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Sediment Transport Model Quantifies
Plume Length and Light Conditions
From Mussel Dredging
Ane Pastor1, Janus Larsen1, Christian Mohn1, Camille Saurel2, Jens Kjerulf Petersen2

and Marie Maar1*

1 Department of Bioscience, Aarhus University, Roskilde, Denmark, 2 Danish Shellfish Centre, National Institute of Aquatic
Resources, Technical University of Denmark, Nykøbing Mors, Denmark

Mussel dredging causes resuspension of sediment particles that reduce water clarity
and potentially leads to reduced eelgrass growth. In order to study the impact of
resuspension from mussel dredging on light conditions in the water column, field
experiments were conducted at two sites in the Limfjorden. Light loggers were placed
in two circular arrays around the dredge area. Vertical profiles of current velocity were
measured by an ADCP and the sediment particle size composition was obtained
from sediment core samples. The field data was used to force, calibrate and validate
a sediment transport model developed in the FlexSem model system. Changes in
sediment concentrations during and after mussel dredging were modeled for the two
sites and for seven scenarios. We found that the distance and direction of the plume
in the model was in good agreement with light logger data. The plume duration was
less than 1 h, and the impact range was between 260–540 m. The scenarios showed
that fishing intensity and current speeds were most important for shaping the sediment
plumes. Changes in suspended sediment concentrations were 0.62–1.79 mg l−1 on
median average and 1.22–11.61 mg l−1 for the upper quantile of the plume, which
were on the same order of magnitude as background values in the Limfjorden. The
amount of fishing days during the eelgrass growth season was 6–8% in Lovns Bredning
and 16–35% in Løgstør Bredning and less than 1–2% of the total area was dredged
per season. Even though there are substantial changes in the light conditions from the
sediment plumes, the overall spatio-temporal impact in the study area is considered low.
We recommend that management plans in other areas could sustain a shellfish fishery
by limiting fishing intensity and frequency near eelgrass beds. The presented approach
combines observational data, sediment transport modeling and reported fishing activity.
It is a step forward within sediment transport modeling and could be incorporated into
environmental impact assessments. The results have recently been used as scientific
background for recommendations to improve the management plans according to the
Danish Mussel Policy and relevant EU Directives.
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INTRODUCTION

Shellfish are important ecological engineers in coastal marine
areas as they often live in aggregated structures with a diverse
assemblage of associated flora and fauna. They filter the water,
control phytoplankton biomass and they are food source for
higher trophic levels such as crabs, starfish, birds and humans
(Dame, 1996; Herman et al., 1999; Maar et al., 2009; Petersen
et al., 2013). Shellfish are commercially exploited in many coastal
areas using different types of gears (Dolmer and Frandsen, 2002;
Kamermans and Smaal, 2002). However, the shellfish fishery can
be in conflict with conservation interests by reducing the amount
of food availability for shellfish eating birds, reducing the benthic
filtration capacity, causing mechanical disturbance of the seabed
(e.g., affecting seagrass beds, benthos communities, and sediment
structure) and increasing sediment resuspension affecting the
water clarity (Dolmer, 2002; Dolmer and Frandsen, 2002;
Neckles et al., 2005; Frandsen et al., 2015). The EU Common
Fishery Policy aims to ensure that fishing is environmentally,
economically and socially sustainable. Hence, in order to manage
shellfish fisheries, it is important to document the impact of
fishing on the ecosystem (Kamermans and Smaal, 2002).

One of the concerns of mussel dredging is the resuspension
of sediment particles leading to reduced light conditions for
seagrasses (Riemann and Hoffmann, 1991; Dyekjær et al., 1995;
Holmer et al., 2003). Eelgrass (Zostera marina) is the most
common seagrass species in northern and western Europe
and is a key indicator under the European Water Framework
Directive for the biological quality element ‘Macroalgae and
angiosperms’ (Carstensen et al., 2013). The primary cause of
seagrass degradation and loss globally is a reduction in water
clarity, both from increased turbidity and increased nutrient
loading (Erftemeijer and Robin Lewis, 2006). In many cases,
dredging operations have contributed to a higher turbidity and
loss of seagrass vegetation (Erftemeijer and Robin Lewis, 2006).
In the Danish estuary Limfjorden, water clarity and eelgrass
depth distributions have not improved since the 1990s despite
nutrient reductions of around 30%, probably due to increased
sediment resuspension (Carstensen et al., 2013). Management
measures have been implemented to protect the eelgrass beds
by designating “eelgrass boxes” in Natura 2000 areas, which are
avoiding direct fishing 300 m around the eelgrass beds. Eelgrass
boxes encompass both, the known eelgrass habitats, and locations
determined by modeling where the eelgrasses could potentially
recolonize (Canal-Vergés et al., 2016). However, the indirect
impact from dredging on seagrass ecosystems is far from fully
understood, despite various research efforts (Erftemeijer and
Robin Lewis, 2006). Hence, there is a critical need to improve
the ability to make predictions of the sediment plume length,
intensity, and persistence of environmental impacts associated
with trawling and dredging, especially when conducted close
to sensitive habitats such as eelgrass meadows (Erftemeijer and
Robin Lewis, 2006; Linders et al., 2018).

The processes governing the dredge plume generation and
transport are complex and depend on many factors, which are
often site- and substrate-specific (Canal-Vergés et al., 2016). In
the following study, we used the 3D FlexSem model system

(Larsen et al., 2017, 2020) as a tool for predicting potential
environmental impacts of mussel dredging activities supported
by field data at two study sites in the Limfjorden. The aim of
this study is to estimate the effects of mussel dredging causing
resuspension and transport of sediment particles, and investigate
how the sediment plume changes the light conditions in the
water column in different scenarios. The topic of the study is a
result of discussions in the Danish Mussel Committee that is an
advisory body for management of the oyster and mussel fisheries
in Danish waters. The model results will be evaluated and used to
provide input to management plans addressing mussel fisheries
and protection of eelgrass beds.

MATERIALS AND METHODS

Study Area
The Limfjorden is a eutrophic shallow, brackish water area, with
a mean depth of about 4.9 m and a surface area of 1,500 km2

(Figure 1). It is connected to the open waters of the North
Sea to the west and the Kattegat to the east through narrow
entrances and is characterized by small tidal amplitude (<0.5 m).
The dominant saltwater inflow is with westerly winds from the
North Sea and the average salinity ranges from 32 in the west
to 22 in the inner parts of the Limfjorden (Maar et al., 2010).
Løgstør Bredning is the central basin connecting the western and
eastern parts, whereas Lovns Bredning is the innermost located
basin only connected through a narrow strait to the rest of
the Limfjorden (Figure 1). The mussel fishery is an important
industry in both basins and is restricted to water depths >5 m in
Løgstør Bredning and >2 m in Lovns Bredning as well as outside
eelgrass boxes, where fishery is prohibited in order to protect
known eelgrass beds. Currently, there are 21 licensed boats in
the Limfjorden with an annual harvest between 15,000–22,000
ton the last 5 years (Danish Fishery Agency). Mussel dredging is
carried out from boats using four mussel dredges with a width of
1.45 m, two on each side of the vessel and each with a weight of
123.4 kg (Frandsen et al., 2015).

Field Studies
Field studies were conducted in two different areas of the
Limfjorden (Figure 1); in Lovns Bredning from 26th February
to 4th March 2017 and in Løgstør Bredning from 6–10th
March 2017. In each sampling area, 16 fixed-position moorings
were deployed in two circular sensor arrays around the mussel
dredging area (Figure 2). The inner array (stations 1–8) had a
diameter of 200 m and the outer array (stations 9–16) was set
up with a diameter of 600 m. Mussel dredging was performed
by one fishing boat using four light dredges, two on each side
of the boat (Frandsen et al., 2015). The start and end positions
were mainly located inside or at the boundary of the inner
mooring circle (Figure 2). The dredging process takes a couple
of minutes, before the collected mussels are rinsed in the water
column and taken on board. Part of the survey area in Lovns
Bredning (including stations 14 and 15) was located inside a small
eelgrass protection area (eelgrass box) (Figure 2A). The mussel
dredging activities lasted for 1.5–2.5 h each day giving a total of
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FIGURE 1 | Map of the central and western Limfjorden showing the dredging locations (Lovns and Løgstør). Color legend indicates the water depth and yellow text
boxes indicate the major cities.

19 and 15 dredge tracks in Lovns Bredning and Løgstør Bredning,
respectively, over the study period (Table 1). The highest amount
of dredging events was 12 in Lovns Bredning and 9 in Løgstør
Bredning occurring on the second day at both locations (Table 1).
Each dredge covered a distance of approximately 115 m and
150 m and with a sailing speed of 3.2 knots and 2.6 knots in
Lovns Bredning and Løgstør Bredning, respectively. The field
data was used to force, calibrate and validate the sediment
transport model.

Light Measurements
Integrated temperature and light loggers (HOBO Pendant
Temperature/Light 64K Data Logger) were mounted on each
mooring in the two circular arrays at three different water depths
(0.5, 1.5, and 3.0 m above seabed). The 48 loggers (3 depths and 16
stations) were deployed in each area over a period of 4 days and
light intensity time series were collected with a sampling interval

of 30 s. Five loggers in the Lovns area did not provide any data due
to technical problems (two near-surface loggers and three loggers
at 1 m above the seabed). However, only one bottom logger at
Løgstør Bredning failed to provide data. Each time series was
filtered using a 3 min moving average for removing the largest
outliers, but retaining sharp changes in light intensity associated
with short-lived sediment plumes caused by experimental mussel
dredging. Light intensities were min-max normalized by scaling
all values in the range 0–1 to compensate for large light intensity
differences between moorings caused by temporal variability
of solar irradiance, spatial heterogeneity in cloud cover and
background light attenuation due to the presence of particles
other than sedimentary material from mussel dredging. Light
intensity anomalies were then calculated at each depth relative to
an area-wide average of the min-max normalized data. We used
a simple threshold to detect potential evidence for occurrences of
dredging related turbid layers in the light logger data. Such signals
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FIGURE 2 | Mussel dredging tracks conducted in (A) Lovns Bredning and (B) Løgstør Bredning. Black circles indicate the position of loggers (numbered from 1–16),
the ADCP and the sediment sampling. Trawl tracks are gray lines, sediment types are indicated as background color, water depth as blue contour lines, and the
FlexSem model domain is shown as a black polygon. The hatched area indicates the location of the eelgrass box.

were considered present, if the minimum light near-bottom
intensity anomaly (low light events) at location x is smaller than
the time-averaged light intensity anomaly at that location minus
the highest standard deviation at any location xn and time step t:

minx (1I (x, t)) < 1It (x)− max(xn,t)
(
σ1I(xn,t)

)
(1)

where 1I(x,t) is a time (t) series of light intensity anomalies at
a specific location x, 1It (x) is the corresponding time-averaged
intensity anomaly at location x and σ1I(xn, t) is the standard
deviation of intensity anomalies from all mooring locations xn
and time step t (n = number of locations 1–16).

ADCP Measurements
A 600 kHz ADCP (RDI Workhorse Sentinel) was deployed
at each site (station 1 at Lovns Bredning mooring, station 3
at Løgstør Bredning mooring) in a bottom-mounted, upward-
looking configuration. 30 seconds ensembles of 3D velocity
components were collected along with corresponding records of
beam correlation and error velocity. Each vertical profile had a
bin size of 0.5 m and the first bin was at 1.59 m above the bottom
(blanking distance: 0.88 m). The velocity data time series at each
bin were filtered using a 30 min moving average. When compared
to light intensity data, current measurements were less variable
over time and a filter length of 30 min was chosen as a balance
between retaining the dominant flow patterns and removing
instrument noise. Only the first 6 bins contained error-free data
(1.59–4.09 m above the bottom). Other depth bins were discarded
due to the presence of strong artificial shear layers and noise
mainly generated by acoustic signal reflection at the sea surface.

Sediment Samples
Sediment cores were taken by a diver in the middle of the
sampling arrays in Lovns Bredning and at station 3 in Løgstør
Bredning using Plexiglas cores. Three replicates were taken on

each site and kept in the cold before being processed in the
laboratory. The sediment cores had a surface area of 0.0021 m2

and the sediment column was sectioned into the depth layers: 0–
1 and 1–2 cm. Samples from each stratum were homogenized and
subsamples of 10 ml were taken for loss of weight on ignition
(LOI) determination, while the rest of sediment was used for
grain size analysis (surface area: 0.00115 m2). Each stratum was
then sieved through test sieves of 2 mm, 1 mm, 500, 250, 125,
and 63 µm. Each fraction was dried at 80◦C until no difference
in weight was measured (>48 h). The last fraction, <63 µm, was
filtered onto 47 mm pre-dried Wattman GF/C microfiber filters
(Sigma-Aldrich Denmark A/S, Copenhagen, Denmark), dried at
80◦C for >48 h in order to determine dry weight. Organic matter
content was determined for the 10 ml samples for each stratum
as LOI at 550◦C for 4 h.

Model Development
Model Approach
The FlexSem model system was used to describe the resuspension
and transport of different size fractions of sediment particles

TABLE 1 | Dredging date, trawl numbers, number of trawls per day, start time of
the first trawl and end time of the last trawl in Lovns Bredning and
Løgstør Bredning.

Date/location Trawl
numbers

Number of
trawls

Start time
first trawl

End time
last trawl

28-02-2017/Lovns 1 to 4 4 10:28:00 13:01:00

01-03-2017/Lovns 5 to 16 12 10:26:00 12:37:30

02-03-2017/Lovns 17 to 19 3 10:28:00 12:02:00

07-03-2017/Løgstør 1 to 3 3 09:37:00 11:25:00

08-03-2017/Løgstør 4 to 12 9 09:15:00 10:58:00

09-03-2017/Løgstør 13 to 15 3 09:12:00 10:52:00
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with different sinking rates after a dredging event. FlexSem
uses an unstructured computational mesh (Larsen et al., 2017,
2020). The computational mesh is made of 4,056 equilateral
triangles with a characteristic length scale of 10 m covering a
total area of 630 m × 630 m (Supplementary Figure A.1). The
vertical discretization is implemented as z-coordinates, i.e., the
separation between computational cells in the vertical are defined
at fixed depths. For this study, 10 layers of 0.5 m thicknesses were
used yielding a total water depth of 5 m. The FlexSem model
system was forced by measured time-series of vertical profiles
of horizontal current velocities (speed and direction) from the
ADCP. It was assumed that the currents were spatially uniform
within the model domain because the sea beds were smooth with
slopes less than 5 per-mille. Thus, the model includes vertical
velocity shear, i.e., vertical changes of the horizontal flow, but
no explicit vertical velocities or diffusion. Vertical velocities from
the ADCP were at least one order of magnitude smaller than the
horizontal currents. A sensitivity test showed that the sediment
plume only was slightly affected at vertical diffusivities >10−3 m2

s−1 (Supplementary Figure A.2), which are in the less frequent,
high end of observed and simulated values (10−6–10−2 m2 s−1)
from the area (Maar et al., 2007; Stevens and Petersen, 2011).
The measured vertical profiles were linearly interpolated from the
depth bins of the ADCP to the model depth layers.

Sediment Resuspension and Sinking
The area-specific amount of resuspended sediment (kg DW
m−2) was estimated from the measured weight of particles in
the sediment (kg DW m−3) in the 0–1 cm layer for Lovns
Bredning and 0–2 cm for Løgstør Bredning (Table 2) multiplied
by the penetration depth of the light dredge. Since there are no
estimates of the depth penetration of the light dredge, we used the
minimum penetration depth of 0.0015 m for the heavier Dutch
dredge (Dyekjær et al., 1995). This resulted in a resuspension of
2.6 kg DW m−2 and 3.7 kg DW m−2 in Lovns Bredning and
Løgstør Bredning, respectively. The differences in resuspension
were due to a lower sediment density in Lovns (1,741 kg m−3)
compared to Løgstør (2,480 kg m−3) (Table 2) resulting in a
higher sediment release in Løgstør. The approach assumed a
100% efficient resuspension, e.g., that the dredge was in contact
with the seafloor at all times. Our resuspension estimates were
similar to reported values of 1.6–2.6 kg DW m−2 measured in the
water column before and after dredging using the Dutch-dredge
in the Limfjorden (Dyekjær et al., 1995).

The total amount of resuspended material (kg DW) was
calculated multiplying the area-specific resuspension (kg DW
m−2) by the length (m) of the dredge track (Figure 2) and the
width of the four dredges (4 m × 1.45 m). The resuspended
material was distributed on five particle size fractions (from
<0.063 to 1 mm) based on field data (Table 2). The dominant
particle size in Lovns Bredning was 0.125–0.50 mm (fine to
medium sand). The dominant particle sizes in Løgstør Bredning
were smaller, with 0.063–0.25 mm (very fine to fine sand).
However, Lovns Bredning had a higher concentration of the
smallest sediment fraction (<0.063 mm, silt) compared to
Løgstør Bredning (Table 2).

Settling velocities (Vz , m s−1) for each sediment size fraction
were calculated from the Stokes Law equation. This equation is
based on the assumptions that the flow is highly viscous, the
particles are impermeable and the shapes of particles are spherical
(Sun et al., 2016):

Vz =
g × (ρz − ρw )× d2

18 µ
(2)

where g is the gravitational acceleration (m s−2), ρz the density of
the settling particle (kg m−3), ρw the density of water (kg m−3),
d the diameter of the particle (m), and µ the dynamic viscosity
(kg m−1 s−1). We assumed that the particles had a density of
2,600 kg m−3, i.e., proxy for quartz (Linders et al., 2018). The
calculated sinking velocities ranged from 0.002 to 0.53 m s−1

(Table 2). Preliminary model tests showed that the two larger size
classes (0.5–1 mm) were settling within a few minutes, and the
three smaller size classes (<0.063–0.25 mm) were the ones that
contributed to generate the plume (Supplementary Figure A.3).
The plume duration was estimated to be approximately 1 h for
the smallest size fraction (<0.063 mm, silt).

Model Simulations and Scenarios
Simulations Using Survey Data
The resuspension of modeled sediment particles during the
mussel dredging events were reproduced according to the survey
data (Table 1) and followed the movement of the fishing ship
for each day in Lovns and Løgstør Bredning (Figure 2). The
model time-step was set to 1 s and the amount of sediment
release corresponded to the light dredge (see section above).
The resuspended sediment (Table 2) was released into the water
column equally distributed over depth because (i) the final
washing of the dredges affected the whole water column, (ii)

TABLE 2 | Sediment composition in Lovns Bredning and Løgstør Bredning showing particle size range (mm), sediment class, sediment concentrations (kg m−3) at
0–1 cm depth (Lovns) and 0–2 cm depth (Løgstør), and representative particle size applied in the estimated sinking rates.

Particle size
range (mm)

Sediment class Sediment concentration
(kg m−3) Lovns

Sediment concentration
(kg m−3) Løgstør

Representative
particle size (mm)

Sinking velocity
(m s−1)

0.5–1.0 Coarse sand 227 1 1 0.530

0.25–0.5 Medium sand 785 15 0.5 0.132

0.125–0.25 Fine sand 434 2036 0.25 0.033

0.063–0.125 Very fine sand 150 385 0.125 0.008

<0.063 Silt 146 43 0.06 0.002

Total 1741 2480
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the plume was visible from drone photos and (iii) the analysis
of light attenuation anomalies demonstrated an effect to at
least 3 m above bottom (Supplementary Figures B.1, B.3).
The release followed the dredge track 3 to 12 times each day
corresponding to the number of dredging activities (Table 1).
E.g., if there were four dredging events occurring in 1 day lasting
1 min each, the particles were released in all the model cells
along the dredge track within 1 min (typically 9–11 cells) for
each dredging event that day. Hence, the longer the dredge
track was, the more model cells would be involved in the
release. After settling, there was no further resuspension. The
location of the dredge tracks was based on ship movement
obtained from start and end positions of the ship (Figure 2).
This type of particle release following the ship movement
during dredging is named ‘dynamic’ release opposed to a ‘static’
release, where particles are released from one grid cell only (see
section below). Model results provided spatial data on particle
concentrations of the different size fraction distributed equally
in the water column over time. At the end of each simulation
(1 day), the accumulated sediment concentration settled within
each model element was calculated. The accumulated sediment
concentration results are therefore not a representation of the
suspended sediment particles at any point in time, but a time
independent view of the sediment plume extent. In reality, the
actual suspended sediment concentration at any point in time
is likely to be lower due to the plume dispersal over time.
Accordingly, plume length (m) was defined as the maximum
horizontal transport of sediment estimated from the accumulated
sediment concentration (Linders et al., 2018). A threshold of
detectable impact on the sediment concentration was defined
as >0.02 mg l−1 (>0.1 g m−2 in a 5 m deep water column)
corresponding to 1% of the lower quartile of measured suspended
background concentrations in the Limfjorden (Olesen, 1996).
Plume intensity (mg l−1) was estimated as the median value
and the 5, 25, 75, and 95% percentiles of suspended sediment
concentration during 1 h after dredging.

Model Scenarios
Different model scenarios were tested in Lovns Bredning
(Table 3) in order to analyze the sensitivity of the model to

(i) type of particle release (static versus dynamic), (ii) amount
of suspended sediment using different gear types, (iii) particle
size composition, (iv) fishing intensity as number of trawls and
(v) changes in current speed. Lovns Bredning was chosen due
to the proximity of the eelgrass boxes to the dredging activities
and the high concentration of silt. In the scenarios, particles
were released from one element in the center of the mesh (i.e.,
static release) for each of the four dredging events on 28th
February 2017 in Lovns Bredning. The mean velocity was 0.05 m
s−1 during the release. The first scenario applied a minimum
resuspension of 1 kg DW m−2 for the light dredge according
to Frandsen et al. (2015). They estimated the resuspension
from the difference in the weight of the gear before and after
rinsing it immediately after the dredging event (Frandsen et al.,
2015). This value was considered as a minimum estimate,
because they only considered the sediment caught by the gear
not including the sediment released during the dredging. The
second scenario applied the release of 2.6 kg DW m−2 for
Lovns Bredning and tested the effect of ‘static’ versus ‘dynamic’
release of sediment particles. In the third scenario, we used a
maximum resuspension of 3.7 kg DW m−2 as estimated for
Løgstør Bredning. This was considered as a worst-case scenario,
due to the amount of resuspended material. In this case, it was
higher than the maximum estimate by Dyekjær et al. (1995)
using the heavier Dutch dredge, and it was based on a 100%
efficient resuspension.

The following scenarios applied a release of 2.6 kg DW m−2

estimated for Lovns Bredning using the light dredge. Scenario
4 used the particle size composition from Løgstør Bredning
(Table 2). In scenario 5, an intense dredging activity was tested
with a total of 12 trawls in 1 day. In scenarios 6 and 7, the
simulations started when the maximum and minimum current
speeds, respectively, were observed in the data set. E.g., if the
maximum current speed occurred on the 28th February, the
model and the dredging activities were forced to start at that time.

Fishing Data
The data on the number of fishing days, boats and tracks, and
size of the dredged area per month in 2017 and 2018 in the two
studied areas was obtained from the Danish Fisheries Agency

TABLE 3 | Model scenarios description of intensity, amount of sediment release, particle size composition and current speed.

Scenario no. Dredging intensity Total amount of resuspended
sediment per event (kg m−2)

Scenario description

Sediment release:

1 4 dredge events 1.0 Low impact on sediment resuspension

2 4 dredge events 2.6 Standard scenario for Lovns Bredning

3 4 dredge events 3.7 High impact (worst case) scenario

4 4 dredge events 2.6 Particle size composition from Løgstør Bredning

5 12 dredge events 2.6 Intense dredging in Lovns Bredning

Current speeds:

6 4 dredge events 2.6 Variable, starting at minimum speed regime of 0.02 m s−1

7 4 dredge events 2.6 Variable, starting at maximum speed regime of 0.15 m s−1

In all scenarios, the same dredging activities were reproduced based on the 28.02.2017 with four dredging events lasting 1 min each. Resuspended sediment is released
from one element in the center of the mesh (i.e., static release). Mean current speed was 0.05 m s−1 in scenarios 1–5.
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(unpublished data). The seasonal impact (%) was estimated
as the number of fishing days in each area out of a total of
210 days during the eelgrass growth period from May to October
(Eriander, 2017). The average track length varied between of
295 m in Lovns Bredning and 528 m in Løgstør Bredning.

RESULTS

Field Measurements
Instantaneous currents from moored ADCP measurements are
summarized in rose plots and individual time-series plots for
each depth level (Figure 3). In general, currents were rather
uniform over depth without significant vertical shear for most
of the sampling period in each area. At the Lovns mooring, the
strongest instantaneous currents were directed to the south and
west during the first 2 days of sampling (Figure 3A). The highest
instantaneous current speeds (0.15 m s−1) were recorded in the
bottom-most layers in the early hours on the 2nd March 2017. At
the end of the sampling period (after 2nd March at 12:00 pm)
currents were considerably weaker (∼0.02 m s−1) and mainly
directed to the south and southeast. At the Løgstør mooring,
currents were mainly directed to the northeast with speeds up to
0.10 m s−1, interrupted by short periods of south-westward flow
(Figure 3B). Instantaneous currents during these flow reversals
showed an episodic amplification of both magnitude and vertical
shear. Maximum speeds of up to 0.15 m s−1 were recorded
in the near-surface layers during the second day (7th March
12:00 h–18:00 h).

Light intensity anomalies at different sampling days in Lovns
Bredning for the bottom-most layer (0.5 m above bottom)
are presented in Figures 4A–C along with observed currents.
In addition, maps including stations, where our threshold
detection method predicted the presence of a dredging plume are
shown in Figures 4D–F. Presence and orientation of the most
characteristic negative light intensity anomalies followed the
direction and magnitude of the observed near-bottom currents
during all the sampling days (Figures 4D–F). On 1st March,
however, some potential plume locations (stations 1, 2, 16)
were predicted to be located upstream from the dredging site
(Figure 4E). For most of the dredging periods, sediment plumes
were predicted inside the inner sampling array (∼200 m). On
1st March, however, characteristic negative light anomalies were
also identified at least 300 m to the south of the initial dredging
area, during conditions of intense dredging and strong southerly
flow (Figure 4E). Characteristic light intensity anomalies in the
mid-layer (1.5 m above bottom) were also well aligned with
subsurface currents (Supplementary Figure B.2). Results from
light intensity measurements in Løgstør Bredning can also be
found in the Supplementary Figures B.3–B.5.

Model Validation
Time-series of the observed near-bottom (0.5 m above
the seabed) light intensity anomalies were compared with
corresponding time series of modeled sediment concentrations
(g m−3) at Lovns and Løgstør Bredning stations for the survey
data simulations. We only considered sampling locations where

presence of potential dredging plumes from light measurements
was predicted by the detection threshold method in equation
1. Modeled occurrences of high sediment concentrations
corresponded to negative light intensity anomalies, i.e., stronger
light attenuation. Spatial sediment distributions from the model
and plume presence estimated from observations showed an
overall good agreement in both extent and direction for all
dredging periods in Lovns Bredning (Figures 4D–F, 5A–C). The
main exceptions were on the 1st March, where some observations
deviated from the main current direction. At Løgstør Bredning
(Figures 5D–F), we again found a good agreement with the
model except for an outlier in observations at station 10 on the
8th March 2017, but this signal occurred some hours after the
last dredging event (Supplementary Figures B.5B,E). There
was also a good agreement in timing of the plume onset and
duration between data and model results during stronger plume
events (Figure 6), however, the agreement was poorer in cases
of weaker plumes close to the detection threshold, as it can be
seen at some locations in Lovns Bredning on the 1st March 2017
(Supplementary Figure B.6).

Model Results of Sediment Plumes
Sediment Accumulation on the Seabed
The total amount of sediment accumulated on the seabed at
the end of the dredging period was estimated for each sampling
day in Lovns Bredning and Løgstør Bredning (Figure 5). The
highest impact was found close to the dredge track due to the
fast sedimentation of the larger particles and the signal decreased
with distance from the track in the downstream current direction.
On the second day, the highest impact was found during the
highest dredging activity in both locations (Table 2). The smaller
particles were transported further away by the prevailing currents
and the impact range was 200–500 m in Lovns Bredning and
Løgstør Bredning. The impacted area differed between days and
locations due to differences in current patterns, dredging events
and different sediment size fractions at the two locations.

In the model scenarios, the accumulated sediment on the
seabed and the sediment plume length at the end of the dredging
period was calculated for Lovns Bredning (Figure 7 and Table 4).
The plume length was smaller and the sediment concentrations
were lower in scenario 1 (330 m, Figure 7A) with minimum
resuspension compared to the standard scenario 2 (360 m,
Figure 7B). In scenario 3, the plume length was bigger and the
sediment concentrations higher than in scenarios 1 and 2 due
to the higher amount of resuspended sediment from using the
Dutch dredge (>390 m, Figure 7C). In scenario 4, the lower
proportion of the smallest sediment fraction (<63 µm) with
lower sinking rates (Løgstør conditions) resulted in a smaller
impact range (310 m) by sedimentation (Figure 7D). Scenario
5 with a higher fishing intensity showed a larger plume length
(450 m) reaching further into the eelgrass box compared to
the other scenarios (Figure 7E). Scenario 6 (220 m) showed
that low current speeds caused a smaller plume (Figure 7F)
compared to scenario 7 (>390 m) with high current speeds
(Figure 7G). The plume intensity varied from 0.62 to 1.79 mg
l−1 (median) between scenarios and the upper quantile showed
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FIGURE 3 | Rose plots of instantaneous currents at all depths (left column) and corresponding time series of instantaneous currents (every 20th data point is shown
corresponding to 10 min intervals) at different depth layers (right column) measured by the ADCP at (A) Lovns Bredning and (B) Løgstør Bredning.

values up to 11.61 mg l−1 in scenario 5 (Table 4). In summary, the
main drivers for sediment plume impact were fishing intensity
(scenario 5) and current velocity (scenarios 6–7), whereas the
amount of resuspension from gear selection (scenarios 1–3) and
particle size contribution (scenario 4) were less important for
the study sites.

DISCUSSION

Estimated Effects of Mussel Dredging
Quantifying and modeling the transport and fate of sediments
released during mussel dredging operations is essential for

developing management plans in coastal shallow areas such as
the Limfjorden (Sun et al., 2016). Here, we used a combination
of field data and modeling to calculate the resultant sediment
plumes and changes in light conditions caused by mussel
dredging. During the surveys, the modeled plume size varied
from 260 to 540 m depending on fishing intensity, current
patterns and differences in sediment type between the two sites.
The distance and direction of the plumes followed the current
patterns, which showed a high day-to-day variability at the two
study sites (Figures 3–5).

The generated sediment plume was most sensitive to increased
fishing intensity (i.e., number of dredge tracks per day), which
impacted a larger area and showed higher accumulation of
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FIGURE 4 | Bottom-most (0.5 m) light intensity anomalies from normalized light intensity logger data at all moorings in Lovns Bredning. Time-series during different
sampling days are shown in subfigures (A–C) with dredging periods indicated by black arrows. Mooring stations are numbered according to Figure 2A and have
different colors. The stick plots below (A–C) display the dominant flow direction in the bottom-most depth layer (see Figure 3 for more information). Stick plots
represent both flow magnitude and direction and are equally scaled. In subfigures (D–F), the locations of moorings with detected light intensity anomalies are
indicated using the same color code as in (A–C) for the respective days. The hatched area indicates the location of the eelgrass box.

sediment on the seabed (Figures 5B,E, 7E). Current patterns
were similarly important, and the plume length increased from
220 m at low current speeds (0.02–0.04 m s−1), to >390 m at
high current speeds (0.15 m s−1) (Table 4). A previous study
on sediment plume modeling due to fish dredging estimated a
horizontal transport distance of 280 m for resuspended coarse
silt at current speeds of 0.04 m s−1 (Linders et al., 2018). To
a lesser degree, the plume length was increased with higher
amount of resuspended sediment from using different gear
types (Figures 7A–C). The plume persistence was around 1 h
mainly attributed to smallest particle size fractions (<0.063 mm
silt) with lowest sinking velocities. The rest of the larger sand
particles sank within the first 10 min after the resuspension
event. A previous field study also found that non-cohesive
sediment was able to settle within the first 30–60 min after eel
trawling or mussel dredging (Riemann and Hoffmann, 1991).
The scenario 4 using particle size composition from Løgstør
Bredning confirmed a smaller plume length than for Lovns
Bredning, due to the fewer silt particles (Figures 7B,D). Hence,
the potential impact from mussel dredging on the eelgrass
would be larger in areas dominated by silt and/or high current

speeds compared to more sandy sites with faster settling and/or
lower current speeds.

Light attenuation in the Limfjorden mainly depends
on suspended inorganic matter and less on chlorophyll a
concentrations and is closely related to wind-induced re-
suspension (Dyekjær et al., 1995; Olesen, 1996). The model
showed that the median concentration of the sediment plume
from the dredging events (0.62–1.79 mg l−1) was slightly
lower than measured background median values of 2.9 mg
l−1 in the Limfjorden (Olesen, 1996). On the other hand, the
75%-percentiles values showed similar values (1.22–11.61 mg
l−1) to the upper quantile of 4.7 mg l−1 of measurements
(Olesen, 1996). Hence, the most intense part of the plume could
have substantial effects on the light conditions as observed
from the light anomaly analysis (Figure 4). Eelgrass has high
light requirements and reduced light conditions that can make
them more sensitive to other stressors (Kuusemäe et al., 2016).
The indirect effect on eelgrass growth due to reduced light
conditions from sediment plumes depends not only on the
water clarity, but also on the prevailing light conditions at
the bottom (i.e., if they live close to their depth limit), the
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FIGURE 5 | Accumulated sediment concentration (g m-2 on log scale) at the end of the trawling activities in Lovns Bredning on three dates: (A) 28 February, (B) 01
March, and (C) 02 March and in Løgstør Bredning for three dates: (D) 07 March, (E) 08 March, and (F) 09 March. The hatched area indicates the location of the
eelgrass box. Black circles indicate the position of loggers and filled green circles are the estimated light intensity anomalies from Figure 4.

season, duration, and frequency of the impact and will be
discussed below.

Fishing Activities and Impact on
Eelgrass Beds
Eelgrass beds are mainly located along the coastline in shallow
waters, where they are protected from fishing by the eelgrass
boxes, and the 2 and 5 m depth fishing limits in Lovns Bredning
and Løgstør Bredning, respectively. The mussel fishery season
starts in September and ends in June the following year, after
which it closes for two consecutive months. The eelgrass growth
season is from May to October (Eriander, 2017) with maximum
biomass production during the summer months (Boström et al.,
2014). Hence, there will be a short seasonal overlap from April
to May to June and from September to October, but not during
the summer period with maximum eelgrass growth. On average,
one fishing boat would dredge an area from 2 to 50 times the
same day with an average of 20 to 26 dredges within 2–7 h. The
reported fishery data from 2017 to 2018 indicated an average of
57 to 100 dredging events per day. However, in two of the days,
the dredging reached ∼200 events in Lovns, and in another day
∼450 events in Løgstør. These values depend on the number of
boats present in the area, and on the capacity of the boats.

The recorded fishery activity in Lovns Bredning is variable
from year to year. In 2017, there were 28 boat events (the same
boat can fish several times) distributed on 13 days from April
to October. However, in 2018, there were 64 boat-events for 17
fishing days (Danish Fisheries Agency). Hence, the daily fishing
impact corresponded to 6–8% of the eelgrass growth season.
Around 27 and 40% (in 2017 and 2018, respectively) of the
fishing took place in less than 500 m away from the eelgrass box.
This was due to the nearby high standing stock of mussel seeds
in the area. The eelgrass box contains a buffer zone of 300 m
around the eelgrass. Hence, if fishing is occurring close to the
box, the plume may reach the eelgrass when there is high current
speeds events or/and intense fishing (Table 4). Nevertheless, the
impact will probably be minor at the given fishing frequency in
Lovns Bredning. In Løgstør Bredning, the daily fishing activity
was higher than for Lovns Bredning with 16–35% of the growth
season in 2017 and 2018, respectively (126–322 boat-events, 33–
75 days), whereas only <1% of the fishing occurred less than
500 m from the eelgrass box. On average, <2 and 1.2% of Lovns
and Løgstør areas, respectively, are impacted by direct dredging
effects from April to October in 2017. Hence, although there are
more fishing days in Løgstør than in Lovns, the fishery in Løgstør
is spread over a larger area further away from the coastline
and the eelgrass habitats. Moreover, in all Natura 2000 areas,
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FIGURE 6 | Observed time series of light intensity anomalies at plume presence locations (colored lines, predicted by the detection threshold analysis) versus the
modeled sediment concentrations (g m-3 on log scale, gray solid lines) at 0.5 m above seabed on the first sampling day at (A) Lovns Bredning and (B) Løgstør
Bredning. Colored lines and numbers refer to predicted stations as shown in Figure 4.

the eelgrass boxes take into consideration all the eelgrass beds
established, and the potential habitat that could be colonized by
eelgrass. Overall, for the two basins, the estimated indirect effects
from fishing on light conditions and eelgrass growth must be
considered to be of minor importance as long as the daily fishing
intensity is kept at the same low level.

Only a few eelgrass boxes in the study areas are overlapping
with mussel beds of interest to the fishermen, while for most of
the boxes, fishery is occurring further than 500 m of their borders.
Under new management scenarios, the 300 m buffer zone around
the eelgrass beds within the eelgrass boxes could be reduced,
but not less than 100 m to prevent potential direct effects, such
as geogenic reefs in Natura 2000 areas (Pers. Comm. Danish
Fishery Agency). This would require to run new model scenarios
for the areas of interest and to consider changes in background
resuspension events from dredging, in order to maintain a low
fishing impact during the eelgrass growing season. The present
study only considers the indirect effects on light conditions,
whereas direct effects on the eelgrass through smothering from
sediment suspension is not considered (Brodersen et al., 2017).

Despite this assumption, only fine particles would be transported
to the eelgrass beds, while larger particles (comprising most of
the sediment) would sink in the vicinity of the trawl marks
(Linders et al., 2018). Other direct effects such as damage on
eelgrass shoots, leaves and seeds where not considered in this
study. The management plans are already taking this into account
in the eelgrass box areas, where the eelgrass can expand to new
areas (BEK nr 1258 af 27/11/2019). Mussel (over)fishing can
potentially reduce the filtration capacity by the mussel population
and thereby decrease water clarity (Carstensen et al., 2013),
which was not considered in the present study. Another model
study found that the current fishery of 8–16% of the mussel
stock in the Limfjorden increased chlorophyll a concentrations
with 2–4%, which was close to the methodology detection level
(Petersen et al., 2020a).

Model Validation
The largest differences between modeled sediment
concentrations and observed light intensity data were found
during periods of weak plumes close to the plume detection
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FIGURE 7 | Accumulated sediment (g m-2 on log scale) at the end of the trawling activities in Lovns Bredning for the different scenarios (A–G) (nos. 1–7 in Table 3).
The hatched area indicates the location of the eelgrass box. Black circles indicate the position of loggers.

TABLE 4 | Plume length (m) and intensity expressed as the median (50%) and the 5, 25, 75, and 95% percentiles of suspended sediment concentration in the water
column 0–1 h after dredging.

Scenario no. Plume length (m) Median sediment
concentration (mg l−1)

5% (mg l−1) 25% (mg l−1) 75% (mg l−1) 95% (mg l−1)

1 330 0.80 0.19 0.49 1.45 5.38

2 360 0.86 0.22 0.52 1.79 7.86

3 >390 1.02 0.26 0.53 3.01 14.69

4 310 0.75 0.16 0.49 1.35 10.36

5 450 1.79 0.14 0.44 11.61 93.62

6 220 0.71 0.29 0.38 1.99 14.96

7 >390 0.62 0.29 0.43 1.22 5.60

threshold applied to the light intensity data. These differences
are likely due to shortcomings in individual skills of both
the numerical model and the plume detection method. The
numerical model only considers sediment introduced by
dredging activities and does not take into account background
sedimentation. Average sediment plume concentrations from
dredging (Table 4) ranged within the same magnitude as wind
generated resuspension (Dyekjær et al., 1995; Olesen, 1996).
However, the numerical model was not considering multiple
resuspension events generated by wind and waves, which can
explain some of the deviations between model results and light
data based plume predictions. The statistical presence/absence
calculated from light intensity data might occasionally fail

to differentiate correctly between light attenuation caused
by dredging plumes and light attenuation caused by natural
sediment resuspension events. Consequently, a pronounced
mismatch between modeled sediment concentrations and
observed light intensity anomalies can be expected at locations,
where plume signals are weak or absent.

Model Limitations
Sediment transport modeling has many challenges due to the
complex nature of local hydrodynamics, sediment transport
processes and lack of data, which is a considerable obstacle for
improving model predictions (Merritt et al., 2003). Sediment
transport modeling does not often include ambient suspended
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sediments although it determines the overall impact of dredging.
Natural turbidity is a common event in shallow environments,
where resuspension and transport of suspended material are
influenced by currents, wind, wave mixing and river outflows
(Jones et al., 2016). Although there might be potential benefits
from including ambient sediments in the models, the issue of
ambient sediment modeling needs to be carefully assessed in
the future since it requires more data on sediment dynamics
and poses challenges with respect to local scale hydrodynamics.
In the present study, we did not include ambient sediments
in the model. Instead, we used light intensity anomalies from
measurements to distinguish the dredging events from the
natural turbidity, which was used to validate the modeled
sediment plumes. Once the sediment is resuspended by a
dredging event, it becomes more easily to resuspend with a
second dredge happening nearby or by wind events (Paterson
et al., 2000; Linders et al., 2018). This could cause local
multiple resuspension events in the fished area that was not
included in the modeling. However, on basin scale, the fished
area was 7% of the Limfjorden during the period 2014–2018
(Petersen et al., 2020b). Hence, only a smaller part of the
area will be affected by such multiple resuspension events after
trawling and it will mainly be a problem in the areas close to
the eelgrass beds.

Improving the model accuracy should be considered in the
context of current science and financial costs. For example, the
sinking velocity is essential for the dredge plume modeling,
and measuring sinking velocity of particles in dredge plume
can be done using existing technologies (Sun et al., 2016).
On the other hand, cohesive sediment resuspension under
surface wave forcing appears to be poorly understood and
not well represented in sediment transport models; hence
improving this aspect would require long-term research (Durrieu
de Madron et al., 2005). In the present study, we used a
conservative approach for estimation of particle sinking velocities
without considering flocculation, which could be improved by
more accurate measurements of the sampled particles. For
future studies, it would be optimal to start recording field
data on sedimentation before the dredging operations start
(also known as continuous approach). This will allow us to
understand the dynamics in the area in the prior phases,
and be able to estimate how does other effects such as wind
account for resuspension, since we potentially are under-
estimating suspended sediment concentrations. In addition,
parameterizations used in sediment transport models are often
not reported in the Environmental Impact Assessment (EIA)
documentation, leaving considerable uncertainty in assessing the
model performance and inter-comparison with other models.
The present model is documented and validated, and can be
applied to other coastal and open sites with smooth bottom
gradients, because water column structure and tides will be
included in the ADCP data forcing the model. Areas with
strong wave mixing will not be applicable, because this would
also require a wave model. Model scenarios can be used
to evaluate potential effects, and make recommendations to
underpin management strategies in coastal areas affected by
trawling activities.

Use of Modeling to Support
Environmental Policies
Dredging for mussels and oysters has some immediate and easily
measurable effects on the areas of the seabed that are directly
affected by the dredge. These effects have received increased
attention in recent years where in the coastal zone, fishery have
to comply with environmental and nature conservation goals
set be the EU Water Framework Directive and EU Species
and Habitats Directive, and where focus of both direct and
indirect environmental impacts of fisheries are less on the target
species and more on the ecosystem. The main challenges for
the fisheries management and the public are to document the
effect of dredging and as a part of this make sure that the stock
is not over-fished. In terms of environmental impact, the direct
effect of the dredging on, e.g., eelgrass or benthic infauna can
be assumed or has been demonstrated (see e.g., McLaverty et al.,
2020). However, other more indirect effects, e.g., on the light in
the form of resuspension of sediment caused by the fishing gear,
have received less attention as they are more difficult to assess.
In eutrophic areas, such additional impact on light attenuation
may be critical to the key ecosystem components like eelgrass and
macroalgae and thus further limit their expansion.

At present, the management objectives and principles for
mussel and oyster fishery are stated in the Danish Mussel Policy1

(in Danish). This policy is balanced between utilization of the
shellfish resource and protection of key ecosystem components
like eelgrass, macroalgae, and benthic fauna from the direct
physical damage caused by the dredging as well as potential
indirect effects. The key ecosystem components are monitored
regularly together with annual stock estimates of the mussel
and oyster populations, and are used in the management
plan. However, there was little knowledge on indirect effects
of mussel dredging. As a consequence, the management had
applied a precautionary approach by delimiting a buffer zone
of 300 m around both the existing eelgrass beds, but also
in areas where eelgrass beds can potentially expand. These
areas are defined and annually revised following monitoring
and modeling (Canal-Vergés et al., 2016; Nielsen et al., 2020).
However, the management becomes too restrictive according
to the precautionary principle and hence, in fact, does not
live up to the intentions of the Common Fisheries Policy to
increase productivity and profitability in the industry. Models
such as the one used in this study are necessary to consider the
indirect effects and thus to meet the intentions of the Common
Fisheries Policy (CFP) to protect the marine environment, e.g.,
in relation to the implementation of the Water Framework
Directive (2000/60/EC). Knowledge regarding the direct and
indirect effects of fishing are therefore of great importance to
the management of the fisheries and thus also to the industry.
The present project has provided new knowledge about the
indirect effects on the marine environment of mussel and oyster
dredging activities, and the developed new model tools and
methods that can establish new knowledge on fishery effects at
the level of entire basins. The results have been used as scientific

1https://fiskeristyrelsen.dk/media/10650/muslinge-og-oesterspolitik.pdf
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background for recommendations to improve management
according to the Danish Mussel Policy and have been already
implemented for the 2020–2021 fishery season. The buffer zone
in the eelgrass boxes has now been reduced to 100 m. The
model has therefore contributed to the CFP by adjusting the
buffer to protect the eelgrass and by increasing productivity and
profitability of the mussel fishery by allowing fishery to take
place in new grounds closer to the eelgrass that were previously
protected. Moreover, the results have also been used into the
implementation of the Water Framework Directive by assessing
the resuspension from fishery as a pressure factor. In order to
continue to support decision-making processes in relation to
dredging, general models that can be applied to various coastal
and open sites need to evolve as effective and practical tools.
Time-limited projects often restrict models to a defined set of
scenarios making the tool unsustainable. The current model is
available for use but still requires expert knowledge for setting
up new scenarios. However, interest and need for new scenarios
in specific areas where potential conflicts between fishery and
marine environment arise can potentially be addressed and thus
would make it a sustainable tool.

CONCLUSION

Sediment transport models are often not calibrated or validated
due to the lack of relevant field data. In the present study,
measured velocity profiles were used to force the hydrodynamic
model, field data on sediment types were used to calibrate the
model, whereas measured light intensity anomalies were used
for successful model validation. In relation to management,
the fixed buffer zones around mussel dredging that protect the
eelgrass from indirect effects on light conditions, e.g., in the
Limfjorden, could be more flexible depending on the dominant
flow conditions and the fishing behavior, but should also consider
the sediment type and risk of increased background resuspension
due to dredging. Further, the present fishing intensity and
frequency was found to have minimal effects on light conditions
for eelgrass in the Limfjorden. Management plans for other areas
with co-occurring dredging activities and seagrass beds should
likewise limit the daily number of allowed dredging activities, and
spread them over weeks and months to obtain a more sporadic
effect on light conditions. The presented approach combining
observational data with the presented modeling tool is a step
forward within sediment transport modeling. The results can
support more evidence-based management decisions in relation
to the Danish Mussel Policy and governing EU Directives and

have recently been applied in the new fishing plans for the season
2020–2021 in the Limfjorden.
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