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Abstract

Purpose Dredging of harbours and navigation channels and the associated disposal of dredged material in designated areas
may impact the marine environment. Disposal at sea is regulated by the OSPAR convention and several EU environmental
regulations. To comply with these regulations, managers need a simple presentation of potential environmental impacts,
based on standardized assessments of available monitoring data. This long-term observational study (2005-2019) provides a
standardized indicator-based assessment of dredge disposal effects on three ecosystem components (macrobenthos, epiben-
thos and demersal fish) in three benthic soft-sediment habitats in the Belgian part of the North Sea.

Methods Ecosystem impact was determined by a Benthic Ecosystem Quality Indicator (BEQI) analysis. This approach
measures differences in species composition, species richness, density and biomass between an affected and a non-affected
set of samples. The relationship between amount of dumping (pressure), benthic habitat type, and ecosystem impact (BEQI)
was investigated using linear mixed-effects models.

Results Environmental impact differed slightly among benthic habitats, but increased with increasing pressure in all three
habitats, with the strongest effects observed for the macrobenthos ecosystem component due to their restricted mobility.
Conclusions Our findings demonstrate the added value of a standardized indicator-based approach to assess dredge disposal
impact across benthic habitats and ecosystem components in soft sediments. It provides managers with a standardized envi-
ronmental evaluation tool and a simplified traffic light representation of potential dredge disposal impact. The results based
on long-term observational monitoring data confirm the importance of contiguous periodic monitoring, with a focus on the
macrobenthos community.
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1 Introduction

Approximately 41% of our marine ecosystems are strongly
affected by anthropogenic stressors, while the remainder
experiences mild impacts, leaving no part of the oceans
untouched (Halpern et al. 2008; Elliott et al. 2020). Dredg-
ing is a daily practice in ports and navigation channels to
04 Stephie Seghers prevent siltation. The dredged material is normally disposed

stephie.seghers@ilvo.vlaanderen.be of in designated marine areas, and currently the only activ-
ity licensed for disposal of solid waste at sea (Bolam et
al. 2021). In European waters, like the Belgian part of the
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monitoring and environmental impact assessments to follow
up on potential negative effects on the marine ecosystem,
and to organise the license regulation that allows for dredge
disposal.

Disposal of dredged sediments can affect the marine
ecosystem both directly (e.g. burying or smothering of
benthic organisms, increased turbidity, release of nutrients
and contaminants), and indirectly (e.g. changes to sedi-
ment composition and habitat modifications) (Newell et
al. 1998; Bolam and Rees 2003; Manap and Voulvoulis
2015). The ecological consequences of dredge disposal on
the seafloor ecosystem are well studied in European waters
and beyond through control-impact monitoring (Bolam et
al. 2006; Blake et al. 2009; Vivan et al. 2009; Katsiaras
et al. 2015; Donazar-Aramendia et al. 2018; Baux et al.
2020; Dauvin et al. 2022). The main effects are a decline in
diversity and abundance, and a shift in community struc-
ture. However, the impact of dredge disposal was mostly
inconsistent due to the high variability in the amount and
frequency of the disposed material, as well as differences
between the nature of the disposed material and the receiv-
ing habitat (Bolam and Rees 2003; Bolam et al. 2006,
2021). Also, the ecosystem resilience (i.e. its ability to
recover after a disturbance) plays an important role. For
instance, in highly dynamic systems that are exposed to
currents, waves and wind, the impact of dredge disposal
is expected to be minimal, as recovery may be facilitated
by larval movement from surrounding environments and
the dispersal of disposed material to the surrounding area
(Simonini et al. 2005; Blake et al. 2009; Vivan et al. 2009;
Dauvin et al. 2022). Other studies performed in highly
dynamic systems, found an increase in benthic diversity
within the disposal site, related to an increase in sediment
complexity (De Backer et al. 2014; Donazar-Aramen-
dia et al. 2018). In more stable systems, adverse effects
were observed, including the burial of benthic organ-
isms, changes in grain size composition and increasing
contaminant concentrations (Katsiaras et al. 2015). This
wide range of effects indicates the need for a case-by-case
assessment of the environmental impact of dredge disposal
(Simonini et al. 2005).

Most studies on dredge disposal effects focus on the mac-
robenthic community, because of their restricted mobility,
relatively long life span, high diversity and the wide range
of trait modalities. As such, macrobenthos is considered
a good measure for the overall health of marine ecosys-
tems (Rakocinski and Zapfe 2004; Dauvin et al. 2007).
In contrast, only few studies have been conducted on the
direct and indirect impact of dredge disposal on mobile
epibenthic and demersal fish communities. Additionally,
most studies are based on a rather short-term period (2-5
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years) (Vivan et al. 2009; Katsiaras et al. 2015; Donazar-
Aramendia et al. 2018; Dauvin et al. 2022) and on specific
environments (Blake et al. 2009). The number of long-term
studies on dredge disposal (> 10 contiguous years) is lim-
ited, due to lack of financial support (Sukhotin and Berger
2013) and the lack of uniform sampling designs (Wolfe et
al. 1987). Nevertheless, long-term impact studies are rele-
vant to investigate whether environmental changes persist
over time, and to differentiate between changes related to
human activities and pressures vs. natural variability in the
ecosystem (Wolfe et al. 1987; Sukhotin and Berger 2013;
Borja et al. 2016). Moreover, only few studies report on
research conducted at disposal sites that are continuously
used (Bolam et al. 2006, 2011; Donazar-Aramendia et al.
2018). The current study addresses the above-mentioned
shortcomings, as it is based on observational data for three
ecosystem components (macrobenthos, epibenthos and
demersal fish) from 15-years monitoring (2005-2019) in
the BPNS at five disposal sites, located in three benthic
habitat types (Fig. 1). The Belgian dredge disposal sites
are already in use for several decades, however, robust
monitoring data are only available after the Belgian regu-
lation for the protection of the marine environment came
into force in 1999 (Maes 1999). As there are no data before
the dredge disposal activity started, no Before-After
assessment could be performed. Inevitably, the long-term
observational monitoring data that are used in this study
show some inconsistencies in sampling effort (e.g., miss-
ing years, various amount and location of samples), chal-
lenging the impact assessment for each year. However, our
uniform and standardized Control-Impact approach proves
that data variation and data complexity can be converted to
plain interpretations for policymakers.

Generally, indicators provide easily accessible and essen-
tial information by defining critical boundaries between
healthy and degraded ecosystems (Van Hoey et al. 2010).
A wide variety of biotic indices exists (e.g. AMBI, BO2A,
BQI, BENTIX, D2SI, D?SI2), for which the applicability
depends on several factors, e.g., the human activity, the
degree and intention of the human pressure, the environ-
ment, data availability and choice of reference zones (Borja
et al. 2000; Dauvin et al. 2007; Baux et al. 2020). Several
indicators are less appropriate for physical disturbances
or require specific data or standardized sampling effort.
Therefore, we chose the Benthic Ecosystem Quality Index
(BEQI), as this indicator is applicable for physical distur-
bances, able to handle variation in sampling effort over
time, and invokes a statistics-based algorithm approach to
assess differences between two datasets (Van Hoey et al.
2007). This method considers diversity (number of species),
community structure (Bray-Curtis similarity) and species
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Fig. 1 Overview map of the study area, where (A) situates the BPNS
(marked by the red border) within the North Sea region and (B) shows
the dredge disposal sites OST, ZBO, S2, NWP and S1, and the sam-
pling locations (impact and control) over the entire study period (2005-

density as important parameters, similar to other indicators.
An added value of the BEQI indicator is the inclusion of
biomass as a fourth parameter (Van Hoey et al. 2007). The
large long-term dataset allows to investigate the correlation
between the BEQI parameters and dredge disposal intensi-
ties. The fact that the disposal sites are located in different
benthic habitat types gives the opportunity to investigate
whether habitat type plays a role in the response of the ben-
thic communities to dredge disposal.

Policymakers need straightforward information on the
impact of dredge disposal to identify actions concerning
changes in disposal practices, and simple indicators to allow
for ecological assessments under the EU nature directives
(e.g. MSFD). The present study covers three main research
questions:

a. What is the impact of dredge disposal for three ecosys-
tem components (macrobenthos, epibenthos and demer-
sal fish) in the BPNS over 15 years of observational
monitoring?

b. What is the correlation between dredge disposal inten-
sities and the response of the three ecosystem com-
ponents? Is there a difference across the three benthic
habitat types?

TI5E

2019). The five disposal sites are situated within three different benthic
habitats. Points represent Van Veen sampling locations (macroben-
thos), while the lines show beam trawl sampling locations (epibenthos
and fish)

c. What insights does the standardized indicator-based
assessment (BEQI) provide for monitoring and manage-
ment purposes?

2 Material & methods
2.1 Study area

The BPNS is a small and shallow part of the southern North
Sea (3457 km?, average depth 20 m) (Vandepitte et al. 2010).
The seabed mainly consists of soft sediments (mud, silt,
sand, coarse sand and gravel). Many human activities occur
in the BPNS as represented in the Belgian Marine Spatial
Plan (MSP) (Douvere et al. 2007; Verhalle and Van de
Velde 2020). Recurrent dumping of dredged material is only
allowed in five areas in the BPNS, located in three different
benthic habitat types (Fig. 1). Benthic habitat types differ in
sediment composition and are represented by typical macro-
benthic species (Breine et al. 2018; Pecceu et al. 2021). Two
sites are located close to the coasts of Oostende (OST) and
Zeebrugge (ZBO) in the muddy Macoma balthica habitat.
A third disposal site (S2) is located approximately 12 km
offshore on the Vlakte van de Raan in the sandy sediment
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Nephtys cirrosa habitat. The sites in front of Nieuwpoort
(NWP) and Zeebrugge (S1) harbour, are located at 9 km
and 17 km from the coastline in the fine muddy sand 4bra
alba habitat.

2.2 Data collection
2.2.1 Biological and environmental data

To determine the impact of dredge disposal on the benthic
ecosystem, three ecosystem components (macrobenthos,
epibenthos and demersal fish) were sampled at the five
dredge disposal sites in the BPNS during the period 2005—
2019. Macrobenthos was collected once a year in autumn
with a Van Veen grab (0.1 m?). All macrobenthos samples
were sieved fixed (before 2010) or alive (after 2010) on
a 1 mm sieve. An 8%-formaldehyde-seawater solution
was used for fixation and the samples were stained with
eosin to ease the sorting process in the lab. In addition to
the biological data, sediment samples were taken from
each Van Veen sample. These were analysed afterwards
via laser diffraction (Malvern Mastersizer 2000 G hydro
version 5.40). Especially the median grain size (um) and

clay/silt fraction (<63 pm) (%) are relevant environmental
variables for delineating the benthic habitats (Van Hoey
et al. 2004; Degraer et al. 2008). Therefore, the average
median grain sizes (um) and clay/silt fractions (<63 pum)
(%) (+standard deviation) are summarized for the differ-
ent dredge disposal sites and the control sites during the
period 2006-2019 in Table 1.

Epibenthos and demersal fish were collected twice a
year during spring and autumn using an 8-meter beam
trawl equipped with a bolder chain and shrimp net (22 mm
mesh size in the cod end). Before 2010, the fishing net
was towed for 30 min at a speed of 4 knots over approxi-
mately 3500 m with the currents. From 2010 onwards the
fishing distance and duration were halved to 15 min over
approximately 1750 m, to ensure the impact samples were
exclusively located within the dumping site (Van Hoey et
al. 2012).

A Control/Impact design was implemented with sev-
eral macrobenthos samples (7 to 11) and epibenthos-fish
tracks (1 to 2) within the dumping area or impact site, and
several samples (10 to 27) and epibenthos fish tracks (1
to 5) outside the area but within a similar habitat (control
sites) (Supplementary Material Table A1). Due to several

Table 1 Average grain size fraction < 63 um (%) (+ standard deviation SD) measured in the different dredging areas during the OSPAR survey in
2018, and the average grain size fraction < 63 pm (%) and median grain size (um) (+ SD) measured at the different dredge disposal sites (impact/
IMP) and at the control sites (REF) in the Belgian part of the North Sea during the period 2006-2019.

Dredging area Grain size <63 pm Disposal  Grain size<63 Median grain

(%) site um (%) size (Lm)

(mean+SD) (mean+SD) (mean+SD)

IMP REF IMP REF

Access channel 19.70+£11.10 NWP 4.01+£10.13 13.18+17.83 295.77+62.48 221.51+81.56
Nieuwpoort (N=2) (N=45) (N=120) (N=45) (N=120)
Harbour Nieuwpoort 58.08+£30.16

(N=4)
Marina Nieuwpoort  95.37+5.64

(N=3)
Scheur West 41.72+27.88 S1 10.17£20.17 11.54+16.63 296.43+130.57 230.51+£93.58

(N=5) (N=130) (N=271) (N=130) (N=271)
Scheur Oost 37.30+£21.60

(N=4)
Central part harbour  99.13+0.09
Zeebrugge (N=3)
Access channel 87.63+6.46 OST 26.08+27.83 39.83+31.74 197.39+105.87 135.36+95.05
harbour Oostende (N=6) (N=59) (N=152) (N=59) (N=152)
Harbour Oostende 93.84+7.61

(N=14)
Central part harbour 99.13+0.09 ZBO 38.75+24.90 42.95+27.16 155.52+£115.76 133.08+£130.62
Zeebrugge (N=3) (N=84) (N=244) (N=84) (N=244)
Harbour Zeebrugge 92.11+£14.64

(N=20)
Scheur West 41.72+27.88 S2 2.98+9.72 0.94+4.22 216.08+37.33 216.90+41.26

(N=5) (N=82) (N=170) (N=82) (N=170)
Scheur Oost 37.30+£21.60

(N=4)
Central part harbour  99.13+0.09
Zeebrugge (N=3)
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operational circumstances (research vessel availability,
weather conditions, net ruptures, changed sampling and
processing protocols), the number of macrobenthos sam-
ples and epibenthos and fish tracks varied throughout the
years (Supplementary Material Table Al). For the epib-
enthos/fish assessments, the study period was subdivided
in three periods of 4-5 years, according to the reporting
period correlated to the disposal license periods (2005—
2009; 2010-2015; 2016-2019) (Van Hoey et al. 2012;
Hoey et al. 2022). The sampling protocol was consistent
within each of these shorter intervals.

2.2.2 Dredge disposal data obtained from the Maritime
Access Division

Dredging of harbours and navigation channels and dredge
disposal activities within the BPNS are regulated by the
Maritime Access Division and the Coastal Department of
the Flemish Government. During the period 2008-2020,
128 to 155 million tonnes (dry matter) of dredged mate-
rial has been yearly disposed by all OSPAR member states
(Cronin et al. 2023). In the BPNS and the adjacent Scheldt
estuary, the volume of disposed material ranged between
29 and 52 million tonnes of dry matter per year during that
period (Cronin et al. 2023). Yearly dredge disposal intensi-
ties at the different disposal sites are listed in Table 3. The
grain size distribution was measured at the different dredg-
ing areas along the Belgian coast during the OSPAR survey
in 2018. The average mud fractions (0—63 pum) (%) (+stan-
dard deviation) obtained from this survey are summarized
in Table 1.

2.3 Data analysis
2.3.1 Data processing

Two datasets were created: one for grab data (macrob-
enthos) and one for trawl data (epibenthos and fish). For
macrobenthos, a total of 1256 Van Veen samples were
analysed. The animals were identified to the lowest pos-
sible taxonomic level, counted and weighed as outlined
in our Taxonomic Discrimination Protocol. Biomass was
assessed by quantifying the wet weight on an analyti-
cal balance. Over the entire period, 17,454 macrobenthic
taxa records were observed; 226 of these were unique. The
macrobenthos sampling and analysing protocol follows the
ISO 16665:2014 standard (“Water quality - Guidelines for
quantitative and sample processing of marine soft-bottom
macrofauna”). This methodology has been under accredita-
tion since 24 May 2011 conform the NBN EN ISO/IEC
17025:2017 standard (cfr. BELAC nr. 315-TEST: issue

date 06 March 2025, valid until 05 March 2030). Macro-
benthos density and biomass were standardized to a sur-
face unit of 1 m? and expressed as individuals/m? and wet
weight (WW) g/m?, respectively.

For epibenthos and fish, 431 trawls were processed
onboard the research vessel immediately after catch. All
fish and epibenthic species were identified to the lowest
possible taxonomic level, counted and weighed. Wet weight
was defined for epibenthos, not for fish. All mobile benthic
animals living on top of the seabed were included in the
epibenthos fraction. The fish fraction consists of demersal
and benthopelagic fish, equally living on top of or in close
association with the seabed. There is an ambiguous line and
some overlap between the macrobenthos and epibenthos
fraction, but we considered mobile epibenthic organisms
to be more effectively sampled with a beam trawl. For all
three ecosystem components some taxonomic groups were
excluded from further analyses (summarized in Table A2 in
Supplementary material). A total of 3728 epibenthos and
4915 fish taxa records were observed, including 116 unique
taxa. Density and biomass data were standardized to a sur-
face unit of 1000 m? and expressed as individuals/1000 m?
and wet weight (WW) g/1000 m?, respectively.

2.3.2 Indicator analysis

The Benthic Ecosystem Quality Index (BEQI, www.BEQI.
eu) was evaluated at community level (level 3) (Van Hoey
et al. 2007) to assess the ecological quality of the seafloor
at five dredge disposal sites in the BPNS. For each benthic
community parameter, the BEQI measures the deviation
between the samples at the disposal sites and the respective
control sites. Based on the four benthic community param-
eters: species richness, species composition (Bray-Curtis
similarity), density and biomass (Van Hoey et al. 2007),
BEQI is expressed as an Ecological Quality Ratio (EQR),
ranging between 0 and 1, similar to other biotic indices
(Borja et al. 2003). No specific indicator assessment exists
for epibenthos and fish in literature, however, the BEQI was
developed to compare any type of dataset with a similar
sampling design. Therefore, EQR scores could be calcu-
lated for each parameter, each year or period, and for each
ecosystem component.

Each BEQI assessment requires an impact and control
dataset with sufficient spatial and temporal coverage to min-
imize natural variability. The control dataset is used to calcu-
late the reference value for each status class boundary, based
on a permutation test, in which 2000 random samples are
selected with replacement from the reference dataset until
the corresponding assessment sampling surface is reached.
A probability distribution for each parameter is then created
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based on these 2000 values for a given sampling surface.
The different status classes and related boundary values for
each parameter from the probability distribution are listed
in Table 2. To execute a valid BEQI calculation, the num-
ber of samples in the control dataset need to be higher than
in the impact dataset, to allow for a proper randomisation
estimate of the reference boundary values. The calculated
EQR scores are then linked to the ecological status classes.
More detailed information on the BEQI methodology can
be found in Supplementary Material A3.

The overall EQR was calculated by averaging the indi-
vidual scores from the four parameters. For macrobenthos,
the EQR values could be computed per year (autumn val-
ues). For the epibenthos and fish assessments, the spring and
autumn samples needed to be pooled within the three pre-
defined ‘licensing’ periods (2005-2009; 2010-2015; 2016—
2019), to achieve the required minimum number of samples
(minimum three) to execute the BEQI analyses. Also, the
confidence level for each parameter, i.c. the power to detect
deviations from the reference area, was defined, with high
(good/moderate) levels meaning a high reliability compared
to low (low/very poor) confidence levels. The average EQR
scores were considered confident when the confidence lev-
els were high for at least three parameters.

2.3.3 Linear mixed modelling

To quantify the relationship between pressure and impact,
i.e. the amount of dredge disposal and the impact on the
three ecosystem components, two types of linear mixed-
effects models (LMM) (Gaussian family) were developed
within R version 4.5.1 (R Core Team 2025). The LMM
analyses are based on the EQR scores for each parameter,
i.e. species similarity, species richness, density and biomass,
and on the overall EQR scores. Normality of the residuals
was validated by a Shapiro-Wilk test and Q-Q plots with

Table 2 Reference boundary values related to the ecological status
classes, with 0.6 predetermined as critical boundary value (bold) (Van
Hoey et al. 2007)

Ecological status class

Reference
boundary values
for density &

Reference boundary
values for species
richness & species

composition biomass
0.8 (high/good) Median 25th and 75th
percentile
0.6 (good/moderate) Sth percentile 2.5th and 97.5th
percentile
0.4 (moderate/poor) 2/3 of good/moderate  2/3 and 4/3 of
value good/moderate
value
0.2 (poor/bad) 1/3 of good/moderate  1/3 and 5/3 of
value good/moderate
value

@ Springer

95% confidence intervals. The EQR scores were only linked
to the amount of dredge disposal within the same year, as
the disposal intensity (frequency) was consistent throughout
the years for each disposal site. The models were developed
for the macrobenthos, epibenthos and fish ecosystem com-
ponents separately, with following equations:

Linear mixed-effects models (no interaction):

BEQImacrobenthos ~ Pressure + (1|Year) + (1 |Disosal site) (]a)

BEQIcpiventhos+ fish ~ Pressure + (1 |Period) + b
(1|Disposal site) + (1 |Season) (1b)

Linear mixed-effects model (interaction):

BEQIpiventhos ~ Pressure * habitat + (1|Year ) + (1|Disposal site) (2)

Within the first model type, only pressure (dredge disposal)
was considered as fixed effect on the response variable
(EQR scores) (Eq. 1a and 1b). A second model demonstrates
whether the impact differed between the three habitat types.
Here, both pressure and habitat were defined as fixed effects
and an interaction between both factors was assumed (Eq.
2). This second model type could only be produced for mac-
robenthos, as the number of observations for epibenthos and
demersal fish per habitat were too limited.

Year (or period) and disposal site are included as random
effects within both model types to correct for repeated mea-
sures within year and site. Habitat type was not considered
as random effect as this is strongly linked with disposal site
(disposal site is nested within a habitat). In the case of epib-
enthos and fish, where the BEQI scores had to be calculated
for periods of 45 years, the amount of dredge disposal was
averaged for the respective periods (2005-2009; 2010-
2015; 2016-2019). For these models, period instead of year
was considered as random effect (Eq. 1b). Since epiben-
thos and fish samples were collected in spring and autumn,
season was also considered as random factor (Eq. 1b). To
ensure correct statistical inferences, some observations
were excluded: as the current study is focused on the impact
of dredge disposal from maintenance dredging (not capi-
tal dredging), we removed extremely high disposal values
(> 10 million tonnes) from further analyses (Supplementary
Material Table A1). Secondly, EQR scores with low confi-
dence levels (low/very poor) were not considered within the
models, while for the overall EQR scores, these were only
included if a lower confidence level was observed for maxi-
mally one parameter. For both types of models, F-values
and p-values were calculated using the Anova function in
R (car package). P-values lower than 0.05 were considered
statistically significant.
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3 Results
3.1 Dumping of dredged material

The dredged material was mainly composed of clay/silt
(Table 1). The five dredge disposal sites received a yearly
average of 11 million tonnes dry matter during the study
period 2005-2019. The largest amount of dredge disposal
was registered at site S1, with an average of 5.3 million
tonnes dry matter per year (Table 3a). The sites near the
coast of Zeebrugge (ZBO) and at the Vlakte van de Raan
(S2) received on average 3.1 million and 1.8 million tonnes
dry matter per year, respectively (Table 3b, c). All three sites
were exposed to continuous year-round dumping. Dredge
disposal was lowest at NWP and OST, with 0.15 and 0.5 mil-
lion tonnes dry matter per year, respectively (Table 3a, b).

3.2 BEQI evaluation
3.2.1 Abra alba habitat

At site S1, with highest dredge disposal, the EQR scores
were consistently lower than 0.6 for all parameters for
almost the entire study period, indicating a moderate, poor
or bad ecological status (Table 3a). The detailed BEQI
evaluation shows that macrobenthos density and biomass
were significantly lower at the impact site (on average
1039 ind./m? and 32 g WW/m? per year) compared to the
control site (on average 5429 ind./m?; 363 g WW/m? per
year) (Supplementary Material Table A4b). The epiben-
thic and demersal fish communities also show some less
pronounced deviation between control and impact at site
S1 (Table 3). Mainly from 2010 onwards, a lower density
of epibenthos and fish was observed in the impact area
compared to the control area (on average 577 vs. 3674
ind./1000 m? for epibenthos, and 23 vs. 69 ind./1000 m?
for fish) (Supplementary Material Table A5Sb and A6D).
Overall, lower densities were recorded in spring, but the
EQR patterns (deviation impact site vs. control site in rela-
tion to the amount of dredge disposal) for the epibenthic
and fish community were similar in spring and autumn
(Supplementary Material Table ASb and A6b).

At dredge disposal site NWP, all ecosystem components
(macrobenthos, epibenthos and demersal fish) were gener-
ally unaffected by dredge disposal activities with overall
good to high EQR scores (Table 3a). For macrobenthos,
a moderate/poor similarity was occasionally observed for
density and biomass, confirming a lower abundance at the
impact site compared to the reference area (Table 2a, Sup-
plementary Material Table A4a). For both disposal sites S1
and NWP, the confidence levels of the EQR scores were

generally high, with a few exceptions for density and bio-
mass (Table 3a).

3.2.2 Macoma balthica habitat

Within the Macoma balthica habitat, the overall EQR scores
for macrobenthos were generally good to high (>0.6 or 0.8),
indicating a good status and a high similarity between the
impact and reference samples (Table 3b). Still, the macro-
benthic community at disposal site ZBO seemed to be more
impacted, with lower EQR scores in comparison to disposal
site OST (Table 3b). The higher EQR scores (>0.8) at OST
suggest a rather minimal impact. For both ZBO and OST, the
confidence levels of the EQR scores for density and biomass
were low (Table 3b) but remained mostly high for at least
three parameters (Table 3b), especially from 2010 onwards.

For epibenthos, a generally good to high similarity was
observed between the impact and reference data of both
OST and ZBO in spring as well as autumn. Some differ-
ences in density and biomass were observed throughout the
years and periods, but the confidence levels for density and
biomass were generally low (Table 3b). Good to high EQR
scores show that the fish community also shows similar
behaviour in the impact and control sites for OST and ZBO
in both spring and autumn during the entire study period,
although some lower or higher densities were observed at
the impact site, resulting in lower EQR scores (Table 2b;
Supplementary Material Table A6c and A6d). The overall
confidence level was high.

3.2.3 Nephtys cirrosa habitat

At disposal site S2, the overall EQR scores for macroben-
thos were mainly higher than 0.6 or 0.8, suggesting a good
or high similarity between the impact and control samples
(Table 3c). Some differences were observed for density and
biomass, resulting in slightly lower overall EQR scores. The
confidence level for the overall EQR scores was generally
high, although the density and biomass scores were less
confident, especially during the period 2006-2012.

The epibenthic and fish community was in general very
similar between impact and control for both seasons at S2
(good or high EQR scores, see Table 3c¢). For fish, there was
a dissimilarity between the impact and control areas dur-
ing the period 2016-2019, especially in autumn (Table 3c¢).
This was related to higher fish densities in the impact area
(174 individuals/1000 m? in S2 compared to 41 individu-
als/1000 m? in the control area) (Supplementary material
Table A6e). The confidence level of the EQR scores was
generally high, with a few exceptions in the case of density
and biomass, especially for epibenthos during spring.

@ Springer
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Table 3 EQR scores for each parameter and overall EQR scores for the three ecosystem components and for the five disposal sites within the
BPNS during the period 2005-2019. a) shows the Abra alba habitat (NWP and S1), b) Macoma balthica habitat (OST and ZBO) and c) Nephtys
cirrosa habitat (S2). Values above 0.6 represent a good (green; 0.6 — 0.8) or high (blue; 0.8 — 1) similarity with the reference area; scores below 0.6
imply a moderate (yellow; 0.4 — 0.6), poor (orange; 0.2 — 0.4) or bad (red; 0 — 0.2) similarity. Values without colour have a low confidence level.
Empty cells mean no data. Within NWP, the exact amount of dumping was not available for 2005

a)
Macrobenthos Epibenthos Demersal and benthopelagic fish
Amount of
dredge
disposal
Disposal (tonnes dry Species Species Species Species Species Species
site Year  matter/ year) Season similarity  richness  Density  Biomass  Average Period Season similarity  richness  Density  Biomass  Average | similarity  richness  Density  Average
2005 )
Spring
2006 178,269
2007 118,100 Autumn 2005-2009
2008 103,541 Autumn
2009 156,456
2010 179,186
2011 64,234 Spring
NWP 2012 175,121
Autumn Not sampled 2010-2015
2013 211,722
2014 121,361 Autumn
2015 162,128 No campaign
2016 177,248 Not sampled N
Spring
2017 111,235
Autumn 2016-2019
2018 214,675
Not sampled Autumn
2019 230,638
2005 3,017,123 No data N
Spring
2006 11,722,690
2007 5,592,676 Autumn 2005-2009
2008 4,589,589 Autumn
2009 6,144,522
2010 3,642,577
2011 5,290,142 0.55 0.47 Spring
S1 2012 4,320,751 0.52 0.42
Autumn 2010-2015
2013 5,988,596 0.59 0.50
2014 3,806,194 0.52 0.48 Autumn
2015 5,538,995 No campaign
2016 5,658,408 0.47 N
2017 5,690,034 0.46 spring
e Autumn ’ 2016-2019
2018 4,192,492 0.42
Autumn
2019 4,890,011 0.48
b)
Macrobenthos Epibenthos Demersal and benthopelagic fish
Amount of
Disposal dredge Species Species Species Species Species Species
" Year disposal Season P N Density Biomass Average Period Season o N Density Biomass  Average P N Density  Average
site similarity  richness similarity  richness similarity  richness
(tonnes dry
matter/ year)
2005 599,905 N
Spring
2006 819,665
2007 460,167 Autumn 2005-2009
2008 864,863 Autumn
2009 241,544
2010 304,235
2011 562,690 . Spring
osT 2012 359,997 Not sampled
Autumn 2010-2015
2013 654,488
2014 407,767 Not sampled
2015 504,944 No campaign
2016 1,196,719 N
2017 284,015 0.85 spring
g Autumn ) . 2016-2019
2018 599,360 0.68
Autumn
2019 416,630 Not sampled
2005 2,973,545 No data .
Spring
2006 2,796,772
2007 2,219,780 Autumn 0.52 2005-2009
2008 4,667,225 . 0.65 Autumn
2000 3,776,038 016 | 037 |
2010 3,342,526 0.81
2011 2,062,762 . 0.82 0.85 Spring
%0 2012 2,843,505 Autumn 2010-2015
2013 3,021,397 0.73
2014 4,226,341 Autumn
2015 3,945,216 No campaign
2016 3,185,295 N
017 2,832,670 Spring
R Autumn ' ' 2016-2019
2018 2,759,644
Autumn
2019 2,164,986
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Table 3 (continued)

c)

Disposal

" Year
site

Amount of
dredge
disposal

(tonnes dry

matter/ year)

Season

Species
similarity

Macrobenthos

Species

. Densi
richness ensity

Biomass  Average Period

Epibenthos

Demersal and benthopelagic fish

Species
similarity

Species
richness

Species
similarity

Species

Biomass X
richness

Season Density Average Density  Average

2005
2006
2007
2008
2009

1,234,640
596,317
127,704

80,014

1,591,871

Autumn

2010
2011
S2 2012
2013
2014
2015

2,598,212
2,946,850
2,650,587
1,969,370
2,267,889
2,913,203

Autumn

2016
2017
2018
2019

2,764,075
1,983,285
1,686,373
1,924,513

Autumn

No data
0.51
0.51

2005-2009

Spring

Autumn

No campaign

2010-2015

Spring

Autumn

No data

0.73 0.95

2016-2019

Spring

Autumn

3.3 Linear mixed modelling
3.3.1 Macrobenthic community

When considering only pressure as fixed effect (model
type 1), a significant decreasing relationship was observed
between the amount of dredge disposal (pressure) and the
overall EQR scores and the EQR score for density for mac-
robenthos during the period 20062019 (p<0.05) (Table 4).
For the other parameters a non-significant decreasing trend
was observed (p>0.05) (Table 4).

Model type 2, in which both pressure and habitat were
included, demonstrated that the overall impact-pressure cor-
relation did not differ significantly between the different habi-
tat types (p=0.5620) (Table 4). Also, the separate EQR scores

were not significantly different between each habitat at a par-
ticular pressure (p=0.6929) (Table 4). Only for species simi-
larity, a significant interaction between the amount of dredge
disposal and habitat was observed, implying that the impact
on species composition was significantly different between the
three habitats (p=0.0252) (Table 4). Within the Nephtys cir-
rosa habitat, the scores remained rather high along the pressure
gradient, while for the Abra alba and Macoma balthica habi-
tat, the EQR scores decreased slightly with increasing pressure
(Fig. 2a; Supplementary Material Fig. A7a).

3.3.1.1 3.3.2 Epibenthic and fish community The LMMs
for epibenthos and demersal fish, with only pressure
included as fixed effect (Eq. 2) generally did not show a sig-
nificant relationship between pressure and the EQR scores

Table4 P-values from the Macrobenthos Epibenthos Demersal and
linear mixed model analysis benthope-
for each parameter within the lagic fish
macrobepthlc,.eplbenth1c and fish Parameter Fixed effect ~ Model 1 Model 2 Model 1 Model 1
community, with only pressure . . . - -
. No interaction Interaction No interaction ~ No
included as fixed effect (model . .
1) and with both pressure and interaction
*
habitat (and interaction) as fixed Average Pres.sure 0.0147 0.9864 0.4201 0.1408
effects (model 2). For epibenthos Habitat 0.6929
and fish, the p-values from model Interaction 0.5620
2 are not shown. No biomass data  Species Pressure 0.9676 0.7953 0.0782” 0.0574”
are available for fish. Significant similarity Habitat 0.6013
values (<0.05) are shown in bold Interaction 0.0252*
Species Pressure 0.4030 0.6377 0.0369* 0.5457
richness Habitat 0.5976
Interaction 0.4430
Density Pressure 0.0178* 0.8592 0.4497 0.2074
Habitat 0.8572
Interaction 0.5997
Biomass Pressure 0.0568” 0.5323 0.6507
Significance level: ” 0.05-0.1, Habitat 0.6457
Interaction 0.3610

*<0.05
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a |
) 1.00 Macrobenthos

0.75
0.501
0.251

0.00/

2 4
Pressure (x 10° tonnes dry matter/ year)

W , .
) 1001 Epibenthos

0.75+ -
0.501

0.25-

0.004

0 1 2 3 4 5
Pressure (x 10° tonnes dry matter/ year)

©) 1.00! Demersal and benthopelagic fish

075 — s

0.25{

0.001
1 2 3 4 5
Pressure (x 10° tonnes dry matter/ year)

Dredge disposal site Habitat Period Season
® NWP Abra alba <+ 2005-2009 A Autumn
A S1 -=- Macoma balthica ® 2010-2015 S Spring
® OST Nephtys cirrosa @ 2016-2019

= 7ZBO

* S2

Fig. 2 Relationship between the average EQR scores and pressure
(dredge disposal) for macrobenthos (a), epibenthos (b) and demer-
sal and benthopelagic fish (¢) within the three benthic habitat types,
based on a linear model of the EQR scores in function of the pressure
(including the interaction between pressure and habitat). Pressure is
expressed as 10%onnes dry matter/ year. The dashed line represents
the threshold value 0.6

@ Springer

(p>0.05; Table 3). In the case of epibenthos, only a pressure
effect on species richness was observed as reflected in the
lower EQR scores at high dredge disposal (Table 4; Supple-
mentary Material Fig. A7b). Within the Macoma balthica
habitat, the EQR scores for epibenthos seemed to increase
with increasing pressure (Fig. 2b).

4 Discussion

This is the first contiguous long-term observational study
(15 years) that investigated the ecological status of multi-
ple areas in the BPNS and multiple ecosystem components
exposed to ongoing dredge disposal activities by means of
a standardized common indicator approach (BEQI). The
observations for the epibenthic and fish communities are
unique, as literature has mainly focused on macrofauna
(Bolam et al. 2006; Whomersley et al. 2008; Dauvin et
al. 2022). Moreover, the ecological effects on the benthic
ecosystem could be linked to the disposal activity itself
(amount of dredge disposal), allowing for the identification
of the benthic parameters affected most by dredge disposal,
as up to now only few studies have quantitatively investi-
gated this aspect.

4.1 Macrobenthic, epibenthic and demersal fish
community

The benthic indicator (BEQI) analysis demonstrated differ-
ent responses of the benthic community at the different dis-
posal areas within the BPNS, mainly related to the amount
of dredge disposal (disposal intensity). For instance within
the disposal site S1, characterized by the highest dredge dis-
posal in all years, the benthic community is highly degraded
in the disposal site compared to the control area over the
entire study period. In accordance with previous research
(Bolam et al. 2006; Katsiaras et al. 2015), a reduced diver-
sity and density of macrobenthos was observed at S1. The
higher similarity between the impact and the reference area
for the other disposal sites can be related to a lower amount
of dredge disposal (at NWP and OST), the highly dynamic
conditions in the area and the sediment characteristics of
both the habitat type and the disposed material (at ZBO
and S2). Sediment properties within the disposal sites OST
and ZBO (clay/silt fractions of >25%) are comparable with
those within the dredging areas (Table 1).

Organisms living within the Macoma balthica habitat are
already adapted to muddy sediments (Breine et al. 2018) and
therefore less affected by the disposal of muddy sediments.
This observation is comparable to other studies, suggesting
a minimal impact in this type of sediments (Flemer et al.
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1997; Bolam and Rees 2003; Simonini et al. 2005; Blake et
al. 2009; Vivan et al. 2009; Dauvin et al. 2022). A previous
study used another indicator assessment on the same dataset,
namely the General Purpose Biotic Index method (GPBI),
applicable for dredge disposal activities related to species
loss, and came up with a similar conclusion (Labrune et
al. 2021). Both disposal sites located in Macoma balthica
habitat have a good ecological status (EQR>0.6). Still, the
intensity and frequency of dredge disposal seems to affect
this habitat type as reflected in the lower EQR values at the
ZBO site compared to the OST site. Previous studies demon-
strated that a dumped layer of up to 30 cm still allows verti-
cal migration of macrobenthic species (Maurer et al. 1981a,
b, 1982; Miller et al. 2002). It is clear that dredge disposal in
the BPNS does not create permanently thick layers, due to
the shallowness of all disposal sites and the hydrodynamic
conditions within the BPNS. As such the potential negative
effects of burial related to dredge disposal are reduced and a
quick recolonization from the surrounding areas is possible.
This explains why macrobenthos at most disposal sites is
minimally impacted or at least still present despite the high
amounts of dredge disposal (e.g. at S1).

Within the epibenthic and fish community, the impact of
dredge disposal was generally less pronounced compared to
macrobenthos, most probably because these animals are more
mobile and thus can move in and out of the disposal site more
easily. The few effects recorded are mainly indirect, related
to less favourable conditions within the disposal site, such as
changed sediment composition, habitat modifications and/or
reduced macrobenthic prey availability. Other studies also
suggested that mobile epifaunal species are influenced rather
indirectly by extraction activities as a response to their food
sources (Smith et al. 2006). Significantly lower macrobenthic
and epibenthic densities were observed within the disposal
site S1, in comparison to the reference area (Supplementary
material Table A4b and A5b), which may indicate a reduced
food source availability. Some differences in epibenthos and
fish densities can be explained by natural variability and an
occasional rise or drop in abundance of certain dominating
species, e.g. brittle stars (epibenthos) or gobies (fish). Such
short-term variability effects may be better explained when
assessed over a really long-term evaluation period.

In summary, our study confirms previous research, i.e.
that the dredge disposal activity itself, the amount and fre-
quency of dredge disposal and the nature of the receiving
environment are important factors to determine disposal
impacts (Bolam et al. 2006), but adds that this is not only the
case for macrobenthos, but also for epibenthos and demer-
sal fish. The lesser effect on the more mobile epibenthic
and demersal fish species is probably related to a reduced
occurrence of macrobenthic prey in the highly impacted dis-
posal sites (e.g. S1). More detailed yearly trends have been

published in a recent licensing report (Van Hoey et al. 2022),
which are in line with the present BEQI observations.

4.2 Pressure and habitat effects

A significant pressure effect was confirmed for the mac-
robenthos community, with a general increase in impact
with increasing pressure, at least when regarding all obser-
vations independent of habitat type (model type 1). Other
studies also found a pressure effect on macrobenthos, with
possible differences between habitats (Bolam et al. 2006;
Dauvin et al. 2022). In the current study, the overall inter-
action between pressure and habitat was not significant
(model type 2), although this does not imply that the impact
of dredge disposal was equal in the three benthic habitat
types. The EQR scores indeed decreased with increasing
pressure within the Abra alba habitat, an effect that was less
explicit in the Macoma balthica habitat where the overall
impact remained rather low. In the Nephtys cirrosa habitat
(disposal site S2), a contradictory pressure-response pattern
was observed for macrobenthos (Supplementary Material
Fig. A7a). The assessment gives high EQR scores for spe-
cies similarity, indicating no significant differences in spe-
cies composition between impact and control. However, it
cannot be ruled out that the reference locations close to the
impact site influenced the outcomes, as indicated by sepa-
rate analyses of impact compared to nearby and far control
sites (not shown here) (Van Hoey et al. 2022). Contrast-
ingly, high EQR scores for species richness, approaching
1 in some cases, imply an increased diversity (Van Hoey et
al. 2007), which suggests a possible enrichment within the
originally sandy site S2 through the attraction of macroben-
thic species associated with muddy sediments. An increased
heterogeneity in sediment composition indeed might change
the species composition as has been shown by other studies
(De Backer et al. 2014; Donazar-Aramendia et al. 2018).

The non-significant but slightly different responses
across benthic habitats most probably reduced the overall
pressure effect. A likely explanation for the lack of statisti-
cal evidence is the limited number of observations in certain
pressure classes. Within the Abra alba habitat, no observa-
tions were available for the intermediate pressure (1-3 mil-
lion tonnes dry matter), while for the Macoma balthica and
Nephtys cirrosa habitats data were lacking at higher pres-
sures (>4 million tonnes dry matter). The amount of dredge
disposal at each site is related to the dredging needs close
by, making it difficult to address this issue in an observa-
tional study. Nevertheless, the trend in the EQR scores was
better visible when habitat type was considered. Of course,
other factors may have caused the differences observed
in this study which is solely based on observational data
(Vivan et al. 2009; Bolam et al. 2021).
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Due to the smaller number of samples and the grouping
into ‘licensing’ periods of 4-5 years, we had to adapt the
method for the epibenthic and fish communities. As such, the
statistical power was only high enough to proof that the over-
all impact on the epibenthic and fish community did not really
change with increasing pressure. Nevertheless, some benthic
habitat differences in relation to dredge disposal pressure
could be noted for epibenthos as well. For example, the EQR
scores remained above 0.6 even when the pressure increased,
but the number of species seemed to be slightly lower within
the disposal site itself compared to the reference area (Sup-
plementary Material Fig. A7b). Additionally, Fig. 2b and
Supplementary Material Fig. A7b indicated a difference in
response of several epibenthic community parameters within
the Macoma balthica habitat compared to the other habitats.
Although this result can only be seen as indicative because
too few confident observations could be included (Fig. 2b;
Supplementary Material Fig. A7b), such observations do
show the advantage of contiguous long-term monitoring.

4.3 Insights for future monitoring and
management

A standardized indicator-based assessment provides relevant
information for policymakers and has already been used in
numerous studies to evaluate human-induced changes in eco-
systems, although a universal indicator applicable for mul-
tiple types of pressure does not exist (Dauvin et al. 2007). A
benefit of indicators is the definition of critical boundaries of
change or the ecological state of an ecosystem, comparable
with a traffic light. In the case of BEQI, scores below 0.6 (red,
orange, yellow) indicate a degraded ecosystem, while higher
values (green, blue) imply a healthier system. The disposal
site S1 was clearly adversely affected throughout the whole
study period. Based on the simple traffic light system, a recon-
sideration of this dredge disposal location and the disposal
volumes seems to be relevant. Partly based on our results and
advice in our last licensing report (Van Hoey et al. 2022), the
disposal volumes at S1 have been lowered (information pro-
vided by the Maritime Access Division). This measure may
allow for some recovery of the benthic communities within
the important Abra alba benthic habitat. These BEQI assess-
ments for dredge disposal also feed directly into the MSFD
D6 ‘seafloor integrity’ assessment, where the level of habi-
tat disturbance (status) and the extent (size of dumping areas
adversely affected) is determined. The present results that are
used in the MSFD assessment reveal that the spatial extent
of the adverse impact of dredge disposal is very small (0.015
km? of the infralittoral sand and 0.003 km? of the Abra alba
habitat). Based on our results, it is recommended that dredge
disposal mainly occurs within areas with similar sediment
properties as the dredged material.

@ Springer

The BEQI method allows for a standardized comparison
between two types of datasets and provides a confidence
level, indicating whether the data are appropriate to detect
changes between impact and control zones. This confidence
is influenced by the variability of the parameters (e.g. bio-
mass is more susceptible to natural variability). To improve
the confidence levels, the monitoring of the disposal sites
in the BPNS has been subjected to changes over the course
of the study period. There were changes in the amount of
samples for certain sites and periods to increase the analyti-
cal power. Also, before 2010, the impact sampling tracks
for epibenthos and fish fell partly outside the dumping site
(meaning partly non-impacted areas) due to a sampling arti-
fact (Van Hoey et al. 2012). From 2010 onwards, the sam-
pling strategy was therefore optimized and the track length
was halved to fit completely within the impact site. The fact
that lower EQR scores were observed for the epibenthos and
fish communities from 2010 onwards (at least for site S1)
(Table 3) implies a possible masking of the impact in the first
period (2005-2009) due to the inclusion of less disturbed
areas as impacted area prior to 2010. Such shortcomings and
solutions provide insights in the lessons learnt on how to
optimize contiguous monitoring in long-term studies.

Also, the number of control samples differed and
increased throughout the years, as the BEQI approach
requires a bigger reference dataset compared to the assess-
ment dataset in order to execute the randomization calcula-
tions in a confident way (Supplementary Material Table A1).
The BEQI approach can handle this variation in sampling
design better than other indicators (Van Hoey et al. 2007).
Consequently, BEQI assessments cannot be performed at
sample level, only on a set of (minimally 3) samples per
timeframe (Van Hoey et al. 2007). That way, the epiben-
thic and fish data needed to be clustered in periods to fulfil
the minimum number of samples rule, as such limiting the
variation and number of observations.

An important issue for all biotic indices is the selection of
suitable reference areas, as inappropriate control zones can
lead to wrong interpretations (Halpern et al. 2008; Borja et
al. 2012; Elliott et al. 2020). Nowadays, defining a proper
reference area is rather challenging due to the scarcity of
undisturbed or minimally impacted regions that share simi-
lar properties with an impacted area (Halpern et al. 2008;
Borja et al. 2012; Elliott et al. 2020). In the present study
the control areas were selected by considering the benthic
habitat aspect and by including both nearby and further
away locations from the impact site. Our results showed
that the choice of reference areas might need some recon-
sideration for the future licensing periods, as for example
for some (nearby) control areas in the Nephtys cirrosa habi-
tat, wherefore our analysis indicates that they have been
influenced by dredge disposal over time. In the Macoma
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balthica habitat, some control locations are not appropriate
anymore, which probably resulted in the lower confidence
levels related to the higher natural variability in that habitat
(Breine et al. 2018).

The current study mainly aimed to define dredge disposal
impacts on different ecosystem components, and the rela-
tionship with dredge disposal intensities in multiple benthic
habitat types in function of future monitoring and manage-
ment. Due to the lack of baseline information on the impact
sites in the BPNS (dredge disposal already ongoing prior
to the first monitoring data gathered), it was not possible
to investigate cumulative dredge disposal effects over time.
Still, future research may focus on other aspects based on
the current long-term dataset, such as temporal trend analy-
ses, sensitivity of species, or the systematic comparison of
different benthic indicators.

5 Conclusion

Within the BPNS, the impact of dredge disposal generally
increases with increasing pressure. Since the impact on
macrobenthos was most pronounced, future studies should
keep focussing on this ecosystem component. Neverthe-
less, additional monitoring of other ecosystem components
allows for detecting cascading effects across the ecosys-
tem. As expected, the macrobenthic community is clearly
affected by dredge disposal. The observed impact on epib-
enthos and fish, although less pronounced, seems to be indi-
rectly related to changes in sediment (habitat) composition
and changes in the macrobenthic community as important
prey for both epibenthos and demersal fish species.

The impact of dredge disposal varies slightly among the
three benthic habitat types (4bra alba, Macoma balthica,
Nephtys cirrosa). Although the trend is not statistically sig-
nificant based on the current long-term dataset, this does not
imply an equal impact across all benthic habitats. Despite
the extensive and long-term dataset, the number of obser-
vations per year was still limited, a major drawback of an
observational study, in which it is not possible to define the
number of samples per pressure class beforehand. As such,
it was not possible to draw conclusions about the impact
in areas with intermediate pressure in the Abra alba habi-
tat or in areas with high pressure for the Macoma balthica
and Nephtys cirrosa habitat. Still, this study proofs that the
BEQI method provides a standardized technique to deter-
mine changes in areas that have been subjected to dredge
disposal in comparison to control locations. The resulting
traffic light EQR scores provide relevant and easy to grab
information for policymakers, creating the possibility to
identify measures and actions that are required to reach a
good ecological status in the frame of the MSFD directive.
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material available at https://doi.org/10.1007/s11368-026-04392-9.

Acknowledgements This study was executed within the framework
of the Bagger project (Biological and chemical monitoring of dredge
disposal sites in the Belgian part of the North Sea), financed by the
Flanders Maritime Access Division of the Flemish Government. The
data used in this study were gathered within the framework of numer-
ous national research projects and monitoring programs, executed by
the Flanders Research Institute for Agriculture, Fisheries and Food
(ILVO). We would like to thank the crew of the RV Belgica for their
help with the sampling and the Belgian Science Policy (Belspo) and
the Directorate Natural Environment of the Royal Belgian Institute of
Natural Sciences (RBINS-OD Nature) for providing shiptime. We also
thank the crew of additional research vessels for their help with the
sample collection and for providing shiptime. Furthermore, all scien-
tists, technicians and students are acknowledged for their help with
the sorting and analyses of the samples in the lab of ILVO. At last, we
would like to thank our ILVO colleague Miriam Levenson for proof-
reading an earlier version of the manuscript.

Declarations

Declaration of generative Al and Al-assisted technologies During the
preparation of this work the authors used generative Al-tools in order
to improve language and readability of the manuscript. After using this
tool/service, the authors reviewed and edited the content as needed and
take full responsibility for the content of the publication.

Competing Interest The authors certify that they have no affiliations
with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials dis-
cussed in this manuscript.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Baux N, Chouquet B, Martinez M, Pezy JP, Raoux A, Balay P, Dan-
cie C, Baffreau A, Dauvin JC (2020) The Dredge Disposal Sedi-
ment Index (D2SI): a new specific multicriteria index to assess
the impact of harbour sediment dumping. Ecol Indic 112:106109.
https://doi.org/10.1016/j.ecolind.2020.106109

Blake JA, Maciolek NJ, Ota AY, Williams IP (2009) Long-term ben-
thic infaunal monitoring at a deep-ocean dredged material dis-
posal site off Northern California. Deep Sea Res Part II Top Stud
Oceanogr 56(19-20):1775-1803. https://doi.org/10.1016/j.dsr2.2
009.05.021

@ Springer


https://doi.org/10.1007/s11368-026-04392-9
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ecolind.2020.106109
https://doi.org/10.1016/j.dsr2.2009.05.021
https://doi.org/10.1016/j.dsr2.2009.05.021

192 Page 14 of 15

Journal of Soils and Sediments (2026) 26:192

Bolam SG, Barry J, Bolam T, Mason C, Rumney HS, Thain JE, Law
RJ (2011) Impacts of maintenance dredged material disposal on
macrobenthic structure and secondary productivity. Mar Pollut
Bull 62(10):2230-2245. https://doi.org/10.1016/j.marpolbul.201
1.04.012

Bolam SG, Mcllwaine PSO, Garcia C (2021) Marine macrofaunal
traits responses to dredged material disposal. Mar Pollut Bull
168:112412. https://doi.org/10.1016/j.marpolbul.2021.112412

Bolam SG, Rees HL (2003) Minimizing impacts of maintenance
dredged material disposal in the coastal environment: a habitat
approach. Environ Manag 32(2):171-188. https://doi.org/10.100
7/500267-003-2998-2

Bolam SG, Rees HL, Somerfield PJ, Smith R, Clarke KR, Warwick
RM, Atkins M, Garnacho E (2006) Ecological consequences of
dredged material disposal in the marine environment: a holistic
assessment of activities around the England and Wales coastline.
Mar Pollut Bull 52(4):415-426. https://doi.org/10.1016/j.marpol
bul.2005.09.028

Borja A, Chust G, Rodriguez JG, Bald J, Belzunce-Segarra MJ, Franco
J, Garmendia JM, Larreta J, Menchaca I, Muxika I, Solaun O,
Revilla M, Uriarte A, Valencia V, Zorita I (2016) “The past is the
future of the present”: learning from long-time series of marine
monitoring. Sci Total Environ 566:698-711. https://doi.org/10.10
16/j.scitotenv.2016.05.111

Borja A, Dauer DM, Gremare A (2012) The importance of setting
targets and reference conditions in assessing marine ecosystem
quality. Ecol Indic 12(1):1-7. https://doi.org/10.1016/j.ecolind.2
011.06.018

Borja A, Franco J, Muxika I (2003) Classification tools for marine eco-
logical quality assessment: the usefulness of macrobenthic com-
munities in an area affected by a submarine outfall. ICES CM,
2, 1-10.

Borja A, Franco J, Perez V (2000) A marine biotic index to establish
the ecological quality of soft-bottom benthos within European
estuarine and coastal environments. Mar Pollut Bull 40(12):1100—
1114. https://doi.org/10.1016/S0025-326X(00)00061-8

Breine NT, De Backer A, Van Colen C, Moens T, Hostens K, Van Hoey
G (2018) Structural and functional diversity of soft-bottom macro-
benthic communities in the Southern North Sea. Estuar Coast Shelf
Sci 214:173—184. https://doi.org/10.1016/j.ecss.2018.09.012

Cronin M, Judd A, Blake S, Lonsdale J (2023) Assessment of Data on
the Management of Wastes or Other Matter (Dredged Material)
2008-2020.In: OSPAR, 2023: The 2023 Quality Status Report for
the North-East Atlantic. OSPAR Commission, London.

Dauvin JC, Baux N, Lesourd S (2022) Benthic impact assessment of
a dredge sediment disposal in a dynamic resilient environment.
Mar Pollut Bull 179:113668. https://doi.org/10.1016/j.marpolbu
1.2022.113668

Dauvin JC, Ruellet T, Desroy N, Janson A-L (2007) The ecological
quality status of the Bay of Seine and the Seine estuary: use of
biotic indices. Mar Pollut Bull 55(1-6):241-257. https://doi.org/1
0.1016/j.marpolbul.2006.04.010

De Backer A, Van Hoey G, Coates DA, Vanaverbeke J, Hostens K
(2014) Similar diversity-disturbance responses to different physi-
cal impacts: three cases of small-scale biodiversity increase in the
Belgian part of the North Sea. Mar Pollut Bull 84(1-2):251-262.
https://doi.org/10.1016/j.marpolbul.2014.05.006

Degraer S, Verfaillie E, Willems W, Adriaens E, Vincx M, Van Lancker
V (2008) Habitat suitability modelling as a mapping tool for mac-
robenthic communities: an example from the Belgian part of the
North Sea. Cont Shelf Res 28(3):369-379. https://doi.org/10.101
6/j.cs1.2007.09.001

Donazar-Aramendia I, Sanchez-Moyano JE, Garcia-Asencio I, Miro
IM, Megina C, Garcia-Gomez JC (2018) Impact of dredged-mate-
rial disposal on soft-bottom communities in a recurrent marine

@ Springer

dumping area near to Guadalquivir estuary, Spain. Mar Environ
Res 139:64-78. https://doi.org/10.1016/j.marenvres.2018.05.010

Douvere F, Maes F, Vanhulle A, Schrijvers J (2007) The role of marine
spatial planning in sea use management: the Belgian case. Mar Pol-
icy 31(2):182—-191. https://doi.org/10.1016/j.marpol.2006.07.003

Elliott M, Borja A, Cormier R (2020) Activity-footprints, pressures-
footprints and effects-footprints - walking the pathway to deter-
mining and managing human impacts in the sea. Mar Pollut Bull
155:111201. https://doi.org/10.1016/j.marpolbul.2020.111201

Flemer DA, Ruth BF, Bundrick CM, Gaston GR (1997) Macrobenthic
community colonization and community development in dredged
material disposal habitats off coastal Louisiana. Environ Pollut
96(2):141-154. https://doi.org/10.1016/S0269-7491(97)00028-6

Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’ Agrosa
C, Bruno JF, Casey KS, Ebert C, Fox HE, Fujita R, Heinemann
D, Lenihan HS, Madin EMP, Perry MT, Selig ER, Spalding M,
Steneck R, Watson R (2008) A global map of human impact on
marine ecosystems. Science 319(5865):948-952. https://doi.org/
10.1126/science.1149345

Katsiaras N, Simboura N, Tsangaris C, Hatzianestis I, Pavlidou A,
Kapsimalis V (2015) Impacts of dredged-material disposal on
the coastal soft-bottom macrofauna, Saronikos Gulf, Greece. Sci
Total Environ 508:320-330. https://doi.org/10.1016/j.scitotenv.2
014.11.085

Labrune C, Gauthier O, Conde A, Grall J, Blomqvist M, Bernard G,
Gallon R, Dannheim J, Van Hoey G, Grémare A (2021) A general-
purpose biotic index to measure changes in benthic habitat quality
across several pressure gradients. J Mar Sci Eng 9(6):654-677.
https://doi.org/10.3390/jmse9060654

Maes F (1999) De wet van 20 januari 1999 ter bescherming van het
mariene milieu in de zeegebieden onder de rechtsbevoegdheid
van Belgi€: op weg naar een duurzaam gebruik van de zee. Tijd-
schr Milieurecht 4:270-285.

Manap N, Voulvoulis N (2015) Environmental management for dredging
sediments - the requirement of developing nations. J Environ Man-
age 147:338-48. https://doi.org/10.1016/j.jenvman.2014.09.024

Maurer D, Keck RT, Tinsman JC, Leathem WA (1981a) Vertical
migration and mortality of benthos in dredged material .1. Mol-
lusca. Mar Environ Res 4(4):299-319. https://doi.org/10.1016/01
41-1136(81)90043-X

Maurer D, Keck RT, Tinsman JC, Leathem WA (1981b) Vertical
migration and mortality of benthos in dredged material .2. Crus-
tacea. Mar Environ Res 5(4):301-317. https://doi.org/10.1016/01
41-1136(81)90014-3

Maurer D, Keck RT, Tinsman JC, Leathem WA (1982) Vertical migra-
tion and mortality of benthos in dredged material.3. Polychaeta.
Mar Environ Res 6(1):49—-68. https://doi.org/10.1016/0141-1136
(82)90007-1

Miller DC, Muir CL, Hauser OA (2002) Detrimental effects of sedi-
mentation on marine benthos: what can be learned from natural
processes and rates? Ecol Eng 19(3):211-232. https://doi.org/10.
1016/S0925-8574(02)00081-2

Newell RC, Seiderer L, Hitchcock D (1998) The impact of dredging
works in coastal waters: a review of the sensitivity to disturbance
and subsequent recovery of biological resources on the seabed.
Oceanog Mar Biol Annual Res 36(1):127-178.

Pecceu E, Paoletti S, Van Hoey G, Vanelslander B, Verlé K, Degraer S,
Van Lancker V, Hostens K, Polet H (2021) Scientific background
report in preparation of fisheries measures to protect the bottom
integrity and the different habitats within the Belgian part of the
North Sea. Respectively ILVO communication (mededeling)
277, 109; D/2022/03, pp. 1-195.

Rakocinski CF, Zapfe GA (2004) Macrobenthic Process-Indicators of
Estuarine Condition. In: Press C (Editor), Estuarine Indicators,
pp. 337-354.


https://doi.org/10.1016/j.marpolbul.2011.04.012
https://doi.org/10.1016/j.marpolbul.2011.04.012
https://doi.org/10.1016/j.marpolbul.2021.112412
https://doi.org/10.1007/s00267-003-2998-2
https://doi.org/10.1007/s00267-003-2998-2
https://doi.org/10.1016/j.marpolbul.2005.09.028
https://doi.org/10.1016/j.marpolbul.2005.09.028
https://doi.org/10.1016/j.scitotenv.2016.05.111
https://doi.org/10.1016/j.scitotenv.2016.05.111
https://doi.org/10.1016/j.ecolind.2011.06.018
https://doi.org/10.1016/j.ecolind.2011.06.018
https://doi.org/10.1016/S0025-326X(00)00061-8
https://doi.org/10.1016/j.ecss.2018.09.012
https://doi.org/10.1016/j.marpolbul.2022.113668
https://doi.org/10.1016/j.marpolbul.2022.113668
https://doi.org/10.1016/j.marpolbul.2006.04.010
https://doi.org/10.1016/j.marpolbul.2006.04.010
https://doi.org/10.1016/j.marpolbul.2014.05.006
https://doi.org/10.1016/j.csr.2007.09.001
https://doi.org/10.1016/j.csr.2007.09.001
https://doi.org/10.1016/j.marenvres.2018.05.010
https://doi.org/10.1016/j.marpol.2006.07.003
https://doi.org/10.1016/j.marpolbul.2020.111201
https://doi.org/10.1016/S0269-7491(97)00028-6
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345
https://doi.org/10.1016/j.scitotenv.2014.11.085
https://doi.org/10.1016/j.scitotenv.2014.11.085
https://doi.org/10.3390/jmse9060654
https://doi.org/10.1016/j.jenvman.2014.09.024
https://doi.org/10.1016/0141-1136(81)90043-X
https://doi.org/10.1016/0141-1136(81)90043-X
https://doi.org/10.1016/0141-1136(81)90014-3
https://doi.org/10.1016/0141-1136(81)90014-3
https://doi.org/10.1016/0141-1136(82)90007-1
https://doi.org/10.1016/0141-1136(82)90007-1
https://doi.org/10.1016/S0925-8574(02)00081-2
https://doi.org/10.1016/S0925-8574(02)00081-2

Journal of Soils and Sediments (2026) 26:192

Page 150f 15 192

R Core Team (2025) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria

Simonini R, Ansaloni I, Cavallini F, Graziosi F, Iotti M, Massamba
N’siala G, Mauri M, Montanari G, Preti M, Prevedelli D (2005)
Effects of long-term dumping of harbor-dredged material on mac-
rozoobenthos at four disposal sites along the Emilia-Romagna
coast (Northern Adriatic Sea, Italy). Mar Pollut Bull 50(12):1595-
605. https://doi.org/10.1016/j.marpolbul.2005.06.03 1

Smith R, Boyd SE, Rees HL, Dearnaley MP, Stevenson JR (2006)
Effects of dredging activity on epifaunal communities — surveys
following cessation of dredging. Estuar Coast Shelf Sci 70(1—
2):207-223. https://doi.org/10.1016/j.ecss.2006.04.026

Sukhotin A, Berger V (2013) Long-term monitoring studies as a pow-
erful tool in marine ecosystem research. Hydrobiologia 706(1):1—
9. https://doi.org/10.1007/s10750-013-1456-2

Vandepitte L, Decock W, Mees J (2010) Belgian Register of marine
species, compiled and validated by the VLIZ Belgian Marine
Species Consortium. VLIZ Special Publication, vol 46. Vlaams
Instituut voor de Zee (VLIZ), Oostende, Belgium, pp. 1-78.

Van Hoey G, Borja A, Birchenough SNR, Buhl-Mortensen L, Degraer
S, Fleischer D, Kerckhof F, Magni P, Muxika I, Reiss H, Schroder
A, Zettler ML (2010) The use of benthic indicators in Europe:
from the Water Framework Directive to the Marine Strategy
Framework Directive. Mar Pollut Bull 60(12):2187-2196. https
://doi.org/10.1016/j.marpolbul.2010.09.015

Van Hoey G, Degraer S, Vincx M (2004) Macrobenthic community
structure of soft-bottom sediments at the Belgian Continental
Shelf. Estuar Coast Shelf Sci 59(4):599-613. https://doi.org/10.
1016/j.ecss.2003.11.005

Van Hoey G, Delahaut V, Derweduwen J, Devriese L, Dewitte B,
Hostens K, Robbens J (2012) Biological and chemical effects of

the disposal of dredged material in the Belgian part of the North
Sea (licensing period 2010-2011). Respectively ILVO communi-
cation (mededeling) 277; 109; D/2022/03, pp. 1-120.

Van Hoey G, Drent J, Ysebaert T, Herman P (2007) The Benthic Eco-
system Quality Index (BEQI), intercalibration and assessment of
Dutch coastal and transitional waters for the Water Framework
Directive. NIOO report 2007-02, pp. 1-244.

Van Hoey G, Seghers S, Festjens F, Dewitte B, Vanavermaete D,
Jacobs L, Wittoeck J, Hillewaert H, Lefranc C, Vanhalst K,
Hostens K (2022) Influence of the disposal of dredged material on
the marine sea-bottom ecosystem in the Belgian Part of the North
Sea. Respectively ILVO communication (mededeling) 277; 109;
D/2022/03, pp. 1-112.

Verhalle J, Van de Velde M (2020) Something is moving at sea: The
marine spatial plan for 2020-2026. FOD Leefmilieu

Vivan JM, Di Domenico M, de Almeida TCM (2009) Effects of
dredged material disposal on benthic macrofauna near Itajai Har-
bour (Santa Catarina, South Brazil). Ecol Eng 35(10):1435-1443.
https://doi.org/10.1016/j.ecoleng.2009.06.005

Whomersley P, Ware S, Rees HL, Mason C, Bolam T, Huxham M,
Bates H (2008) Biological indicators of disturbance at a dredged-
material disposal site in Liverpool Bay, UK: an assessment using
time-series data. ICES J Mar Sci 65(8):1414-1420. https://doi.or
2/10.1093/icesjms/fsn125

Wolfe DA, Champ MA, Flemer DA, Mearns A (1987) Long-term bio-
logical data sets - their role in research, monitoring, and man-
agement of estuarine and coastal marine systems. Estuar Coasts
10(3):181-193. https://doi.org/10.2307/1351847

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.marpolbul.2005.06.031
https://doi.org/10.1016/j.ecss.2006.04.026
https://doi.org/10.1007/s10750-013-1456-2
https://doi.org/10.1016/j.marpolbul.2010.09.015
https://doi.org/10.1016/j.marpolbul.2010.09.015
https://doi.org/10.1016/j.ecss.2003.11.005
https://doi.org/10.1016/j.ecss.2003.11.005
https://doi.org/10.1016/j.ecoleng.2009.06.005
https://doi.org/10.1093/icesjms/fsn125
https://doi.org/10.1093/icesjms/fsn125
https://doi.org/10.2307/1351847

	﻿From monitoring to management: a standardized indicator-based assessment of long-term dredge disposal impact across three benthic habitats for macrobenthos, epibenthos and fish
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Material & methods
	﻿2.1﻿ ﻿Study area
	﻿2.2﻿ ﻿Data collection
	﻿2.2.1﻿ ﻿Biological and environmental data
	﻿2.2.2﻿ ﻿Dredge disposal data obtained from the Maritime Access Division


	﻿2.3﻿ ﻿Data analysis
	﻿2.3.1﻿ ﻿Data processing
	﻿2.3.2﻿ ﻿Indicator analysis
	﻿2.3.3﻿ ﻿Linear mixed modelling

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Dumping of dredged material
	﻿3.2﻿ ﻿BEQI evaluation
	﻿3.2.1﻿ ﻿﻿Abra alba﻿ habitat
	﻿3.2.2﻿ ﻿﻿Macoma balthica﻿ habitat
	﻿3.2.3﻿ ﻿﻿Nephtys cirrosa﻿ habitat


	﻿3.3﻿ ﻿Linear mixed modelling
	﻿3.3.1﻿ ﻿Macrobenthic community
	﻿3.3.1.1﻿ ﻿3.3.2 Epibenthic and fish community


	﻿4﻿ ﻿Discussion
	﻿4.1﻿ ﻿Macrobenthic, epibenthic and demersal fish community
	﻿4.2﻿ ﻿Pressure and habitat effects
	﻿4.3﻿ ﻿Insights for future monitoring and management

	﻿5﻿ ﻿Conclusion
	﻿References


