, and after which it may
be dredged and dumped again. Our simulations mirror this phenomenon, where a large part of dumped
material deposits in the intertidal zone. This means that the same material can be redeposited several times
throughout the year and would thus be double billed in the total quantities shown in Figure 3b, even if the
sediment budget of the overall system remained unchanged. Nevertheless, the simulations give an

indication of the overall transport patterns of dumped OC.

Secondly, the lability, i.e. the mineralisation rate of the OC in the dumped material, is largely unknown.
Although it has been shown that large estuaries and harbour basins such as those of the Elbe act as efficient
bioreactors and thus OC exported from the estuary is largely inert and slowly microbially degraded™,
dredged material may still be at the beginning of the mineralisation process and can therefore contain
labile OC*”. Nevertheless, our results allow an estimate of the upper limit of remineralisation of around
1,000 kt COze/yr, assuming that no more than 10% of the dumped OC is remineralized following dredging
and dumping, which is about the maximum amount of oxic remineralisation found in a 21-day incubation
experiments using mud from the port of Hamburg?’. The fact that such a large amount of dumped material
accumulates in the intertidal area may be significant since it has been shown that aerially exposed harbour

sludge emits CO; at a rate ~4 times faster than when permanently inundated.

10



155 Figure 3. Distribution and amount of material dumping in the North Sea. (a) Southeastern North Sea coast
with estimated dumped OC densities cumulated on a 3°x3’- grid and the locations of large ports
(projection: oblique Mercator), (b) Dumped bulk amounts in the entire North Sea over time (left axis) and
estimate of dumped organic carbon (right axis) with ranges indicated in grey shading based on OC
contents in dumped material of 2-8% (average: 5%) and 0-2% (average: 1%) in the fine and coarse

160 fractions, respectively.

11



165

Figure 4. Dumping simulation results. Spatial distribution of dumped sediment OC in the southeastern
North Sea area after one year of continuous dumping with particle sinking velocities of (a) 0.05 mm/s and
(b) 1 mm/s are shown. Note the logarithmic colour mapping. Dumping locations are marked as blue
circles and Wadden Sea World Heritage site in blue shading. Areas in dark grey are not included in the
model domain. Projection: oblique Mercator.

12
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2.3. Comparison to other impacts

Table 1 lists the estimated impacts on sediment and OC in comparison to other sediment-disturbing
activities for which estimates have been compiled. For the North Sea, the largest total net impact on OC
turnover is from bottom-contacting fisheries, estimated to the order of 1,000 kt COze/yr39’4°. However,
this impact has decreased during the last decade with an overall decrease of fishing effort in the area due

to declining fish stocks and fishing quotas.

Most prominent among on-going marine infrastructure construction is the deployment of vast offshore
windfarms in coastal waters globally. The initial disruption during the placement of pile foundations and
cables is followed by an equilibration phase during which the ecosystem adjusts to the newly formed
artificial reef, and by a decommissioning phase, during which additional sediment disturbance may occur.
For commissioned and planned offshore wind farms in the southern North Sea, OC disturbance was
estimated at 400 kt and remineralization at 400 ktCO: during wind turbine construction and
decommissioning'’. For a typical twenty-year life cycle of wind turbines, this is equivalent to 20 ktC/yr
and 20 ktCO2/yr, respectively, somewhat less than our estimated impact for aggregate extraction and
substantially less than bottom-contacting fisheries and dumping. In addition, positive artificial reef effects
outweigh the initial loss during pile construction, resulting in a net positive impact of offshore wind on
OC sequestration on the order of 50 ktC/yr in additional uptake'’. A similar magnitude has been estimated

for OC disturbance due to installation of subsea communication cables'®.

A comparison to human impacts on riverine fluxes is not straight-forward, since contrasting effects on

riverine export to the coast have been determined, with increased solute fluxes due to changing climate

13



and land use and decreased particulate fluxes due to retention by damming. In addition, riverine nutrient
loads may play a more important role for the coastal carbon cycle than direct carbon exports by enhancing
190 primary production and thereby increasing biological carbon fixation'?. Nevertheless, considering the
total OC export from rivers in the entire North Sea of around 1,000 ktC/yr*! along with global estimates
for effect of damming (13% decrease*?) and of European climate and land use change (20% increase’)
brings the human impact on direct riverine export of OC to the order of 100 ktC/yr, which is smaller than
disturbances by both bottom-contacting fisheries and dumping, and similar to the disturbance by

195 aggregate extraction.

14



Table 1. Coastal ocean sediment and organic carbon disturbances in comparison. Estimated magnitudes

of direct human impacts on bulk sediment disturbance, sediment organic carbon disturbance and potential

sediment carbon remineralization in the North Sea are listed with recent (decadal) and projected trends
200 denoted as stagnant (—), increasing (1), or decreasing (|).

Sediment Organic Organic carbon .
. carbon . . Recent | Projected
Impact disturbance | . remineralization Sources
disturbance trend | trend

(kt/yr) (ktC/yr) (ktCOzel/yr)
Bottom—contaotmg 109 10* 10° l na 39,40
fisheries
Dumping 10* 10>-10° 10>-10° — 1 This study
Aggregate 10° 102 10'-102 = 1 This study
extraction
Offshore wind
farm construction/ | n.a. 10 10 i 1 17
decommissioning™
Subsea
tczl];ceommumcatlon na 102 10! 1 | 18
installation**

*Southern North Sea only, assuming ~25% of disturbed carbon is remineralized'’
**assuming 2 orders of magnitude lower impact than trawling'®

15
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3. Discussion

We show that dredging and dumping can impact the morphodynamics of coastal zones of the North Sea
at the same magnitude as natural processes of erosion and sedimentation. Based on these results, we argue
that in heavily managed systems, no sediment or carbon budget can be complete without consideration of
the direct human impacts. The same likely applies to many densely populated coastal regions globally.
Examples of other seafloor impacts that have been observed, but for which large-scale quantifications of
corresponding sediment and carbon fluxes are yet to be quantified, include anchor dragging, mooring and

ore mining*>*4,

In terms of carbon disturbance and associated potential climate impact, the most substantial impacts in
the North Sea are assessed, in descending order of magnitude, as follows: bottom-contacting fisheries,
material dumping, aggregate extraction, and marine construction. However, this sequence is subject to
change in the coming decades, as certain activities such as wind farm construction increase at a rapid
pace, while others, such as fishing, have shown decreasing trends. Additionally, sea level rise is expected
to enhance the sediment deficit in coastal regions such as the Wadden Sea, which will require additional
dredging and sand nourishment to prevent the drowning of coastal landscapes®. Likewise, dumping of
harbour mud is projected to increase with increasing ship sizes, requiring deeper and wider navigation

channels.

While this study gives first estimates of the magnitudes, further studies gauging impacts of sediment-
disturbing activities on the overall carbon cycle should include resolving indirect effects, such as changes

to ecosystem production and benthic-pelagic coupling. For example, metabolic processes may generate

16
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not only dissolved inorganic carbon, but also alkalinity, which under some circumstances can strengthen

the coasts role as a carbon sinks*’.

4. Methods

4.1. Aggregate extraction data

Data on 217 existing extraction areas*® and extraction mass and/or volume?**** from 1992-2023 was
analysed. Only extraction areas with a status classified as “Active” were considered, and a large shell

extraction area spanning a large stretch of the Dutch coast was excluded from analysis.

In cases where extraction amounts were given in volume, they were converted to mass using the averaged
porosity of all extraction sites of 0.36 and a grain density of 2,650 kg/m3. Porosity was derived by
interpolation of more than 2,000 sediment samples collected in the region>’. The amount of OC impacted
was calculated for three OC classes of different labilities based on results of a numerical model (see Sect.
4.3). As an exact colocation of extracted amounts to extraction sites was not possible for all data points,
we assumed that the extracted amount was evenly distributed across all extraction sites. For the same
reason, it was not always possible to distinguish between extracted amounts inside and outside of the
North Sea for the UK, Denmark, Germany, France, and Norway. Therefore, the total amounts may be
overestimated since they also contain extraction from the English Channel and the Baltic, Irish and Celtic
Seas. However, since the largest extraction sites are located within the North Sea, and the largest amounts

by far are extracted from the Dutch coast, we do not expect this to affect the magnitude of our estimate.

17
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4.2. Dumping data

Dumping data® compiled by the OSPAR commission were analysed for information on dumping
locations and quantities, containing data for 1995-2021, except for the years 2016 and 2020, as well as
information on material composition (such as grain size) starting 2013. Beach nourishment has been
included in monitoring efforts starting from 2013. No data for the UK is contained before 2008, and

activities in Denmark and Norway appear from 2013.

Individual activities for which no deposit amounts were specified were ignored in further processing.
Deposited amounts were located using deposit site codes for the years 2014, 2015, 2017-2019, and 2021
and filtered for the North Sea area. For the latter three years, no deposit site codes are included for
activities in Denmark, and for 2018, no deposit site codes are included for some activities in Belgium,
preventing a location of those activities. Though grain size was not specified for those activities, nearly
all of them were classified as land reclamation, beach nourishment or construction, indicating that this
dumped material comprised coarse-grained sediment. In total, 11.2, 3.2 and 1.6 Mt of dumping are
omitted in the years 2018, 2019 and 2021, respectively, amounting to a few percent of the multi-year

average.

Because of the heterogenous nature of dumping data documentation, dumped material was categorized
into three types based on sediment descriptions in the data: "coarse" for sand and coarser material (22.0%
of activities), "fine" for silt and finer material (12.8% of activities), and "mixed" for mixtures of coarse
and fine material (13.4% of activities). Sediments with no sediment type information (51.7% of all

activities) were categorized as "mixed" (see Table S2 for details).

18



265

270

275

280

An OC content of 2-8% and 0-1% was assumed in the fine and coarse fraction, respectively, based on the

composition of harbour muds sampled at the port of Hamburg?’.
4.3. Numerical models

We use a suite of process-based numerical models to (1) simulate the amounts and labilities of organic
carbon in the seabed to gauge the impacts of aggregate extraction and (2) simulate the distribution of

dumped material.

The first is the Total Organic Carbon Macrobenthos Interaction Model (TOCMAIM)’?, which accounts
for OC lability through three sediment classes with different degradation rate constants. This model
applies the phyto-detritus fields of the NPZD-type ecosystem model ECOSMO >? to assign fresh input of
OC at the seafloor, where it is consumed and mixed vertically by bioturbating macrobenthos and degraded
through microbial respiration. The model is run for 63 years, at which point a quasi-equilibrium between
the OC lability classes has established. There is a strong seasonal signal of fresh (highly labile) OC at the
seafloor surface following the phytoplankton blooms, most of which is remineralized by the end of the
year. Therefore, we use the end-of year fields of the year 2013 and average the OC lability contents over
the upper 30 cm, corresponding to the typical depth of furrows observed following trailer head suction

dredging>*> .

The second model is a 3D coupled hydrodynamics and sediment transport model based on the SCHISM
modelling system>®. The validated setup covers the entire Northwest European shelf>’, and the spatial
resolution of the unstructured model grid was increased in the Wadden Sea and the German Bight in order

to adequately represent the flow dynamics there®®. The resolution in the German Bight ranges from 0.7

19
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km to 5 km and is around 1 km in the Wadden Sea area with local refinements at complex features such

as flow-confining channels.

For a representative picture of recent activities, dumping was assumed to be continuous and the dumping
volumes since 2014 were averaged over time. Based on the estimated dumped OC amounts and assuming
an average OC content of 5% in the dumped material, dumping was implemented as an additional constant
source of water and sediment at the sea surface at each model grid cell nearest to each dumping location.

For each location, dumped water volumes (in m3/s) were assigned as

Mgump,oc
Vdump = %, (1)

where Mgymp,oc (in kg/s) is the average OC dumping rate according to our estimate (see Sect. 4.2), and
C (in kg/m3) is the corresponding sediment concentration of the mixture, calculated to a constant value of

Pw * Ps kg
=—=296—,
pw + ps-WC m? @

where WC = 300% is the water content of bulk sediment (expressed as weight water per weight dry bulk

sediment) based on measurements in estuarine muds®’, p,, = 1,000 kg/m? is the water density and pg =

2650 kg/m? is the average sediment grain density.

Some dumping points are located within estuaries that are outside of the model domain, accounting for

about 20% of the total dumped amount, and these dumping sites are not considered in the model.

The dynamic behaviour of dumped material is not well known. In the model, OC is treated as a mass-

conservative, sinking tracer with a constant sinking speed of 0.05 mm/s (see Table S2 for details).
20
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However, in natural suspensions, particles with high organic matter content form larger aggregates at high

concentrations with significantly higher sinking velocities®. Therefore, a sensitivity experiment was

carried out with a sinking rate increased by a factor of twenty to account for the possible influence of

aggregation. We simulate one full year of dumping using hydrographic conditions of 2012.
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