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Introduction: In the Belgian part of the North Sea, sand for beach and foreshore nourishments is extracted from the Hinder Banks, about 40 km offshore. The extraction is not screened for shells and other very coarse material, as is the case for sand extraction for industrial use. Intermittent but intensive sand extraction took place from 2012 to 2019 on the Oosthinder, and since 2019 on the Noordhinder.
Methods: To better understand sediment variability during human-induced disturbance of the seabed, both sandbanks have been monitored using multibeam bathymetry and backscatter, and Reineck box cores on board of the Research Vessel Belgica A962. Acoustic and sediment data were preferably jointly collected within a one-week period to substantiate the interrelationships.
Result: Very well-sorted medium sands with low backscatter values (−28 to −33 dB) are detected near the top of the sandbank, while (moderately) well-sorted coarser sands and shell fragments with high backscatter values (−20 to −24 dB) are detected in the deeper parts of the sandbank slope. Although natural conditions such as sandwave movement and storms may mask early sediment changes, 7 years of intermittent and intensive sand extraction on the upper parts of a gentle sandbank slope caused a seabed deepening of at least 2 m, a backscatter decrease between 5 and 8 dB, a reduction in carbonate content by 1%–5% and an increase in organic matter content by 1%–2%. Two years after the cessation of the operations, the carbonate content increased and organic matter content decreased by 1%–2%.
Discussion: Natural variability of sediments remains dependent on depth and geomorphology in both undisturbed, as well as recently and longer disturbed sandbank systems. However, a spreading of the more homogeneous, very well-sorted medium sands with limited carbonate content from the sandbank crest to the upper parts of the sandbank slope was observed, as sand extraction progressed. Subsequently, possible first signs of a slow return to the original sediment characteristics were detected.
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1 INTRODUCTION
The demand for aggregates, sand and gravel, has increased over the past century to the extent that far more sand is being extracted than is naturally replenished (John, 2009). Although there is no strategic monitoring for governance, planning and management of global sand resources (UNEP, 2019), extraction activities in the North Sea are well reported and indicate gradually increasing quantities since the 1970s (ICES, 2019). Sand is increasingly considered a strategic resource, needed to meet a wide range of societal demands, but also to provide ecosystem services (UNEP, 2022). Environmental impact assessments on the marine environment are a common practice in European Member States (Peduzzi, 2014). Impacts are well inventoried (ICES, 2022) with direct and indirect consequences including morphological changes due to seabed removal (e.g., Bellec et al., 2010; Degrendele et al., 2010; Gonçalves et al., 2014; Mielck et al., 2019) and changes in suspended matter due to increased turbidity (e.g., Roman-Sierra et al., 2011; Caballero et al., 2018) resulting from “active”-overflow and “passive”-sediment plumes (e.g., Duclos et al., 2013; Van Lancker and Baeye, 2015) that are dispersed over long distances (e.g., Kim et al., 2018; Seo et al., 2018). Near-to far-field effects are described (e.g., Becker et al., 2015; Van Lancker et al., 2015; 2016) with deposition from sediment plumes potentially leading to smothering (e.g., Smith and Friedrichs, 2011; Spearman, 2015). All may affect ecosystems at varying spatial and temporal scales (e.g., Cooper et al., 2008; Waye-Barker et al., 2015).
Marine environmental protection is high on the international agenda. Several international treaties and multilateral agreements address the conservation and sustainable use of oceans and seas, such as the United Nations Convention on the Law Of the Sea (UNCLOS), which defines the basic legal framework for activities affecting seas and oceans, and the Regional Seas Programme of the United Nations Environment Programme (UNEP), which aims to address the degradation of oceans and coastal areas. In most cases, action plans are based on a regional convention and related protocols, e.g., the Commission for the Protection of the Marine Environment of the North-East Atlantic (OSPAR). Currently, about 12% of the European seas are protected through directives (Agnesi et al., 2020). The European Commission set up the Habitats Directive (HD; 92/43/EEC; European Economic Community, 1992) on the conservation of natural habitats and of wild fauna and flora, the Birds Directive (BD; 2009/147/EC; European Commission, 2009) on the conservation of wild birds. Both are intended to provide protected areas for Europe’s most valuable and threatened species and habitats (Natura 2000 network; European Commission, 2008a). The Marine Strategy Framework Directive (MSFD; 2008/56/EC; European Commission, 2008b) requires an ecosystem-based approach to protect biodiversity and to understand temporal and spatial patterns, scale and processes that interact with prevailing pressures and vulnerability. Good environmental status (GES) needs to be monitored, for which several qualitative descriptors were set up. Seafloor integrity and hydrodynamic conditions are particularly important in the context of sand extraction since changes could adversely impact benthic ecosystems (ICES, 2022). Respectively, they refer to the structure and functions of the ecosystem that need safeguarding and to currents, turbidity and/or other oceanographic parameters.
As in other countries (e.g., Italy: Cutroneo et al., 2012; UK: Cooper, 2013; Cooper and Barry, 2017; US: Nairn et al., 2004), the effect of aggregate extraction is researched in Belgian waters since the early 1980s (Van Lancker et al., 2022). Changes in bathymetry (morphology), sediment (transport) and biology (habitat) are followed up at regular intervals, anticipating on varying extraction regimes, demonstrated by electronic monitoring systems. Since 2011, sand extraction for beach and foreshore nourishment purposes as part of the Coastal Safety Plan has taken place in the most offshore areas (∼40 km from the coast). Its Environmental Impact Assessment (MUMM, 2011) concluded that more comprehensive knowledge was needed on hydrodynamics and sediment behavior in extracted sandbank areas, as there was 1) insufficient information on the sand balance; 2) no data on the impact of large-scale extraction using large vessels (with a hopper volume up to 12,500 m³); 3) only limited data on the impact of marine aggregate extraction in (very) coarse sandy environments; and 4) uncertainties on the significance of increased turbidity on the nearby Habitat Directive area, where ecologically valuable gravel beds are present. A monitoring program (Van Lancker et al., 2016; 2020) was established to assess the natural variability in sediment processes and the physical impacts of extraction activities, aligned with national and European objectives. It involved quantifying and modelling of directly impacted areas and more distant regions potentially affected by increased sediment dispersal. Advanced acoustic measurements in target areas (multibeam bathymetry and backscatter, bottom- or hull-mounted acoustic doppler current profiler, conductivity-temperature-depth profiling, optical backscatter), in-situ samples at dedicated locations (macrofaunal samples, seabed cores, water filtrations) and visual observations along transects (video frame, sediment profile imaging, footage via divers) are being used.
Monitoring seabed changes relies increasingly on the use of acoustic echo sounders. Spatially-explicit multi-parameter products (multiple sensors of a research vessel) are provided including proxies (multibeam backscatter) for seabed characteristics and substrate types (Lamarche et al., 2011). While rapid developments were made to distinguish major seafloor types from acoustic-sediment relationships (e.g., Freitas et al., 2003; Bartholomä, 2006; ICES, 2007; Foster et al., 2009), i.e., presence of hard rock or soft sediments, occurrence of faunal communities or marine habitats, and the distribution of seagrass (e.g., De Falco et al., 2010; Kloser et al., 2010; Parnum and Gavrilov, 2012; Huang et al., 2018), remote monitoring of changes in the characteristics of soft substrata is only progressing recently (e.g., Gutperlet et al., 2017; Montereale-Gavazzi et al., 2018; Wyns et al., 2021). Mostly this is due to a lack of calibrated systems (Roche et al., 2018) and limited terrain validation. Since assessing changes in broad-scale habitat types (sediment related) is a mandatory criterion in the assessment of seabed integrity (MSFD - Descriptor 6), remote monitoring of sediment changes has a huge potential to pro-actively identify areas with higher seabed disturbance. Not only can multiple seabed properties be mapped, also sediment transitions between habitats can be detected over larger areas in a short time period.
This paper presents the results of a decade of monitoring seabed changes in the near field of two offshore sand-extraction areas where intermittent but intensive extraction takes place. Changes in multibeam bathymetry and backscatter are distinguished, validated with sediment samples and assigned to natural (defined by depth and geomorphology) and/or human-induced (related to extraction) variability, which can be well depicted from the acoustic signature. Changes in seabed sediments are assessed using estimated extraction quantities and intensities, acquired multibeam bathymetry and backscatter values, and analyzed sediment parameters such as percentages of sand (with shell fragments), calcium carbonate and organic matter, mean size and sorting. Lessons-learned are highlighted, as well as future outlook for a more efficient monitoring strategy of seabed disturbance by human stressors.
2 STUDY AREA
The Hinder Banks are NNE-SSW elongated sand ridges located 30–55 km offshore in the Belgian part of the North Sea. Their summits reach heights of up to −8 m LAT (Lowest Astronomical Tide), while the intermediate troughs are up to −40 m LAT deep. The sandbanks emerge from the troughs around −27 m LAT (Kint et al., 2019) with megaripples gradually evolving into sand waves of 6–8 m height.
Medium sand, 250–500 µm, is the dominant lithological class with an enrichment of coarser sands and shell hash (Hademenos et al., 2018). In the upper parts of the sandbank, silts and clays are limited, generally less than 1%. Gravels and small pebbles are found in the troughs. The gravel stock consists mainly of sedimentary rocks such as flint, sandstone, quartzite, limestone and chalk (Veenstra, 1964; Veenstra, 1969).
The Hinder Banks are a dynamic area with bedform migration rates between 0.2 and 0.6 m per spring-neap cycle (Van Lancker et al., 2020). Measurements of tidally-induced suspended particulate matter (SPM) were similar under NE- and SW-directed currents (Van Lancker and Baeye, 2015), though higher concentrations were measured on the Oosthinder (sector 4c) than on the Noordhinder (sector 4a). In general, SPM concentrations (at 2–3 m above the seabed) are between 0.010 (neap) to 0.015 (spring) g/L on the sandbank and even up to 0.019 g/L above the crest, while around 0.005 g/L in the gullies (Van Lancker et al., 2016; Van Lancker et al., 2020). Extrapolation resulted in predictions up to 0.040 g/L near the seabed.
During the period 2010–2021, sand extraction was permitted in four dedicated sectors (Figure 1) and the volumes extracted were quantified (Figure 2; Van den Branden et al., 2022). The sand extracted in these areas is used for coastal protection in the framework of the Coastal Safety Master Plan implemented since 2011 by the coastal division of the Flemish Government (Van Lancker et al., 2022). From 2012 to 2019, most activities took place on the Oosthinder with 5.8 million m³ of sand extracted in sector 4c and 0.7 million m³ in sector 4b, cumulatively. Sand extraction on the Noordhinder only started in 2019, with the extraction of 1.5 million m³ sand in sector 4a by the end of 2020. Up to 2022, no extraction took place on the Westhinder (sector 4d). Sand is mainly extracted from the slopes and crests of the sandbanks.
[image: Figure 1]FIGURE 1 | Sand-extraction sectors in the Hinder Banks in the Belgian part of the North Sea: 4a (Noordhinder), 4b and 4c (Oosthinder), and 4d (Westhinder). The lithological map represents the most probable sediment type in the first meter of a subsurface model of the Quaternary sediments (TILES Consortium, 2018a; Hademenos et al., 2018). The location of the Westhinder measuring pile and buoy is indicated.
[image: Figure 2]FIGURE 2 | Sand-extraction monthly volumes in the four dedicated zones of the Hinder Banks (Van den Branden et al., 2022).
3 MATERIALS AND METHODS
Bathymetric-backscatter measurements from multibeam echosounder (MBES) and seabed sampling were carried out annually (Van Lancker et al., 2016; Van Lancker et al., 2020) (Figures 3, 4). Sector 4a and 4c, on the Noordhinder and the Oosthinder respectively, are intensively extracted zones, though with longer periods of ceased operations (i.e., months for 4a, and years for 4c). Three acoustic data series acquired in July and November 2019, and March 2021 were considered for sector 4a. Acoustic data series acquired from the intensively extracted central part of the sandbank in April and May 2012; March and October 2013; March, May and November 2014; May and December 2015; September 2017; March and September 2018; and July 2019 were considered for sector 4c. To complement the acoustic records, 14 Reineck box cores were taken in March 2019 and March 2021 within, near and outside of the intensively extracted area of sector 4a in order to have spatially well-spread sediments samples. For sector 4c, sediment sampling in March 2014, 2018, 2019 and 2021; and December 2015 resulted in five sets of 6–8 Reineck box cores. For both sectors, the time span between acoustics and the sediment sampling was kept to a minimum to limit the effect of intermittent disturbance. For each sector and each sampled location, estimates of monthly and yearly extracted volumes were obtained from the Electronic Monitoring System (EMS) on board of the aggregate extraction vessels (Van den Branden et al., 2022).
[image: Figure 3]FIGURE 3 | Monthly overview of the acoustic and sample monitoring from January 2012 to March 2021 in sand-extraction sector 4a (orange) and 4c (blue). EMS data were provided by RBINS-MSO, MBES data were acquired by the FPS Economy-CSS, and seabed samples were taken by RBINS-OD Nature.
[image: Figure 4]FIGURE 4 | Acoustic monitoring areas and sampling locations in sand-extraction sector 4a on the Noordhinder (A-D) and sector 4c on the Oosthinder (E-H), and displayed on maps of extracted quantities over the period in m3/ha, bathymetry (depth) in m LAT, and backscatter in dB (4a: March 2021; 4c: March 2018). Bathymetric contours and morphological units are derived from Flemish Hydrography data grids.
3.1 Electronic monitoring system
Sand extraction in the Belgian part of the North Sea is monitored continuously by an automatic Electronic Monitoring System (EMS), installed on board each extraction vessel. The EMS provides spatial information on the position of the vessel, i.e., point locations every 30 s during extraction, and estimates of the volume extracted at that location (Van den Branden et al., 2022). The system is not equipped with sensors that automatically measure the extracted load. Instead, total extraction volumes in m³ are estimated per record by subdividing the hopper volume by the number of extraction records per trip (i.e., assuming a fully loaded hopper per trip). The hopper content is usually a good approximation of the effective load for each voyage (except for beach nourishments where tides and draught of the vessel are taken into account and an average volume is used) (Van den Branden et al., 2022). The algorithms for calculating the extracted volume of the hopper contents are based on the time difference between two consecutive recordings, the total duration of the trip and constant volumes (Van den Branden et al., 2022). Grids of the extracted volumes per hectare were available for each year, and for each month (Figures 4B, F).
3.2 Multibeam echosounder bathymetry and backscatter
For the period 2012–2021, RV Belgica A962 was equipped with a Kongsberg Maritime EM3002 dual-head MBES (300 kHz) for recording bathymetric (Figures 4C, G) and backscatter (Figures 4D, H) time series. The acoustic system emits acoustic waves in a fan shape (i.e., swath) beneath the transceiver and calculates the bottom depth (or bathymetry) by measuring the time it takes for the sound waves to reflect off the seabed and return to the receiver. Backscatter strength (BS) quantifies the amount of acoustic intensity that scattered back to the sonar receiver. MBES bathymetric and backscatter data were all acquired using similar acquisition settings (e.g., runtime parameters, filter and gain values). In particular, the pulse duration which determines the instantaneous insonified area that is critical for the backscatter level determination (Hughes Clarke, 2012) was kept constant. A standard workflow in the software QPS-Qimera® (v2.3.1, 2020) was used for hydrographic data processing of the MBES bathymetric dataset. It includes tide reduction to the Lowest Astronomical Tide (LAT), correction of residual offsets and filtering of outlier soundings. Taking into account the differences between conventional depth measurements (DGPS, draught and tide correction) and GNSS RTK corrected depths, an overall uncertainty of about 0.3 m was considered for all RV Belgica EM3002d surveys (Roche et al., 2017). The processing of MBES backscatter was done in the software Ifremer-SonarScope® (v5.0, 2021) and QPS-FMGT® (v7.9.5, 2020). Lamarche and Lurton (2018) proposed several steps for the analysis of time series in a monitoring context: 1) correction of the acoustic absorption effect, using seawater properties from the on-board data acquisition system; 2) correction of the instantaneous insonified area from the tide-corrected terrain model of the study site, using the real incidence angle; 3) removal of all angle-dependent corrections (e.g., the Lambert and specular adaptive corrections applied in the Kongsberg Maritime software); 4) computation of a 1 m × 1 m mosaic, averaging values within the oblique-incidence sector of ± [30°, 50°], being the most stable part of the curve and hence most discriminative to derive sediment type (Lamarche et al., 2011); and 5) extraction of the statistics (mean, standard deviation) plotted over time (i.e., angular response curves). A 50-m buffer around the sampling locations was chosen to best represent the surrounding seabed substrate in a sandwave field with wavelengths ranging from 100 to 250 m and maximum heights of 2–5 m (Terseleer et al., 2019). In oblique incidence, acoustic 300 kHz waves only penetrate sandy substrates up to around 3 cm (Huff, 2008; Lurton and Lamarche, 2015). Although the backscatter levels were not calibrated, individual backscatter data recorded with the same MBES using the same acquisition parameters and processed with a consistent procedure are robustly intercomparable (Roche et al., 2018).
3.3 Sediment analyses
Reineck box cores (RC) were taken from the seabed, subsampled using cylindrical tubes with an inner diameter of 36 mm and sliced at 1 cm intervals to account for the limited penetration depth of the multibeam. The sliced subsamples were frozen on board and later split in the laboratory for sediment analyses of organic matter, calcium carbonate and grain size. Positioning of the Reineck box cores (Figures 4A, E) were corrected for on-board operations (e.g., navigation accuracy, on-board and off-deck offsets, etc.), while underwater drift was compensated by calculating the standard deviation of the acoustic bathymetry and backscatter within a 50-m buffer.
The total content of organic matter and calcium carbonate were measured by using the slightly adapted Loss-On-Ignition (LOI) method from Dean (1974) and Heiri et al. (2001). Four grams of sediment from each slice of the samples were put in pre-weighed porcelain crucibles and dried in an oven at 105°C for 24 h. The samples were subsequently placed in a desiccator for half an hour in order to reach room temperature and were weighed. In the next step, samples were placed in a muffle furnace at 550°C for 4 h. After cooling to room temperature in a desiccator, samples were weighed again. The difference between the weight of samples at 105°C and 550°C represents the amount of organic matter. The samples were then returned to the muffle furnace and heated at 1,000°C for 5 h. The weight difference between 550°C and 1,000°C represents the amount of CO2 evolved from carbonate minerals. The actual carbonate content of a sample is calculated as the weight of CO2 lost between 550°C and 1,000°C divided by 0.44, representing the mass fraction of CO2 in CaCO3. Three replicates of a sliced sample were taken to verify the accuracy of the method.
A Malvern Mastersizer 3,000 laser particle analyzer was used for sediment analyses, allowing calculations of grain-size distributions and derived parameters as mean size and sorting. Prior to the laser measurements, the terrigenous fraction was isolated by treating the samples (in 10 mL DI water) with boiling H2O2 (2 mL, 35%) to remove organic matter (procedure adapted from Mulitza et al., 2008). Samples were boiled with sodium hexametaphosphate to ensure complete disaggregation of the particles. A 1-mm sieving was needed to separate the fine from the coarse fraction as coarse particles and shells cannot be analyzed by laser diffraction. Both fractions of the samples were dried in the oven overnight (70°C). The dry samples were then cooled down and weighed. For the fine fraction of each sample, a very small portion was introduced in the Malvern Mastersizer. Three replicates of a sliced sample were taken to quantify the accuracy of the measurements. No further particle-size analysis was performed for the limited coarse fraction of each sample. To calculate grain-size parameters representative of the entire sediment sample, results obtained by laser diffraction were recalculated accounting for the percentage of the weight of the coarse fraction. After combining the Malvern (fractions <1 mm) and sieving (fractions ≥1 mm) results, Gradistat (Blott and Pye, 2001) was used to calculate the complete particle-size distribution of each subsample, and derive sediment parameters such as percentiles (Φ5,Φ16,Φ50,Φ84,Φ95), mean size (Mz) and sorting ([image: image]).
3.4 Acoustic-sediment correlations
Standardized Pearson covariance matrices of 10 variables were established for sector 4a and 4c to gain better understanding on the relationships between acoustic and sediment properties on sand-extracted sandbanks. Chosen variables are the total extraction quantities (or cumulative extraction volumes) over the period in m³/ha, bathymetric depth in m LAT, backscatter values in dB, percentages of fine sand (63–250 µm), medium sand (250–500 µm) and coarse sand with shell fragments (500–2000 µm), carbonate and organic matter content, and mean size ([image: image] in µm and sorting [image: image] in Φ (Blott and Pye, 2001).
Only acoustic and sediment data collected jointly within a one-week period in March 2021 for sector 4a (52 MBES tracks of 5–10 km and 20 RC samples), and March 2014 and 2018, and December 2015 for sector 4c (over 100 MBES tracks of 10 km and 21 RC samples) were used for the acoustic-sediment correlations. As the penetration of the acoustic wave is estimated around a few centimeters at 300 kHz in soft sediments (Huff, 2008), an average of the upper 3 cm of the sediment cores was used to correspond best with the acoustic data. A good correlation is accepted for p-values above 0.500 or below −0.500. The range of the initial variables were standardized to the same scale so that each variable contributed equally to the correlation analysis.
4 RESULTS
4.1 Sediment variability after a period of intensified sand extraction—sector 4a (2019–2021)
In sector 4a on the Noordhinder, 14 locations were sampled in March 2019 and 2021, and were subdivided according to 1) extraction quantities (Table 1), 2) acoustic facies (Table 2) and 3) sediment characteristics (Table 3). The acoustic and sediment characteristics clustered per geomorphological entity, i.e., crest and slopes of the sandbank, reflect the variability of the sandbank system (Figures 5, 6).
TABLE 1 | Extraction quantities within a 50-m buffer of the sampling locations on the crest (yellow), Lee slope (green) and Stoss slope (red) in sector 4a. *For 2021, only data for the first 3 months.
[image: Table 1]TABLE 2 | Bathymetry at 1-m resolution, bathymetry at 1-m resolution within a 50-m buffer, backscatter at the angular sector of ± [30°, 50°] within a 50-m buffer, and morphological identity of the sampling locations on the crest (yellow), Lee slope (green) and Stoss slope (red) in sector 4a. Small-scale variability within 50 m is represented as the standard deviation of the bathymetry and backscatter. SB, sandbank; SW, sand wave; c, crest; d, depression; f, flat; ls, Lee slope; ss, Stoss slope; NA, Not Available.
[image: Table 2]TABLE 3 | Sediment parameters of the sampling locations on the crest (yellow), Lee slope (green) and Stoss slope (red) in sector 4a. The values are averaged over the upper 3 cm of the Reineck box cores. F, fine (65–250 µm); M, medium (250–500 µm); C, coarse + shell fragments (500–2000 µm); Carb, calcium carbonate; Org. M, organic matter.
[image: Table 3][image: Figure 5]FIGURE 5 | Sediment variability in sector 4a by ground-truth validation of the Stoss slope (red), crest (yellow) and Lee slope (green).
[image: Figure 6]FIGURE 6 | Box plots of acoustic (bathymetry and backscatter) and sediment (percentages of medium and coarse sand + shell fragments, carbonate and organic matter content, mean size and sorting) parameters from the samples taken in sector 4a during extraction in 2019 and 2021. Boxes of 75% confidence interval are drawn with a line for the median.
In the first quarter of 2021, more sand was extracted than in the previous 3 years combined (Figure 2). The intensified activities are mainly located in the northern part of the sector (Figure 4B). Total intensities since 2018 were highest for location 3 (>5,000 m³/ha), while locations 6, 10 and 12 experienced rather moderate (1,000–5,000 m³/ha) extraction activities (Table 1). Most other locations experienced lower (<1,000 m³/ha) extraction intensities.
Samples 3, 6, 9, 12 and 13 are located on the sandbank crest with depth values of −15 to −20 m LAT and low backscatter values of −28 to −33 dB (Table 2). Samples 1, 4 and 7 can be found on the western slope of the sandbank, i.e., the Stoss side. High backscatter values of −20 to −23 dB were observed at depths between −25 and −30 m LAT. For samples 2, 5, 8 and 14 on the eastern slope of the sandbank, i.e., the Lee side, bathymetry is below −30 m LAT and backscatter is intermediate, between −23 dB and −28 dB. Other samples 10 and 11 have acoustic values that vary between those of the sandbank crest and slope.
Very well-sorted (<0.400 Φ) medium sand (<400 µm) with few coarse grains (<20%) is observed in samples 6, 9, 10, 11, 12 and 13 on the sandbank crest (Table 3). After several years of sand extraction, samples 6 and 9 located north and on the top of the crest have a low carbonate content (<1.00%), while samples 10 to 13 located on the southern part of the sandbank have a high carbonate content (>1.00%). Organic matter content decreased slightly (<1.00%). Samples 1, 4 and 7 on the western Stoss slope are moderately well-sorted (>0.600 Φ) sand with high carbonate content (>3.00%), while samples 2, 5, 8 and 14 on the eastern Lee slope are well-sorted (0.400–0.500 Φ) sand with low carbonate content (<3.00%). The proportion of medium (40%–70%) and coarse (20%–50%) sand (400–550 µm) varies from north to south on the sandbank slopes. Organic matter content decreased significantly (<1.00%). A distinction between crest and slopes could be made based on mean size and sorting, but not on carbonate and organic matter content.
The most prominent deepening (dark purple) and rise (dark orange) are depicted in the depth difference map of July 2019 and March 2021 because of sandwave movement on the sandbank slope and crest, with less pronounced extraction marks (light purple) between the sand waves (Figure 7A). Although the presence of dynamic bedforms was confirmed along the SSW-NNE transect, an average deepening of about 1 m was already observed after 2 years of intermittent and intensive sand extraction (Figure 7B). The spatial analysis of slope and aspect (i.e., the orientation of the slope) in the rectangular box showed a transition from slopes in the range of 2°–6° towards more gentle slopes of 2°–4°, and the development of two dominant slope directions: SW-NE and W-E (Figure 7C). Significant changes in backscatter are hardly noticeable in the difference map (Figure 7D), because of rougher sea conditions with wave heights between 1.30 and 1.50 m (source: Meetnet Vlaamse Banken) that affected the March 2021 MBES data quality. Still, an average decrease of about 1 dB was observed along the SSW-NNE transect after 2 years of intermittent and intensive sand extraction (Figure 7E). The spatial analysis of backscatter values at 1 dB interval in the rectangular box yields two different column charts showing a bimodal distribution with two more pronounced and separated peaks in July 2019, while the distribution of March 2021 is merely flattened (Figure 7F). Transitions between backscatter ranges were not clearly identified.
[image: Figure 7]FIGURE 7 | (A) Bathymetric difference between July 2019 and March 2021 in sector 4a: a. SSW-NNE transect and b. area for spatial analysis. (B) Bathymetry representation of a SSW-NNE transect showing an average deepening of 1 m (red dotted line) on a sandbank crest superimposed with sand waves. (C) Area coverage of the slope and aspect (direction of the slope) of a rectangular target area with general flattening perpendicular to the extraction tracks. (D) Backscatter difference between July 2019 and March 2021 in sector 4a: a. SSW-NNE transect and b. area for spatial analysis. (E) Backscatter representation of a SSW-NNE transect with limited decrease in acoustic volume (red dotted line). (F) Area coverage of the backscatter of a target area with a slight shift to lower acoustic values.
4.2 Sediment variability during multiple periods of intermittent sand extraction—sector 4c (2012–2021)
In sector 4c on the Oosthinder, 8 locations were repeatedly sampled between 2014 and 2021. Integrated analyses of acoustic and sediment parameters with extracted volumes are presented, reflecting the variability of the sandbank system (Figures 8, 9). The amount of data was insufficient to perform a comparative statistical analysis with box plots, as was done for sector 4a.
[image: Figure 8]FIGURE 8 | Sediment variability in sector 4c by ground-truth validation of the lower and upper parts of the Stoss slope (red and orange), and crest (yellow).
[image: Figure 9]FIGURE 9 | Acoustic and sediment characteristics of the 8 locations in sector 4c from April 2012 to March 2021: (A) annual sand-extraction quantities within a 50-m buffer; (B) trends of bathymetry at 1-m resolution within a 50-m buffer (red dots), backscatter at the angular sector of ± [30°, 50°] within a 50-m buffer (black dots), and spatial variation within 50 m of sampled locations represented as the standard deviation (SD) of the bathymetry (blue dots) and backscatter (green dots), completed with sand percentages (yellow to brown bars) for each sampled year; and (C) evolution of sorting values (black dots), percentages of organic matter (green dots) and calcium carbonate (red dots). Sediment data represent the upper 3 cm of the seafloor samples. Black arrows marked the increase in coarse grains and shell fragments.
Sand extraction was high from 2012 to 2014 and in the first quarter of 2017 and 2018, followed by several years of ceased operations (Figure 2, Figure 9A). The intensified activities are mainly located in the upper parts of the sandbank slope and on the crest (Figure 4F). Repeated moderate (1,000–5,000 m³/ha) to high (>5,000 m³/ha) extraction intensities occurred at sampling locations 1, 4 and 6 that are located on the crest of the sandbank. The intensity of sand extraction has been reduced from 2012 to 2019 at locations 2 (high to moderate), 3 (low to none), 5 (high to low) and 7 (moderate to low) that are located on the gentle western slope of the sandbank; i.e., the Stoss side. Limited (<1,000 m³/ha) to no sand extraction took place in the westernmost and deeper part of the sandbank (location 8).
In the time series from 2012 to 2019 (Figure 9B), no or only a limited acoustic trend can be observed at locations 3, 4, 6 and 8; i.e., a slight deepening of the seabed of less than 1 m, constant backscatter values around −20 or −30 dB, and a stability or slight increase in standard deviation of the bathymetry and backscatter. The seabed became at least 1 m deeper (−18 to −19 m LAT, −20 to −21 m LAT and −22 to −23 m LAT) and a gradual decrease in backscatter of up to 5 dB (−22 to −27 dB, −20 to −25 dB and −21 to −24 dB) was observed for locations 2, 7 and 5, respectively. This reduction is accompanied by an increase in standard deviation of the backscatter within a 50-m buffer, while the standard deviation of the bathymetry remained constant. Two trends of bathymetry and backscatter evolution at location 1 were detected. One leads to an increase of ca. 5 dB (−30 to −25 dB) and of ca. 2 m (−13 to −11 m LAT) with a small decrease in standard deviation of the backscatter, the other to a decrease of ca. 5 dB (−23 to −28 dB) and of ca. 2 m (−12 to −14 m LAT) with an increase of standard deviation of the backscatter. Here, the standard deviation of the bathymetry also remained constant.
Very well-sorted (<0.350 Φ) fine to medium sands are observed in samples 1, 2, 4, 5, 6 and 7 that are located on the crest and upper slope of the sandbank, while medium to coarse sands with moderately-well sorting (>550 Φ) are observed in sample 8 (Figure 9C). Sample 3 varies between those two sediment types. Sampling at location 1 resulted in two substrate types: a coarser substrate with low sorting (0.500 Φ) and high carbonate content (4%) in the more eastern samples (in 2015 and 2018) and a medium sand with high sorting (0.350 Φ) and reduced carbonate content (to 1%) more north and west (in 2014, 2019 and 2021). Carbonate content slightly increased (by less than 1%) after 2019. For samples 4 and 6, sorting stabilized (0.400 Φ) and carbonate content slightly increased (up to 1%). Sorting was constant at locations 2 and 7 (0.400 and 0.450 Φ), while at location 5 sorting improved (0.550–0.400 Φ). An increase in sorting value was detected at location 7 after 2019. For locations 2, 5 and 7, there is a decrease in carbonate content (by 1 to >5%) before 2018 and an increase in coarse material and carbonate content (by 1%–3%) after 2018. Sorting was low (0.550–0.650 Φ) at location 8, while carbonate content was high (2.5 to >5%). Organic matter content increased by 1%–2% between 2014 and 2019 for samples 1, 2, 3 and 5, while there is a decrease by 1%–2% after 2019 for all samples (except for samples 7 and 8).
The most prominent deepening by extraction (dark purple) is depicted in the depth difference map of April-May 2012 and July 2019, with a less pronounced sandwave movement (white to orange) (Figure 10A). After 7 years of intermittent and intensive sand extraction, an average deepening of at least 2 m was observed along the SSW-NNE transect (Figure 10B). The spatial analysis of slope and aspect (i.e., the orientation of the slope) in the rectangular box showed more gentle slopes of less than 1° in 2019, compared to slope gradients of 1°–2° in 2012 (Figure 10C). Significant changes in backscatter were observed in the difference map (Figure 10D). The SSW-NNE profile plot showed a backscatter decrease between 5 and 8 dB on the west-oriented sandbank slope near the top of the sandbank and after 7 years of intermittent and intensive sand extraction (Figure 10E). The spatial analysis of backscatter values at 1 dB interval in the rectangular box yields two different column charts showing a bimodal distribution with a small and a large pronounced peak in April-May 2012 and a skewed unimodal distribution in July 2019 (Figure 10F). A transition was observed from the backscatter range of −19 to −24 dB towards lower values of −26 to −34 dB.
[image: Figure 10]FIGURE 10 | (A) Bathymetric difference between April and May 2012, and July 2019 in sector 4c: a. SSW-NNE transect and b. area for spatial analysis. (B) Bathymetry representation of a SSW-NNE transect showing an average deepening of 2 m (red dotted line) on a sandbank slope mostly without sand waves. (C) Area coverage of the slope and aspect (direction of the slope) of a rectangular target area with general flattening perpendicular to the extraction tracks. (D) Backscatter difference between April and May 2012, and July 2019 in sector 4c: a. SSW-NNE transect and b. area for spatial analysis. (E) Backscatter representation of a SSW-NNE transect with prominent decrease of at least 5 dB in acoustic volume (red dotted line). (F) Area coverage of the backscatter of a target area with a prominent shift to lower acoustic values.
4.3 Joint acoustic-sediment fingerprinting of intermittent and intensive sand-extraction areas—sector 4a and 4c
An extended correlation matrix between acoustic and sediment parameters was established (Table 4). Total extraction volumes have a positive correlation with bathymetry (+0.541), while there is no correlation with backscatter (−0.383). Sand extraction took place in the higher parts of the sandbank, where coarse sand (−0.594) decreased and fine sand (+0.697) increased as extraction and deepening progressed, resulting in a reduced mean size (−0.617). Bathymetry has a positive correlation with medium sand (+0.575), while there is a negative relationship with coarse sand (−0.570), both of which affect the mean size (−0.502). Medium sand is more common in the higher parts of the sandbank, where extraction takes place, while coarser material predominates on the slopes and in the troughs. Backscatter shows a correlation with sorting (+0.519). Medium sand (−0.783), coarse sand (+0.662), and shell material related to the carbonate content (+0.604) define the sorting. As sand extraction in sector 4a has recently started and in sector 4c sand has been extracted intermittently for long periods of time, a separate correlation matrix for the two sectors is presented. Total extraction volumes have a positive correlation with the bathymetry (+0.694) for sector 4a, while there is a negative correlation with the backscatter (−0.832) for sector 4c. Bathymetry and backscatter are more correlated in the widely sampled sector 4a (−0.639) than for dedicated sampling in sector 4c (−0.373). For sector 4a, the backscatter relates to medium sand (−0.724), coarse sand (0.680), mean size (+0.607) and sorting (+0.690), while for sector 4c it relates to fine sand (−0.732), coarse sand (+0.576), carbonate (+0.520) and mean size (+0.604). Mean size is defined by fine, medium and coarse sand, and carbonate percentage. Sorting is affected by medium and coarse sand, as well as, only for sector 4a, carbonate (+0.700) and organic matter (+0.736). Carbonate content is correlated to medium and coarse sand, organic matter, mean size and sorting. For sector 4c, additional correlations are present with total extraction (−0.537) and backscatter (+0.520). Organic matter affects mean (+0.527) and sorting (+0.736) values only for sector 4a.
TABLE 4 | Combined (A) and separated (B) Pearson correlation matrix of 10 acoustic-sediment variables for averaged acoustic data within a 50-m spatial buffer and averaged sediment data of the upper 3 cm of the core, jointly acquired for sand-extraction sector 4a (orange) and sector 4c (blue). A good correlation is accepted for p-values above 0.500 or below −0.500 (bold).
[image: Table 4]Similar sediment composition between sandbanks or sand-extraction sectors should yield similar backscatter values. However, correlations between acoustic backscatter and sand percentages along with mean size show that backscatter values are lower in sector 4a than in sector 4c, but same trends persist (Figure 11). Gradients for fine (−0.2398 and −0.2779), medium (−0.2086 and −0.0851) and coarse (+0.1714 and +0.1281) sand, as well as means size (+0.0364 and +0.0305) are comparable for sector 4a and 4c, respectively. This is not the case for carbonate (+0.2885 and +0.6582) and organic matter (+4.789 and −2.3827) content, and sorting (+26.844 and +13,141).
[image: Figure 11]FIGURE 11 | Correlations between acoustic backscatter, and percentages of sand, carbonate and organic matter content, mean size and sorting for sector 4a (orange) and 4c (blue). Fine sand consists of grains between 63 and 250 µm, medium sand of grains between 250 and 500 µm and coarse sand of grains and shell fragments between 500 and 2000 µm.
5 DISCUSSION
Acoustic approaches are increasingly used in monitoring of seabed variability (natural and anthropogenic), as multibeam backscatter is regarded a good proxy for sediment type (Montereale Gavazzi et al., 2018; Gaida et al., 2019). Using time series of acoustic measurements and Reineck box cores for physical sampling, acoustic-sediment relationships are explored in a tidally-dominated sandbank system where intermittent, but intensive sand extraction takes place for beach and foreshore nourishment. Acoustic and sediment data would ideally yield similar trends, though relationships between the two observations deemed complex (depending on sediment composition, compaction and porosity, terrain roughness or rugosity, sea conditions, degree of mismatch in time and place, etc.). Still, the ability of using acoustic techniques to detect seabed changes is promising, although 1) the natural variability of the whole sandbank system must be well known (for morpho-sedimentary related changes); 2) the prevailing acoustic-sediment relationships must be thoroughly understood (for correlations between extraction quantities, multibeam bathymetry and backscatter, and sediment properties); and 3) possible shortcomings in acoustic-sediment monitoring must be avoided (positional errors, non-simultaneous acquisition, etc.). In the following paragraphs, results are discussed in a broader context accounting for natural variability of sediments in sandbank systems and extraction-induced seabed disturbance. Next, acoustic-sediment relationships are further refined to support remote monitoring of sediment changes in sandbank areas subdued to extraction. A future outlook, including lessons learned, is provided.
5.1 Natural variability of sediments in sandbank systems and extraction-induced seabed disturbance
Backscatter data are affected by the hardness and roughness of the seabed, defined by properties such as sediment density, heterogeneity and porosity (Jackson and Briggs, 1992; Ferrini and Flood, 2006; Sutherland et al., 2007; Lurton and Lamarche, 2015; Lamarche and Lurton, 2018). The more transitions occur between sediment grains and the water-filled pores, the greater the acoustic absorption and the weaker the backscatter response. Different seabed substrates have various acoustic and absorption properties (de Moustier and Alexandrou, 1991; Le Gonidec et al., 2003; Lamarche et al., 2011). Generally, hard rock, erratic seabed (e.g., biogenic reef) and smooth compact bottoms reflect more sound than soft substrates (e.g., sand and mud). In soft sediments, volumetric backscatter further complicates the acoustic response (Roche et al., 2017; Roche et al., 2018).
In the Hinder Banks, and sandbanks in general, low backscatter values (−28 to −33 dB) are detected near the top of the sandbank, while high backscatter values (−20 to −24 dB) are detected in the deeper parts of the sandbank slope (Table 2 and Figures 4D, H). This applies to undisturbed areas, as well as recently (e.g., sector 4a from 2019 to 2021) and longer (e.g., sector 4c from 2012 to 2019) intermittently and intensively disturbed extraction areas. However, changes in bathymetry and backscatter in the northern part of sector 4a were masked by natural conditions such as the migration of sand waves across the sandbank (Figure 7A) and a lesser data quality contaminated by air bubble reverberations caused by rougher sea conditions (Figure 7D), respectively. Yet after only 2 years, there was a 1 m drop in the seabed (Figure 7B), while no clear decrease in backscatter values could be observed (Figure 7E). After 7 years, the seafloor became at least 2 m deeper (Figure 10B) and a decrease between 5 and 8 dB in backscatter (Figure 10E) was observed in the upper parts of the sandbank slope in sector 4c. Although the sandbank was intermittently extracted (Figure 2, Figure 9A), the seabed could not recover from the disturbance in the subsequent years between two intensive extraction events. Even to the extent that the dominant backscatter classes decreased (Figure 10F) and the standard deviation of the backscatter increased. Confirmed by sampling data (see samples 2, 5 and 7 in Figure 9B), this is a clear indication of change in the sediment composition.
Theoretically, a decrease in backscatter is indicative of more sound absorption, and can result from a change in compactness and porosity of the seabed sediments. This may be caused by sand extraction since a more resistant surface layer with shell fragments and coarse material is removed (e.g., as on the western, Stoss slope of the sandbank). Sediment data from the biological monitoring did show an increase in fine sands (De Backer et al., 2017) from which Roche et al. (2017) and Wyns et al. (2021) hypothesized a gradual exposure of an underlying layer of finer sand as the result of sand extraction. However, such geological layer cannot be evidenced from present-day geological models (e.g., Hinder Banks voxel model with resolution 100 m × 100 m × 0.5 m; TILES Consortium, 2018b). A redistribution of the predominantly fine sands occurring in the top zone of the sandbank, may still add to the progressive decrease in backscatter level. A secondary effect of sand extraction is the increase in the standard deviation of the backscatter, which was shown by the increase in spatial variation within 50 m of sampled locations in some intensively extracted areas. Since, the reverse was cited by Wyns et al. (2021) in sector 4c on the Oosthinder. this observation requires further confirmation.
Sediment properties are affected by migrating sand waves and megaripples on the sandbank crest and gentle slope (Svenson et al., 2009; Bellec et al., 2019; Koop et al., 2019), especially under stormy conditions. Extraction activities remove the upper sediments, but also disturb the morphological features and cause sediment dispersal enhancing the sorting process on the seabed. Sediments of similar size are naturally segregated during transport and deposition depending on settling velocity and the transporting medium (reducing sediment density and heterogeneity, and increasing porosity).
In the Hinder Banks, and sandbanks in general, more homogeneous (very well-sorted) medium sands are detected near the top of the sandbank, while more heterogeneous (moderately to well-sorted) coarser sediments and shell fragments are present in the deeper parts of the sandbank slope (Table 3). Similar observations were made for recently (e.g., sector 4a from 2019 to 2021) and longer (e.g., sector 4c from 2012 to 2019) intermittently and intensively disturbed extraction areas. Although no sediment changes were observed during the first years of sand extraction in the northern part of sector 4a (Figure 6), carbonate content reduced by 1%–5% and organic matter content increased by 1%–2% during years of intermittent sand extraction in the upper parts of the sandbank slope in sector 4c (Figure 9C). In addition, the carbonate and organic matter contents slightly recovered by 1%–2% 2 years after the cessation of the operations.
When dredging for beach and foreshore nourishment purposes, extraction vessels typically do not screen for very coarse material, removing the coarser shells (along with most of the sediment) and releasing the embedded organic content. In other sand-extraction areas in the Belgian part of the North Sea (e.g., Flemish Banks and Thornton Bank), screening of the extracted sand and afterwards redeposition of the coarse fractions on the seabed increases the average backscatter (Kubicki et al., 2007; Cooper, 2013; De Backer et al., 2017; Roche et al., 2017; Wyns et al., 2021). Subsequently, does not screening of extracted sand lead to a decrease in backscatter? The carbonate content increased slowly after extraction, so it can be assumed that coarse sand and shell fragments forming the coarse fraction accumulated to some extent after transportation under natural conditions (including storms) from the throughs in-between sandbanks (Bøe et al., 2015). Other studies showed a redistribution of fine sands (Desprez, 2000; Krause et al., 2010; Uścinowicz et al., 2014; Wyns et al., 2021) and confirmed an increase in organic matter (Newell et al., 1998; Graca et al., 2004; Krause et al., 2010) by extraction activities (cfr. release, resuspension, segregation and settlement). A fining trend will hence depend on the material source (proportion of fine sand) and the segregation process that are dependent on the ships’ dredging specificities (e.g., small versus very large dredging vessels), as well as on the prevailing hydro-meteorological conditions. This was not obvious to derive from our results, possibly due to local hydrodynamic conditions, which are higher than in other sand-extraction areas (Vanaverbeke et al., 2000; Van Lancker et al., 2020), causing faster resuspension (Wyns et al., 2021) and the absence of deep dredging pits acting as sediment traps in which fine sediments and organic material can accumulate. Increased extraction-induced sediment dispersal towards far-field benthic habitats is of environmental impact concern. Both fining of sediment (e.g., clogging of the pores of permeable coarse sands) and sediment burial (i.e., overtopping with sand) are studied (Van Lancker et al., 2015; 2016; Montereale Gavazzi et al., 2018). Drivers and causal relationships with all human-induced sediment dispersal are under investigation.
The main sediment transition caused by years of intermittent and intensive extraction was found on the upper parts of the sandbank slope, where backscatter values dropped, carbonate content decreased and organic matter content increased. This may be related to a spreading of the more homogeneous, very well-sorted medium sands from the sandbank crest to the upper parts of the sandbank slope. However, there are signs of a slow return to the original sediment characteristics. How acoustic and sediment parameters relate to each other can be found in the next section. How hydrodynamics and sediment transport are changing due to the lowering sandbank volume is beyond the scope of this article.
5.2 Acoustic-sediment relationships in heavily extracted sandbanks
The Hinder Banks in the Belgian part of the North Sea are studied acoustically, biologically and physically (see De Mol and Vandenreyken, 2014; Degrendele and Vandenreyken, 2017; Vandenreyken, 2021). Correlations between acoustic backscatter and sediment grain size, mean and sorting in soft sediments are generally accepted (see, for example, Montereale Gavazzi et al., 2018; Gaida et al., 2019), but complex. De Falco et al. (2010) distinguished three sedimentary facies (sandy gravels, gravelly sands and slightly gravelly muddy sand) based on a factor analysis of grain size and acoustic data. Backscatter was strongly correlated to the weight percentage of coarse fractions (1–16 mm) and inversely correlated to finer sediment (0.016–0.5 mm). Huang et al. (2018) assumed that 1) an increase in grain size (resulting in an increase in heterogeneity) from very fine to medium sands would increase acoustic absorption and a decrease in backscatter response, while from medium to very coarse sands the reverse was observed (Hamilton, 1980); 2) a positive correlation exists between mean size and backscatter return (Ferrini and Flood, 2006); and 3) sorting can decrease by greater proportions of either coarser grains resulting in backscatter increase or finer grains resulting in backscatter decrease. Gaida et al. (2020) confirmed grain-size sorting patterns across rapidly generated bedforms after underwater nourishments using multibeam bathymetric and backscatter time series. Coarse sediments with shell fragments on the stoss side were observed as high acoustic classes; sandy sediments near the crests and sandy mud on the lee side and in the troughs as low acoustic classes. The extent to which backscatter can be used to resolve sediment sorting along bedforms depends on the relationship between the wavelength of the bedform and the acoustic resolution of the multibeam (Gaida et al., 2020).
Some of the above acoustic-sediment relationships are confirmed by measurements on the Hinder Banks, although rougher sea conditions in March 2021 on sector 4a caused an underestimation of the backscatter values complicating the Pearson correlations (Figure 11). Therefore, separate correlation matrices were made for both sector 4a and sector 4c (Table 4). A positive correlation between extraction and bathymetry was found from the spatially well-spreaded data of sector 4a, as most of the intensive extraction activities take place on the sandbank crest or upper parts of the Stoss slope, and are limited in the troughs or deeper parts of the sandbank slopes. A negative correlation between extraction and backscatter was derived from the acoustic time series of sector 4c, although sandbanks were extracted intermittently indicating that the seabed cannot recover from the disturbance between two intensive extraction events. Sediment parameters affect backscatter (Figure 11; Table 4). Medium sand, coarse sand, mean size and sorting are the main determining factors of the acoustic response in sector 4a. Fine sand, coarse sand and shell material related to the carbonate content, and mean size determine backscatter values in sector 4c. Both geological (e.g., grain size) and geotechnical (e.g., sorting; i.e., a proxy for porosity) parameters affect the backscatter in a recently disturbed extracted sandbank system (e.g., sector 4a from 2019 to 2021). Focusing on the upper parts of the sandbank slope and on the sandbank crest, where longer intermittent and intensive sand extraction occurred (e.g., sector 4c from 2012 to 2019), a correlation was confirmed between backscatter decrease and the decrease in carbonate content.
5.3 Future outlook for seabed monitoring
A number of recommendations and lessons learned regarding remote monitoring of sand extraction can be made. These relate to: 1) extraction within the natural variability of sandbank systems, 2) simultaneous acquisition of acoustic and sediment data, 3) proper selection of sampling equipment, 4) avoiding positioning errors and 5) and awareness of other distortions.
The natural variability of sandbank systems is best studied before the intensive sand extraction takes place, i.e., in terms of geomorphology, sandwave migration, sediment distribution and geology. However, as long as extraction takes place in the homogeneous layer on the crest, no irreversible changes or major disruptions of the sediment type are expected. This is not the case when sand is extracted in the more heterogeneous parts of the sandbank slopes. To account for spatial variability, acoustic measurements and sediment samples best cover the entire sandbank system, from trough to crest, even when human activities are very local.
Simultaneous acquisition of acoustic and sediment data improves correlation between both data types as subsequent sandwave movement and sand extraction, affecting acoustic backscatter and sediment composition, are excluded. The very large sand dunes that shape the upper parts of the sandbanks have wavelength ranges from 100 to 250 m and maximum heights from 2 to 5 m (Terseleer et al., 2019) leading to grain-size changes and sorting of the seabed sediments from trough to crest (Svenson et al., 2009; Bellec et al., 2019; Koop et al., 2019; Cheng et al., 2020). Moreover, considerable variability in individual species, biomass and taxon densities of macrobenthic communities is found on the short and steep Lee slopes of the sand waves, while the long and gentle Stoss slopes are mainly controlled by physical forces, such as grain size and permeability (Cheng et al., 2021). This also influences small-scale variability of 10–100 m within benthic communities (Cheng et al., 2021). Continuous sand extraction disrupts morphological, sedimentological and ecological systems by removing the top layer, but subsequent sediment dispersal and sediment plume formation leads to increased turbidity and finer sedimentation, which may also affect the acoustic backscatter. Acoustic-sediment relationships will also benefit from a calibrated system for multibeam bathymetry and backscatter.
Proper selection of sampling equipment is necessary to account for acoustic-sediment relationships, as multibeam with an operating frequency of 300 kHz only penetrates sandy substrates around a few centimeters (Huff, 2008; Lurton and Lamarche, 2015). Grab samples, which produce a disturbed sample of the upper 10–20 cm and having a potential outwash of fine material during retrieval, are less suitable than box cores, where the distortion is minimal and subsamples of the top centimeters can be taken (Kint et al., 2020). Although the sieved fraction above 1 mm is included into the grain size distribution of the Malvern Mastersizer 3,000 laser particle analysis, the small size of the 1-cm slices is not the best approach for quantifying shell percentages. The range of sedimentological parameters (on which fractions) should be further specified and extended to individual gravel classes, such as large shell fragments from 2 to 4 mm, 4–8 mm or even 8–16 mm.
Avoiding positioning errors is crucial for optimal correlation between acoustic and sediment data, as resampling at a precise location on the seafloor is impossible due to the navigability and maneuverability of vessels and the prevailing hydrodynamic conditions. Natural variability of seabed sediments and habitats affects the acoustic backscatter. The positional errors include navigational accuracy (instrumental error), on-board and off-deck offsets (human error) and underwater drift of the used gear (environmental error) (Kint et al., 2020). Instrumental and human errors are best corrected for on-board operations. The environmental error can be avoided by an underwater High Precision Acoustic Positioning system (e.g., HiPAP® and GAP® system) that can be attached to the frame of the lowered sampling device.
In areas of high sediment dynamics, further backscatter distortions may occur that may be unrelated to seabed changes. Suspended sediments near the bottom can be detected with the acoustic signal of the 300 kHz multibeam bathymetry and backscatter, masking the true backscatter response of the seabed (Fromant et al., 2021). High turbidity in the water column affects transmission losses (Montereale-Gavazzi et al., 2019). Seasonal biological activity in the water column (e.g., plankton) and on the seabed (related to the spawning and recruitment period of benthic species) interferes with the acoustic signal. The presence or absence of ecosystem engineers (e.g., tubeworms and some bivalves) on soft substrates strongly influences the acoustic backscatter (Degraer et al., 2008; Van Lancker et al., 2012; Holler et al., 2016; Montereale-Gavazzi et al., 2016).
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