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Bottom trawling is a well-known global phenomenon and has significant physical impact on the seabed habitat, such as compression, displacement and mobilization of the sediment. Thus, it is necessary to examine how it alters the seabed, e.g., in order to support strategies in marine spatial planning and nature conservation. Numerous studies aim at quantifying the physical impact of bottom trawling on the seabed based on laboratory experiments and/or modeling approaches but, to our knowledge, none of them include in-situ techniques. The North Sea is heavily influenced by bottom trawling and thus, an area in the southern North Sea was selected where side scan sonar data identified areas showing the physical impact of bottom trawling by means of trawl marks. Here, the dynamic penetrometer Nimrod was deployed in order to determine the changes in sediment strength (quasi-static bearing capacity) compared to the reference sites (absent trawl marks). The results attest a higher penetration depth of Nimrod and a lower sediment strength in the trawled area compared to the un-trawled reference sites. This is likely related to an increase in water content and a decrease in bulk density of the sediment that was re-worked by bottom trawling.
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1 INTRODUCTION
Bottom trawling is one of the most widespread human impacts on the seabed and relevant on a global scale (Oberle et al., 2016a; Amoroso et al., 2018). Besides reduced populations of target species due to overexploitation, intensive bottom trawling can increase the damage and mortality of non-target benthic fauna caused by the bypassing trawling gear (e.g., Lindeboom and de Groot, 1998; Buhl-Mortensen et al., 2016; Mérillet et al., 2017). The gear itself may weigh up to several tons (Eigaard et al., 2016). The impact on the soft, porous seabed surface and subsurface induced by the trawling gear represents an additional, severe disturbance to the natural forcing by waves and currents on benthic species, in particular species with a long-life span that require longer recovery times (Sciberras et al., 2018). For species in the southern North Sea (Frisian Front), it was found that fragile, small-bodied infauna like the white furrow shell (Abra alba) and epifauna are more vulnerable to the impact of bottom trawling than large-bodied infauna, e.g., the burrowing mud shrimp Upogebia deltaura (Tiano et al., 2020). Moreover, bottom trawling can alter the seabed in terms of removal of bedforms such as ripples as well as displacement, compression and re-suspension of the sediment (e.g., Ivanović and O'Neill, 2015; Lindholm et al., 2015; Depestele et al., 2016; Arjona-Camas et al., 2019). Sediment with reduced stability, e.g., due to bioturbation, is more likely to get re-suspended by bottom trawling (O'Neill and Ivanović, 2015), and hence may hamper benthic habitability for several populations (Lindeboom and de Groot, 1998; Depestele et al., 2016).
The alteration of the seabed is visible as linear morphological depressions (trawl marks) in side scan sonar (SSS) and multibeam echo sounder (MBES) data as well as in under-water video footage (e.g., Friedlander et al., 1999; Smith et al., 2007; Mérillet et al., 2018; Bruns et al., 2020; Schönke et al., 2022). Trawl marks have widths of a few decimeters up to several meters and the gear can penetrate <10 cm up to 35 cm into the seabed (e.g., Krost et al., 1990; Friedlander et al., 1999; Eigaard et al., 2016; Bruns et al., 2020). The dimensions of trawl marks depend on the gear type (e.g., beam trawl, otter trawl) and the sediment type. Larger gears produce wider marks, for instance, the width of beam trawls usually is between 4 and 12 m, which is reflected by trawl marks of the same width (e.g., Eigaard et al., 2016; Bruns et al., 2020). In contrast, the two otter boards of otter trawls create narrow furrows (approximately 30 cm to 3 m) separated according to the distance between the otter boards, which can be up to 250 m (e.g., Eigaard et al., 2016; Bruns et al., 2020). Due to a higher weight also the penetration depth increases (Eigaard et al., 2016) and, for example, a 4 m wide beam trawl would penetrate less deep compared to a 12 m wide gear. In muddy sediments the penetration depth is usually higher than in coarser sediments such as fine sand (Ivanović et al., 2011; Eigaard et al., 2016). The backscatter signature of trawl marks shows that reworking of the sediment (displacement, compression, re-suspension) can lead to an increased roughness of the seabed compared to the surrounding, depending on the sediment type and the state of degradation of the trawl marks (Bruns et al., 2020).
For other areas, it has been shown that intensive bottom trawling can influence erosion and sedimentation rates. For the Western Irish Sea Mud Belt, Coughlan et al. (2015) showed that the upper 20–50 cm of the sedimentary record (approximately the last 20 years) were eroded due to high bottom trawling activity. In two submarine canyons off the Italian south coast where the material that was re-suspended by bottom trawling is deposited, an increased sedimentation up to one order of magnitude was observed (Paradis et al., 2021).
Moreover, bottom trawling may alter the integrity of the near surface sediment layers (O'Neill and Ivanović, 2015), by destroying biogenic structures such as tubes or mounds (Schwinghammer et al., 1998). The upper layers are more likely to be mobilized or eroded, respectively, which in turn could lead to the mobilization of deeper layers (O'Neill and Ivanović, 2015). Long term bottom trawling and the related re-suspension of the seabed sediment can cause significant changes in the grain size distribution: The sediment consisting of fine and coarser fractions is re-suspended and if a significant sediment transport (e.g., due to waves and currents) is absent, the fine grained material settles directly within the trawled area on top of the coarser fraction, which was deposited first. Thus, the vertical grain size distribution changes in terms of a relative increase of the fine fraction on the seabed surface (Trimmer et al., 2005). If tides and currents are strong the fine grained re-suspended material is transported into adjacent areas, which leads to a decrease of the fine-grained fraction in the trawled area (Palanques et al., 2014; Mengual et al., 2016).
If bottom trawling was relevant for sediment re-mobilization and changes in the physical properties of the sediment (e.g., grain size) this would also be reflected by geotechnical properties such as sediment strength and its resistance to mobilization. Studies that investigated the influence of bottom trawling on geotechnical properties, and therefore the physical impact with the help of experimental and modeled data, are available (e.g., Paschen et al., 2000; Ivanović et al., 2011; Ivanović and O’Neill, 2015), but there is a lack of in-situ data for the support of those findings. Stark et al. (2011b) detected sediment mobilization by using the dynamic penetrometer Nimrod, where mobilization is manifested by a layer with lower sediment strength above a stronger layer in the penetrometer data. Following this, the question arises if the physical impact of bottom trawling can be described, and even quantified, by means of vertical and lateral variations in the sediment strength using in-situ techniques such as Nimrod deployments.
Along this line of reasoning, geotechnical in-situ measurements of the sediment strength were performed in the southwestern German North Sea using the dynamic free-fall penetrometer Nimrod, which was developed at MARUM, University of Bremen (Stark, Hanff, 2011a; Stark et al., 2011b; Stark et al., 2012). At the time of the survey, the spatial trawl mark density (abundance) in the north western part of the survey area was relatively high, i.e., up to 20 marks per km2 and very recent trawling activity was detected (Bruns et al., 2020). With the experiences of the former studies, it was assumed that sediment mobilization triggered by the high trawl mark activity can be demonstrated by means of the dynamic free-fall penetrometer Nimrod. For comparison, an area without trawl marks was sampled as well. In the past, Stark et al. (2011b) used the dynamic penetrometer Nimrod to show sediment mobilization due to tides and currents in the German Bight. However, it is a completely new approach to connect in-situ sediment strength data to bottom trawling impact, as will be demonstrated in this manuscript.
2 MATERIAL AND METHODS
2.1 Study site
The study site (hereafter referred to as HE544 site, named after the expedition number of R/V Heincke, a 55 m-long research vessel operated by AWI Bremerhaven; https://www.portal-forschungsschiffe.de/en/vessels-heincke.html) is located in the southern North Sea and the western German Exclusive Economic Zone (EEZ, Figure 1). Surface sediments in the German EEZ predominantly consist of Pleistocene glacial and periglacial deposits, which were reworked during the Holocene after the area was flooded around 9,000–8,000 BP (Eisma et al., 1981; Zeiler et al., 2008). Sediment types are mainly fine to medium sand and muddy sand to sandy mud occurs south of the island Heligoland or in the western German Bight (Laurer et al., 2014). The survey HE544 was conducted in 2019 approximately 50 nautical miles north of the German coast where the water depth ranged around 39–42 m (Figure 1). Hydrodynamics are mainly tide driven in the coastal areas, but rather wave driven in offshore areas (Aldridge et al., 2015). HE544 site is located in the wave driven area and the kinetic energy at the seabed is approximately 40–60 Nm2/s (EMODnet, 2019). The sediment type at HE544 was classified as “muddy sand to fine sand” (Holler et al., 2020). It is homogeneously distributed across the HE544 site (Holler et al., 2020). Surface sediment samples are devoid of gravel with a small proportion of shell fragments (<2%). The mud content ranges from 3%–10% in the northern and western part of the site and up to 20% in the remaining area (Bruns et al., 2020; Holler and Bruns, 2020).
[image: Figure 1]FIGURE 1 | The HE544 study site in the German Exclusive Economic Zone (EEZ), North Sea. The site is approximately 60 nautical miles off the coast of Lower Saxony, Germany. Bathymetry is provided by EMODnet-Bathymetry-Consortium (2018).
The fine sediments are colonized by large populations of benthic organisms such as the brown shrimp (Crangon crangon) or flatfish, such as sole (Solea solea). Bottom trawling in the German EEZ (North Sea) is mostly related to smaller vessels operating in coastal areas to catch, e.g., the brown shrimp (Schulze, 2018). The fishing effort made by larger trawlers, targeting flat-fish such as sole (S. solea) or plaice (Pleuronectes platessa) is less in comparison and takes place farther offshore, i.e., outside the 12-nautial-mile-zone (Schulze, 2018). These trawlers commonly use beam trawls and otter trawls (Schulze, 2018). The corresponding trawl marks were observed in SSS and MBES data on the seabed of HE544 site (Bruns et al., 2020). Marks created by the individual beam trawls had mean widths of approximately 11 m, and because they are towed in pairs the total width was approximately 40 m [Figure 2A; see also Bruns et al. (2020)]. In contrast, otter trawls have no fixed width over the course of one haul as they have no rigid beam to open the net. Instead, they have otter doors attached to the trawl rig, which are diverging according to towing speed (Figure 2B). As seen, mouth sizes of otter trawls ranged between 30 and 280 m and the marks created by the otter boards were ca. 3 m wide (Bruns et al., 2020).
[image: Figure 2]FIGURE 2 | Schematic sketch of the trawl gear and the corresponding trawl marks, which were observed in the side scan sonar data of the study site [modified after Bruns et al. (2020)]. (A) Beam trawls are towed in pairs and the trawl marks have an individual width of 11 m and a total width of 40 m on average (Bruns et al., 2020). (B) Otter trawls produce individual trawl marks of approximately 3 m width and the total width ranges from 30 to 280 m because the distance between the two otter boards is variable (Bruns et al., 2020).
2.2 Data acquisition
The survey for this study was conducted with R/V Heincke from 14th to 30th October 2019 in the southern North Sea (Figure 1). The overall aim of the cruise was to extend the mapping in the course of the German national mapping program “SedAWZ” and to examine anthropogenic seabed features by means of trawl marks (Holler and Bruns, 2020).
2.2.1 Sediment samples
During expedition HE544, 15 surface sediment samples were obtained (Figure 3A). A Shipek grab was used, and the samples were analyzed for grain size distribution. GRADISTAT was used to calculate the sorting, skewness and kurtosis of the sediments (Blott and Pye, 2001). The following procedure was applied to the samples (see also Bruns et al., 2020): (i) decalcification with hydrochloric acid, (ii) removal of organic carbon with hydrogen peroxide, (iii) separation of the mud and sand fraction via wet sieving, (iv) the grain sizes of the dried sand fraction were determined from settling velocities by means of a settling tube, (v) for the mud fraction X-ray transmission time series were measured using a Micrometrics Sedigraph particle analyzer.
[image: Figure 3]FIGURE 3 | (A) Side scan sonar (SSS) mosaic of the HE544 study site with the grab sample stations (yellow circles) and the Nimrod deployment stations on trawled (green triangles) and un-trawled (pink triangles) areas. The trawled areas are characterized by multiple linear features, i.e., trawl marks, which appear with a lower backscatter intensity compared to the background. (B) The same SSS mosaic with enhanced (manually mapped) trawl marks (beam trawls and otter trawls). For details concerning the mapping of trawl marks see Bruns et al. (2020). (C) Zoom-in of a trawled area as an example. Nimrod penetrated the seabed directly within trawl marks. (D) Zoom into an un-trawled area as an example. Trawl marks are mostly absent; however, some trawl marks are still indistinctly visible in between the deployment stations.
2.2.2 Hydroacoustic survey
The SSS mosaics that were acquired during the survey HE544 were used to map the sediment type as well as the trawl marks (Bruns et al., 2020). On the basis of these existing mosaics, the sample locations for the in-situ measurements with the dynamic free-fall penetrometer Nimrod were identified. The respective SSS data were recorded from 15th to 18th and 20th to 24th October 2019. The towed SSS dual frequency system KLEIN4000 (100 and 400 kHz) was operated with 400 m swath (100% coverage of the area without overlap) and approximately 5 knots towing speed (ca. 2.5 m/s), resulting in an across-track resolution of 9.6 and 2.4 cm, respectively. Data acquisition was performed with SonarPro14 and data processing with SonarWiz7.01. The post-processing included the following steps: (i) slant range correction, (ii) empirical gain normalization, (iii) de-stripe filtering, (iv) layback-correction and the resulting mosaic has a resolution of 1 m as described by Bruns et al. (2020).
At the HE544 site, trawl marks were abundant: Bruns et al. (2020) calculated them to be up to 20 marks per km2 and described the trawl marks as distinctly visible in the SSS mosaic, indicating recent bottom trawling activity. Since this measure neglects the length and width of the trawl marks, it does not reflect the area that was affected by trawling but is used as an estimate of the abundance of trawl mark and thus fishing activity in this study. Beam trawl marks were distributed across the whole study site, while otter trawl marks were present only in the northeastern part of the site (Bruns et al., 2020). Moreover, Bruns et al. (2020) observed fishing vessels operating simultaneously to the SSS survey operations. Thus, it is very likely that sediment mobilization took place recently and/or at the time of the HE544 data acquisition. The trawl marks form a mesh-like pattern (Figures 3A, B) and due to their clarity in the georeferenced SSS-mosaic, this data were suitable to serve as a base to select stations for Nimrod deployments in the trawled areas (Figure 3C) and the un-trawled areas (Figure 3D).
2.2.3 Nimrod dynamic free-fall penetrometer
2.2.3.1 General description and sampling set up
With the dynamic free-fall penetrometer Nimrod, the deceleration of the device during the shallow sub-seabed is measured together with pore pressure and tilt variations during profiling. From these parameters the quasi-static bearing capacity can be derived, which is a measure for sediment strength (e.g., Stark et al., 2011b). SSS backscatter data were combined with the penetrometer data to examine if trawling causes alteration of the seabed in terms of differences in sediment strength. The dynamic free-fall penetrometer Nimrod was developed at the research center “MARUM—Center for Marine Environmental Sciences” (University of Bremen). It is operated under free-fall conditions as its speed is not limited to the speed of the winch and the weight of the cable as with conventional penetrometers (e.g., cone penetration testing, CPT). Nimrod is attached to a tether and can be deployed manually in shallow water environments of up to 200 m water depth (Stark et al., 2011a; Stark et al., 2011b; Stark et al., 2012). The main body consists of a cylindrical aluminum case housing the sensors and memory card. Fins are attached to the tail (Figure 4) and the relation of the center of mass to the center of volume allows a stabilized deployment of the device even if waves and currents are present. The diameter of the device is 0.11 m and the sampling rate is 1 kHz (Stark et al., 2011a; Stark et al., 2011b; Stark et al., 2012). The weight of Nimrod is 13–16.6 kg and depends on which frontal end is used; hemispheric or conical tips with different opening angles are available (Stark et al., 2011a; Stark et al., 2011b; Stark et al., 2012). Stark et al. (2011b) achieved penetration depths of ca. 10 cm and below in sandy North Sea sediments using the conical tip with 60° opening angle. The estimated penetration depth of the trawl gear is ≥10 cm (Eigaard et al., 2016; Bruns et al., 2020) and therefore, a conical tip with a narrower opening angle of 25° (0.2 m length and 16.6 kg total weight of Nimrod) was manufactured for this study in order to achieve higher penetration.
[image: Figure 4]FIGURE 4 | (A) Schematic drawing of Nimrods design [modified after Stark et al. (2009)]. Four tip geometries are available and for this study, a conical tip with 25° opening angle was used. (B) Nimrod onboard R/V Heincke. A tether with small buoyancy was attached to Nimrod in order to prevent disturbances during the free fall.
For this study, the Nimrod deployments were carried out on the 18th, 20th, and 24th October 2019 during expedition HE544 and 24 Nimrod deployments were successfully performed on beam trawl marks that were identified from SSS data (Figures 3A, C). For comparison, 5 deployments were conducted in an area that showed no trawl marks in the SSS data (Figures 3B, D) and therefore was classified as un-trawled. However, due to the high spatial density of trawl marks it was challenging to position the deployments outside of trawl marks. Thus, a smaller number of reference deployments were preferred over including those that strike edges of trawl marks. Because of the small dimensions (approximately 3 m) of the otter board marks (Bruns et al., 2020), it was decided not to directly target them with Nimrod. In contrast, beam trawl marks have a mean width of 11 m (Bruns et al., 2020) and are therefore less difficult to target. However, the impact of otter trawls might contribute to signals the Nimrod data in areas where both kinds of trawl marks were present (northernmost part of the study site, Figure 3B). Otter trawl marks had a lower spatial density (abundance) of 5 marks per km2 maximum compared to beam trawl marks with up to 20 marks per km2 in that area (Bruns et al., 2020). In order to ensure that Nimrod penetrates the beam trawl marks, deployments were profiled across parts of HE544 site where they appeared in dense mesh-like patterns (Figure 3B). The sample locations were determined by means of a high accuracy DGPS.
2.2.3.2 Data processing
In contrast to conventional CPT probes, which have strain gauges to measure sleeve friction and cone resistance, Nimrod measures deceleration, tilt and pore pressure from which the sediment strength expressed as quasi-static bearing capacity is derived. The quasi-static bearing capacity varies over the penetration depth of each individual deployment. It increases with depth until the maximum is reached and Nimrod is not able to penetrate further into the sediment. The data processing was performed following the procedure presented by Stark et al. (2011a), Stark et al. (2011b), and Stark et al. (2012).
The bearing capacity [image: image] is derived from the deceleration of the probe with depth:
[image: image]
This includes cohesion [image: image], surcharge [image: image] and unit weight of the soil [image: image] (Terzaghi, 1943; Das, 1990). In this case, the factor [image: image] can be neglected, because non-cohesive fine sand was examined. The surcharge [image: image] describes the load of the surrounding sediment; it is zero at the seabed surface and increases with depth. In this case, surcharge is the additional load on the soil, which is created due to trawling gear, and afterwards due to the sediment re-deposition. The surcharge load generates the stresses in the soil, which can only be estimated in this case, but detailed stress calculations are not really needed for the purpose of this study. B is the width of the penetrating probe (11 cm in this case) and N is the bearing capacity factor, which mainly depends on the soil friction angle (Das, 1990). Moreover, the opening angle of the conical tip (25°), the surface roughness of the cone, the inclination of the probe (inclination of the seabed can be neglected in this case), the excess pore pressure and the relation between the width of the probe (conical tip with cylindrical body, Figure 4A) and the penetration depth have to be considered [Stark et al. (2011b) and references therein].
The bearing capacity is expressed by the sediment resisting force, because it describes the maximum resistance force of the sediment (or a sediment layer), which it can bear until it fails and the probe continues penetrating (Terzaghi, 1943; Das, 1990; Aubeny and Shi, 2006).
[image: image]
A is the horizontal area on which the load is applied and [image: image] is the sediment resistance force. When the probe decelerates (dec), [image: image] acts against it, which includes the sediment shearing resistance force [image: image] and the buoyancy of the probe in the soil [image: image] (Aubeny and Shi, 2006).
[image: image]
In this case, the mass of Nimrod [image: image] in water is 16.6 kg.
The dynamic penetrometer Nimrod decelerates during penetration, which leads to a strain dependency and therefore the strain-rate factor [image: image] is introduced in order to allow the comparison of different dynamic penetrometers and standardized methods [Stark et al. (2011b) and references therein]:
[image: image]
It includes the actual velocity of penetration v and the reference velocity [image: image], which is 0.02 m/s and the standard for quasi-static penetration tests, after Cai et al. (2009). The empirical factor K is dimensionless and can range between 1 and 1.5 (Stoll et al., 2007). This leads to an uncertainty of 15% (Stark et al., 2011b). In the present study, K was set to 1.25 and the range of uncertainty was considered in the results, following the approach of Stark et al. (2011b).
The dynamic sediment resistance force [image: image] and the dynamic bearing capacity [image: image] are now divided by strain-rate factor [image: image] in order to convert them to quasi-static values (Stark et al., 2011b):
[image: image]
The optimization of the strain rate correction for high velocity impact penetrometers is still a subject of research (Lucking et al., 2017; Roskoden, 2020). For further details on the dynamic penetrometer Nimrod and the respective data processing and calculations, see Stark et al. (2011a), Stark et al. (2011b), and Stark et al. (2012).
3 RESULTS
3.1 Grain size analysis
For this study, the grain size distribution of the samples obtained by Bruns et al. (2020) was examined further by means of statistics. All samples show an unimodal distribution with modes between 2.5 and 3 ϕ (Figure 5A). The mud content (>4 ϕ) ranges between 3% and 20%. The statistical analysis shows that the samples are well to very poorly sorted (σ1 between 0.4 and 2.4 ϕ), very fine skewed (Sk1 between 0.2 and 0.8) and extremely leptokurtic (KG > 3). The classifications are based on Folk and Ward (1957). The Nimrod deployments were carried out in areas where the mud content was below 15% (Figure 5B) and thus, the sediment there is well to moderately sorted.
[image: Figure 5]FIGURE 5 | The grain size distribution at HE544 site. (A) The samples show an unimodal distribution with modes between 2.5 and 3 ϕ. The mud content (>4 ϕ) ranges between 3% and 20%. The statistical analysis shows that the samples are well to very poorly sorted (σ1 between 0.4 and 2.4 ϕ), very fine skewed (Sk1 between 0.2 and 0.8) and extremely leptokurtic (KG > 3). (B) The Nimrod deployments were carried out in areas where the mud content was below 15%.
3.2 Penetrometer data
The maximum penetration depth (penmax) and the maximum quasi-static bearing capacity (qsbcmax) were determined for each Nimrod deployment. From penmax and qsbcmax, the mean values (penmaxM and qsbcmaxM) were calculated for each area (trawled and un-trawled) at HE544 site: for the un-trawled area (Figure 6A; Table 1) qsbcmax ranges between 58.92 ± 8.84 and 127.3 ± 19.1 kPa (qsbcmaxM = 77.7 ± 11.67 kPa). For the trawled area (Figure 6B; Table 1) qsbcmax is between 7.89 ± 1.18 and 109.1 ± 16.4 kPa (qsbcmaxM = 58.6 ± 8.8 kPa). The value penmax varies between 0.04 mbsf (meters below seafloor) and 0.39 mbsf (mean 0.18 mbsf) regarding the un-trawled area (Figure 6A; Table 1). The trawled area (Figure 6B; Table 1) shows a range in penmax of 0.02 mbsf up to 0.72 mbsf (penmaxM 0.31 mbsf). At un-trawled stations, qsbcmaxM is higher compared to trawled stations, which corresponds to the lower penmaxM.
[image: Figure 6]FIGURE 6 | Penetration depth (mbsf = meters below seafloor) plotted against the quasi-static bearing capacity (kPa) derived from Nimrod measurements. In general, the quasi-static bearing capacity increases with depth until the maximum is reached and the penetrometer is not able to penetrate further into the seabed. (A) In the un-trawled area, lower penetration depths and higher quasi-static bearing capacities were obtained compared to the trawled area (B). The mean maximum penetration depth of un-trawled stations [(A), pink star, 0.18 mbsf] is roughly half as low as the mean maximum penetration depth observed at trawled stations [(B), green star, 0.31 mbsf]. The mean maximum quasi-static bearing capacities are 77.7 ± 5.8 kPa [(A), pink circle] and 58.6 ± 4.4 kPa [(B), green circle].
TABLE 1 | Maximum penetration depth penmax in mbsf (meters below seafloor) and the maximum quasi-static bearing capacity qsbcmax in kPa (please note an uncertainty of 15%) measured with the dynamic free-fall penetrometer Nimrod in the un-trawled and the trawled area of the HE544 site.
[image: Table 1]The individual Nimrod deployments can be divided into three clusters (I-III) and two isolated deployments (Figure 7A). The values penmax and qsbcmax were averaged (arithmetic mean) over each cluster (Figures 7B–D). In cluster I, the mean penmax of 0.38 mbsf and the mean qsbcmax of 63.63 ± 9.54 kPa were the highest (Figure 7B). The mean penmax in cluster I is similar to penmaxM of the trawled area (Table 1) and the mean qsbcmax in cluster I is slightly higher than qsbcmaxM in the trawled area (Table 1). Cluster II shows a lower mean penmax of 0.22 mbsf and a similar mean qsbcmax of 60.15 ± 9.02 kPa like cluster I (Figure 7C). The mean penmax of cluster II is rather in the range of penmaxM of the un-trawled area (Table 1), but the mean qsbcmax observed in cluster II is still comparable to qsbcmaxM of the trawled stations (Table 1). The southern cluster III shows a similar mean penmax of 0.36 mbsf like cluster I, but an even lower mean qsbcmax of only 41.86 ± 6.28 kPa (Figure 7D). The mud content derived from surface sediment samples is between 6.5% and 9% across the clusters (Figures 7B–D).
[image: Figure 7]FIGURE 7 | (A) The Nimrod deployments in the un-trawled (pink triangles) and in the trawled area (green triangles) can be divided into three clusters. (B–D) The values penmax (in meters below seafloor, mbsf) and qsbcmax (kPa) of each individual deployment are shown as well as the mean penmax (cluster I: 0.38 mbsf, cluster II: 0.22 mbsf and cluster II: 0.36 mbsf) and mean qsbcmax (cluster I: 63.63 ± 9.54 kPa, cluster II: 60.15 ± 9.02 kPa, cluster II: 41.86 ± 6.28 kPa) of each cluster. The mud content is between 6 .5% and 9% (yellow circles) throughout the three clusters.
4 DISCUSSION
The quasi-static bearing capacity of the sediment denotes the maximum load per unit area that the soil can bear prior to failure and is an expression for sediment strength. In the un-trawled area, qsbcmaxM is 77.7 ± 11.67 kPa and penmaxM is 0.18 mbsf, whereas it is 58.6 ± 8.8 kPa and 0.31 mbsf, respectively, in the trawled area (Table 1). Thus, there is a difference of roughly 20 kPa and 0.2 m between what is assumed to be unaffected sediment (un-trawled) and what is considered as recently mobilized sediment (trawled). Using the Nimrod penetrometer, Stark et al. (2009) identified mobilized sediment in a tidal channel in northern Germany, and Stark and Kopf (2011) documented mobile sediment at a wind turbine test site (Alpha Ventus site), approximately 40 nautical miles south of HE544 site. However, in both studies, the authors used a different tip for Nimrod (60° opening angle) and thus, only the relative quasi-static bearing capacity values are compared here: Sediments that are more consolidated have values that are around 10–40 kPa higher than more consolidated sediments, which is in agreement with the data presented in this study.
The very high values of qsbcmax >100 kPa observed at three deployment stations at HE544 (Figure 6) site may reflect shelly layers or other resistant materials with high sediment strength which are possibly located a few centimeters to a decimeter below the seabed surface and hindered the probe to penetrate deeper. This would also explain the rather low penetration depths (penmax) of 0.1–0.2 mbsf at the three stations. However, this is a speculative assumption because the sediment sampling by means of a Shipek grab was not suitable for certainly determining stratification of the sediment. For such investigations, a box-corer may be more adequate. From the Shipek samples no obstacles or shelly layers were retrieved at stations proximal to the Nimrod deployments. Shell fragments were present, however, only with a low proportion (<2%) and not in the form of layers.
The HE544 results shown here suggest, that the penetration depth is higher, and the quasi-static bearing capacity is lower in areas where bottom trawling took place shortly before and/or parallel to the survey compared to areas where trawl marks were absent, i.e., trawling never happened or took place further in the past. However, reduced sediment strength (=quasi-static bearing capacity) of natural origin such as reworking by currents and waves, lateral changes in sediment type or bioturbation have to be considered: The water depth at the HE544 site ranges between 39 m and 42 m and morphological change is absent (Figure 1). This is also reflected by the uniform distribution of the sediment type inferred from the sediment samples and the SSS data, which was also described by Holler et al. (2020) and Holler and Bruns (2020). Reworking by waves is therefore evenly distributed across the study area, whereas the influence of tidal currents appears limited in extend compared to wave driven reworking (Aldridge et al., 2015). At HE544 site, modelled mean shear stress by currents is below 0.12 Nm−2 and mean shear stress by waves is smaller than 0.25 Nm−2 (Bockelmann et al., 2018). Thus, sediment transport and reworking occurs only under heavy weather conditions when the effective wave-base reaches the seabed. According to Son et al. (2012) and Flemming (2005), the effective wave-base reaches a seabed at a few tens of meters water depth only under stormy conditions (e.g., at 28 m during a storm with a significant wave height of 2.4 m and a wave period of T = 6 s). According to the FINO1 wave observation platform, During the SSS survey and the subsequent Nimrod deployments, the significant wave height was ≤1.5 m and barely exceeded 2.5 m (wave periods between 5 and 6 s) only on the 19th of October 2019 (BSH, 2023). Considering the water depth of 39–42 m at the study site, it is unlikely that the effective wave base reached the seabed under such conditions. In the week before the survey, the significant wave height was between 2.5 and 3.5 m on 10th and 11th October (BSH, 2023). However, if sediment would have been mobilized during this period, it is assumed that it would have occurred uniformly across the study site. The SSS backscatter data presented here (Figure 3A) do not show any bedforms, which agrees with Aldridge et al. (2015), who concluded that a disturbance of the seabed in the upper 5 cm by waves may occur a few days per year in the sea area of HE544 site. Therefore, it is assumed that re-working by currents and waves has played (and plays) a minor role throughout the HE544 site.
The analysis of the grain size distribution shows that the main sediment component is fine sand, and that the mud content as a secondary component varies across the study area (Figure 5B). However, it is evenly distributed in the trawled areas (6%–9%). In the un-trawled areas, similar quasi-static bearing capacities are measured at sediment sample stations with different mud content. For example, Nimrod stations 34-1 (16% mud, sediment sample 35-1) and 32-1 (7% mud, sediment sample 33-1) both show a quasi-static bearing capacity of roughly 65–70 kPa. Therefore, it is assumed that natural changes in the bulk density and the void ratio, which influence the sediment strength or quasi-static bearing capacity as well (Stark et al., 2011b) play a minor role in determining the quasi-static bearing capacity at the HE544 study site. Due to the small number of samples, data from the un-trawled area and thus from areas with different proportions of the mud fraction is highly limited. Therefore, the assumption on the natural variability of bulk density and void ratio is speculative and would need further research in order to make robust statements. The quasi-static bearing capacity, moreover, depends on particle shape and the friction angle of the sediment (Stark et al., 2011b). It is very unlikely that these factors vary across the HE544 site, because the sedimentary and current conditions are stable. Stark, et al. (2011b) showed that the quasi-static bearing capacity depends also on the material of the individual grains; carbonate sand had higher quasi-static bearing capacities compared to siliciclastic sand. At the HE544 site, the sediment can be described as siliciclastic sand throughout and thus, a change in material composition as an explanation for the differing quasi-static bearing capacity can be ruled out. Following these assumptions, the differences in quasi-static bearing capacity and penetration depth between the two areas (trawled and un-trawled) are probably not related to lateral changes in sediment type. However, to consider bulk density, void ratio and particle shape as similar across the study site only based on the grain size distribution and the knowledge of the predominant transport mechanisms is just a rough estimation, especially given the fact that the data set in areas with varying mud content is highly limited.
The occurrence of benthic organisms may decrease sediment strength due to bioturbation (e.g., Krantzberg, 1985; Dairain et al., 2020). The epibenthic biomass as an indicator for the biological productivity is relatively high at the HE544 site and common benthic species are, for example, bivalves, brittle stars and amphipods (e.g., Pesch et al., 2008; Neumann et al., 2017). However, Dairain et al. (2020) found that the bivalve Cerastoderma edule as well as microphytobenthos have a minor contribution to sediment stability in non-cohesive sediments, which applies to the northern and westernmost parts of the HE544 site, where the mud content is below 10% and where the majority of Nimrod samples of were taken (Figure 5B). Some species may decrease the sediment stability, i.e., the structural fabric, in cohesive sediments by grazing on microflora (Grant and Daborn, 1994) or by moving within the upper centimeters of the sediment (Winterwerp et al., 2012). However, it is difficult to determine the exact contributions of bioturbation to sediment stability (e.g., Winterwerp et al., 2012; Dairain et al., 2020) and to distinguish the influence of bioturbation on sediment disturbance from that of bottom trawling (Oberle et al., 2016b). Thus, it is a rough estimation based on the knowledge of the predominant benthic species that bioturbation plays a minor role in sediment strength at the HE544 site.
The spatial analysis of the trawled areas shows similar mean qbscmax values in the northern part of the HE544 site (63.63 ± 9.54 kPa in cluster I and 60.15 ± 9.02 kPa in cluster II (Figures 7B, C). The southern cluster III has a lower mean qbscmax of 41.86 ± 6.28 kPa (Figure 7D). The mud content in the sediment grab samples of the three clusters ranges between 6.5% and 9% and thus, it is considered unlikely that the grain size distribution has a major influence on the quasi-static bearing capacity. Bruns et al. (2020) found that the overall spatial density (abundance) of 6–13 trawl marks per km2 (beam trawl marks and otter trawl marks cumulated) at cluster I was higher compared to the area of cluster II, which showed a spatial trawl mark density of 6–8 marks per km2 (only beam trawl marks, otter trawl marks were absent). The area of cluster III has the lowest quasi-static bearing capacity (Figure 7D) and lowest spatial trawl mark density of 2–3 marks per km2 (only beam trawl marks, otter trawl marks were absent) as calculated by Bruns et al. (2020). The deployments of cluster III are orientated along the center of a single, prominent trawl mark (Figure 7D). Its good visibility in the SSS data indicates recent trawling activity and thus recent sediment mobilization as well. Good visibility here refers to a higher mean grey value (>180) over a cross section of a trawl mark compared to the mean grey value of a cross section of the same length (ca. 50 m) in un-trawled seabed areas (<160). Less good visibility of trawl marks is indicated by mean gray values of 160–180 over a cross section. However, it must be noted that, based on SSS data, the recency of trawl marks can only be roughly estimated. The detection of trawl marks and thus their appearance in the backscatter data depend on the survey setup, i.e., the height of the SSS tow fish above the seabed as well as environmental factors such as seabed roughness or disturbances in the water column (e.g., Gournia et al., 2019; Bruns et al., 2020). The deployments of the other clusters are distributed across areas where a mesh-like pattern of trawl marks was observed in SSS data (Figures 7B, C), which is reflected by the higher trawl mark density. Here, the variety of trawl marks with good visibility (recent trawling activity) and less good visibility (less recent trawling activity) is higher. Therefore, it is likely that the mean qbscmax and mean penmax values of clusters I and II also reflect this mix of highly impacted sea floor (recent trawling activity) and less impacted seafloor (less recent trawling activity). It is unknown how much time passed between the single, recent trawling event in cluster III and the multiple, less recent trawling events (clusters I and II). However, the results suggest that the single trawling event in cluster III can be considered as more recent because it shows the lowest sediment strength compared to clusters I and II.
Considering all the points discussed above, the data presented in this study unambiguously shows that bottom trawling alters the seabed by means of a decreased quasi-static bearing capacity, i.e., sediment strength. A possible explanation may be a decrease in bulk density due to sediment amalgamation after bottom trawling occurred, as described by Aspden et al. (2004). Another explanation for the decreased quasi-static bearing capacity could be an increased accumulation of soft or less dense, silty material as observed by Stark and Kopf (2011) related to scouring at a wind farm test site. The accumulation of fine-grained sediment may be induced by trawling as well. For example, Trimmer et al. (2005) and Gilkinson et al. (2015) showed that in areas where disturbances due to currents and waves are low, chronic trawling causes sorting and thus a relative increase of the fine fraction on the seabed surface because the fine grained material is re-suspended by trawling and settles back directly in the area that was touched by the trawling gear after the coarser fraction has deposited. However, in order to make robust statements about the sediment sorting related to bottom trawling at HE544 site, high resolution vertical and lateral sediment sampling would be necessary to investigate selective transport in-depth.
From the change of quasi-static bearing capacity with depth, Stark et al. (2009) and Stark et al. (2011b) derived that sediment mobilization on the seabed surface results in a less consolidated layer with a thickness of a few centimeters on top of a more consolidated layer. Within the top layer, the quasi-static bearing capacity increases more slowly with depth compared to the underlying, more consolidated layer (Stark et al., 2009; Stark and Kopf, 2011). Such a layering is not confirmed in this study; neither in the quasi-static bearing capacity data nor in the sediment samples. The increase of quasi-static bearing capacity with depth at HE544 site is rather comparable with the data obtained by Stark et al. (2009) and Stark et al. (2011b) at the Alpha Ventus study site, which they classified as homogenous, i.e., absent or very low sediment mobilization. Considering a penetration depth of the trawl gear of ≥10 cm in mixed sediments (Eigaard et al., 2016; Bruns et al., 2020), about 90% of the Nimrod samples in the trawled area should have penetrated as deep as the trawl gear. Geochemical analyses, however, showed that bottom trawling may alter the sediment structure up to 35 cm deep into the subsurface (e.g., Oberle et al., 2016a; Bunke et al., 2019). Hence, only 8 Nimrod samples may have reached the undisturbed subsurface at the HE544 site and a sampling setup with higher penetration depths is needed in order to make even more robust statements concerning a possible layering.
5 CONCLUSION
This study documents a difference in sediment strength comparing a trawled and an un-trawled area of seabed in the German North Sea: The quasi-static bearing capacity and the penetration depth were roughly 20 kPa lower and 0.13 m higher, respectively, in trawled areas compared to un-trawled ones. The changes in sediment strength (i.e., quasi-static bearing capacity) likely reflect sediment, which was re-suspended by bottom trawling and re-settled within the trawl marks or in close vicinity and thus, also a decrease in bulk density of the surface sediments due to sediment amalgamation within the trawled region. The identification of different layers (less consolidated above more consolidated sediment) indicating mobilized sediment as observed by Stark et al. (2009) and Stark et al. (2011b), was not made in this study. This is probably related to a limited overall penetration depth of the dynamic penetrometer and therefore the pristine subsurface (i.e., not influenced by bottom trawling) was not be reached.
The differences in sediment strength measured in this study were attributed to trawling. Reworking by currents and waves, lateral heterogeneity in sediment type and bioturbation may contribute to changes in sediment strength but were estimated to be of minor importance at the study site. The stronger impact is inferred from the trawling, as attested by lower strength in the trawl marks, which is most likely a consequence of fluid entrainment when the fishing gear ploughs through the seabed sediment.
If the strength of the surface sediment is decreased due to bottom trawling, as this suggested, it is more likely to be mobilized, both by recurring bottom trawling as well as natural events such as storm waves. This may alter the general sediment budget in the area (Paradis et al., 2021) and therefore the benthic habitat. The loss of organic carbon induced by bottom trawling and a following loss of fauna may be the consequence (De Borger et al., 2021). Not only nutrients can be remobilized more easily but contaminants as well, which may be taken up by benthic species (Bradshaw et al., 2012). Therefore, it is highly recommended to further assess the decrease of sediment strength as a result of bottom trawling in order to enable sustainable management strategies on bottom trawling.
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