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Anchoring activities exert significant physical pressure on seabed, altering benthic habitats through mechanical disturbances. The European Marine Strategy Framework Directive mandates the assessment of such anthropogenic impacts. Evaluating seabed integrity requires an understanding of both the spatial extent of disturbance and the rate of recovery. This study presents multibeam echosounder bathymetry and backscatter from a heavily impacted area in the Bay of Eckernförde, German Baltic Sea, a region with intensive tourist and naval shipping traffic. The data reveal a dense network of anchor tracks, characterized by elongated furrows flanked by mounds to both sides and extensive abrasion zones caused by the anchor chains. The profile of a fresh anchor track shows a depth of −0.3 m and a mound elevation of 0.2 m, both features diminishing by approximately half after 1 year. Its initial anchor impact crater reaches maximum depth of 0.7 m in the silty sediments. Seafloor disturbance extends approximately 3 m to both sides from anchor tracks, affecting approximately 20% of the surveyed area, excluding widespread abrasion zones. To analyze track degradation, a relative timeline was constructed using a topological sorting algorithm and compared with absolute dating based on AIS data. Results indicate slope measurements effectively capture anchor track degradation until morphological equilibrium is reached. Beyond this stage, tracks remain visible in backscatter data by increased intensity along former mounds. This suggests that anchor tracks have a more persistent impact on seabed integrity than bathymetric data indicate. The spatial extent and the long-lasting effect of the anchor tracks highlight the necessity for explicit spatial management strategies to mitigate cumulative impacts on seabed integrity.
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1 INTRODUCTION
Human activities in the coastal and marine habitats are increasing, particularly in densely populated regions such as the Southern Baltic Sea (Reckermann et al., 2022). These activities cover a broad range, including maritime construction, tourism and recreation (HELCOM, 2023), resource extraction like sand mining (Krause et al., 2010), and commercial fishing practices such as bottom trawling (Schönke et al., 2022; van der Reijden et al., 2023). In addition, the increase in maritime traffic and shipping has led to a greater demand for anchoring as the ships wait to berth (Davis et al., 2016). Similar to bottom trawling, anchoring by ships and boats impacts seafloor integrity (Davis et al., 2016). Seabed integrity is recognized as a critical parameter for offshore ecosystems and is a central element of descriptor D6 under the European Marine Strategy Framework Directive (European Parliament, Council of the European Union, 2008). Assessing the impact of anchoring on seabed integrity requires considerations of both the spatial extent of disturbances and the rate of recovery. Anchoring of a ship creates an impact crater on the seabed, followed by a furrow flanked by mounds to both sides as the anchor plows through. The anchor chain commonly scrapes the seabed and forms specific abrasion patterns due to vessel movements (Watson et al., 2022). Anchoring leads to notable physical changes to the seabed that may have complex and lasting ecological effects. Physical pressures arise due to the creation of furrows and mounds that alter the bathymetry of the seafloor. In addition, sediment layers are disrupted and substrate is displaced (Collins et al., 2010). Anchoring also contributes to habitat degradation as scouring anchors damage benthic ecosystems and disturb associated biota. Studies have shown that habitat-forming taxa like seagrass (Kelly et al., 2019; Collins et al., 2010), or corals (Flynn and Forrester, 2019) are significantly disturbed by anchoring processes, as well as the communities on rocky reefs (Broad et al., 2023). Anchoring activities can result in the resuspension of sediments, which increases turbidity and sedimentation in the water column (Broad et al., 2020; Watson et al., 2022; Broad et al., 2023). This can impact the light penetration, reduce water clarity, and affect the growth of benthic organisms and plants (Brodersen et al., 2017). When sediments are resuspended, nutrients like nitrogen and phosphorus enter the water column, supporting eutrophication (Rios-Yunes et al., 2023) and trigger algal blooms (Zhu et al., 2015; Rios-Yunes et al., 2023). Further, contaminated sediments might release pollutants such as heavy metals and organic compounds into the water column (Bradshaw et al., 2012), especially in the Baltic Sea with numerous account of offshore explosives (Wichert, 2011). These contaminants pose a risk to marine organisms and may affect human health through their potential accumulation in the food chain (Bradshaw et al., 2012). Finally, anchoring impacts the ability of marine sediments to store carbon. Disturbed sediments can release stored organic carbon and pyrite into the water column where it can be oxidized and release CO2, affecting carbon cycling in marine environments with possible implications for the global carbon budget (Epstein et al., 2022; Tiano et al., 2024; Zhang et al., 2024; Kalapurakkal et al., 2025).
The overall impact of anchoring on seafloor integrity depends on the local conditions, including hydrodynamics, sediment type, anchoring frequency, and duration at anchor. Sciberras et al. (2016) found a greater effect of trawling on biogeochemistry in muddy sediments than in sandy environments. Other studies note that macrobenthic communities in sandy, well-sorted sediment tend to be more resilient to physical disturbances compared to those in muddy, poorly sorted environments (Bolam et al., 2014). While the ecological implications of anchoring have been recognized and studied to varying degrees (e.g., Broad et al., 2020), the understanding of spatial and temporal dynamics of anchoring impacts is still poor. Estimates of anchoring pressure on habitats can be derived using AIS (Automated Identification System) data (Deter et al., 2017). Furthermore, the potential long-term persistence of anchoring footprints and their cumulative effects on habitat integrity require further investigation (Watson et al., 2022).
Hydroacoustic surveys, for example, by multibeam echosounder (MBES), offer a promising approach to understand the physical impact of anchoring on the seafloor. MBES surveys provide bathymetric data with cm-resolution in the vertical and decimeter resolution in the horizontal that can be used to detect anchoring tracks and monitor their changes over time (Watson et al., 2022; Schönke et al., 2022). Additionally, information on backscatter strength which are recorded simultaneously with bathymetry, offer insights into physical alterations to the seafloor surface resulting from anchoring. The acoustic signal from the MBES penetrates the seabed to a depth that varies with sediment type and frequency (typically a few centimeters to a few decimeters in shallow coastal waters for frequencies higher than 100 kHz (Huff, 2008; Lurton et al., 2015), and structures in the very-near subsurface affect the measured volume scatter component of the backscattered signal. Using a combination of multiple frequencies can improve the detection of features (Feldens et al., 2018; Brown et al., 2019), such as thin sediment layers (Gaida et al., 2019).
To evaluate the effects of anchoring on marine habitats, including the sediment composition, geochemical properties, and benthic communities, it is essential to monitor the long-term physical disturbances to the seabed and the subsequent sedimentological and morphological regeneration processes. Accurate detection of anchor tracks and seafloor alterations can support targeted sampling for ecological investigations. To reduce the need for extended and resource-intensive monitoring over several years, this study employs an integrative methodological approach that combines high-resolution multibeam bathymetry and backscatter data with chronological information based on a topological sorting algorithm and Automatic Identification System (AIS) data.
2 MATERIALS AND METHODS
2.1 Study area
The study area is located in the central Eckernförde Bay, which is bounded in three directions by the shoreline. The bay opens into the southwestern Baltic Sea about 20 km to the east (Figure 1). The water depth at the study site ranges between 14 m and 21 m, and the seabed is predominately composed of muddy sediments (Orsi et al., 1996; Bentley et al., 1996) with a high organic content of 4%–5% (Whiticar, 2002). Mean sedimentation rates in the central Eckernförde Bay are approximately 0.39 cm yr-1 (Nittrouer et al., 1998) with occasional peaks exceeding 1 cm yr-1 (Bentley et al., 1996). Sediment supply originates from the Baltic Sea and is redistributed by internal waves, as well as from shallower areas of the bay transported by downwelling associated with storm events (Nittrouer et al., 1998). The limited fetch of Eckernförde Bay reduces the likelihood of wind-driven waves resuspending consolidated sediment in the central bay, even during strong storm events (Friedrichs and Wright, 1995). The nearby city of Eckernförde with a population of about 22,000 inhabitants is a popular tourist destination with a sandy beach. Offshore, the bay is intensively used by small recreational, sailing and fishing boats as well as military vessels stationed at a naval base. In particular, the southern part of the study area falls within a designated warning area established by the German Navy, prohibiting anchoring or any similar ground contact.
[image: Figure 1]FIGURE 1 | Map of the survey areas in August 2022 and September 2023, located in the inner part of the bay close to the city of Eckernförde. The background shows derived raster images of digital orthophotos DOP20 ⒸGeoBasis-DE/LVermGeo SH/CC BY 4.0. The location of Eckernförde Bay is indicated by the intersecting lines on the overview map.
2.2 Field work
The hydroacoustic dataset was collected during 1-week surveys in August 2022 and in September 2023. The initial survey area of 0.16 km2 in 2022 was extended to 0.84 km2 during the 2023 survey. The utilized NORBIT iWBMSe multibeam echosounder (MBES) with an integrated Applanix SurfMaster sensor for motion compensation was mounted on the 7 m long aluminum catamaran Klaashahn. The navigational accuracy was about 1 m during the survey in 2022 (EGNOS) and improved to a few centimeters during the survey in 2023 using received correction signals (RTK). The vessel maintained an average speed of around 3.5 knots throughout the surveys. Bathymetry and backscatter data were recorded using the NORBIT WMBS GUI, where the data were re-exported to apply a true heave calculation. The survey area was recorded twice each year, once at 200 kHz and once at 400 kHz frequency. The swath was set to 120° covered by 512 beams. The pulse length for data acquisition was set to 0.2 m. The hydroacoustic data were processed using the software QPS Qimera (2.6.3) for bathymetric maps and QPS FMGT (7.11.1) for backscatter maps. The bathymetry was gridded at 0.25 m and the backscatter mosaic at 0.1 m resolution.
2.3 Ground truthing
Sediment samples from the upper few centimeters were collected in both years using a small grab with a coverage area of 0.04 m2 on the seafloor. Following treatment with hydrogen chloride (HCl) to dissolve carbonate and hydrogen peroxide (H2O2) to eliminate organic matter, sediment sample grain sizes were optically analyzed using a Mastersizer 3000. While most samples were analyzed in suspension with water, the sample KH2309_3 was measured in a dry state. All results were classified according to grain size ranges outlined in Wentworth (1922).
2.4 Data analysis
Although a number of unidentified seafloor features were detected, the focus in this study is on the analysis of the abundant anchoring tracks in the survey area. Basis for this analysis were bathymetry and backscatter maps for both frequencies as well as maps derived from bathymetric data.
2.4.1 Digitization of tracks
The manual digitization of the anchoring tracks involved navigating between the different hydroacoustic maps, including bathymetry, backscatter, slope, and geomorphic classification (Jasiewicz and Stepinski, 2013). The primary focus was directed towards delineating the main anchor track, corresponding to the maximum depth of the furrow and including the impact crater. The track results from a combination of the initial anchoring and subsequent retrieval (Figure 2). The clarity of individual tracks plays a significant role in the accuracy of digitization and subsequent analysis. Fresher tracks with well-preserved features allow for more precise mapping of their central lines compared to older, more eroded tracks. This variability impacts the calculated averages for track characteristics, as less-defined tracks introduce more uncertainty into the data. Consequently, these variations need to be considered when analyzing and interpreting track morphology over time. Due to the varied and often ramified appearance with much overlap, an adjacent abrasion area created by the scraping anchor chain was excluded from the digitization. Anchor tracks that intersected were grouped into a cluster. The vertical order of anchor tracks allowed to differentiate their relative age, with younger anchor tracks intersecting and partially eroding older anchor tracks. An example of intersecting anchor tracks is shown in Figure 3. This temporal order at each intersection of the anchor tracks was manually determined based on the hydroacoustic maps.
[image: Figure 2]FIGURE 2 | Impact of an anchoring process on the seabed shown in bathymetry (A), slope (B) and backscatter at 400 kHz (C). The different stages of the process are labeled in the schematic (D). For location within the survey area see Figure 5.
[image: Figure 3]FIGURE 3 | Tracks were manually digitized using the hillshaded bathymetry (A), backscatter map at 400 kHz (B) and slope data (C). (D) The centers of anchoring tracks were marked with dashed lines, where visible, and intersections (pink dots) were subsequently derived from these lines. In this example, Line 1 crosses over Lines 2 and 3, while Line 2 overlays Line 3. The relationship between Lines 1 and 4 cannot be clearly determined. Additionally, the most common geomorphic forms were derived in (E). (F) A multi-ring buffer centered on the furrow, extending 5 m on either side with 0.1 m intervals, generation a total of 50 rings for quantification. For location within the survey area see Figure 5.
2.4.2 Chronological order
The relative temporal order of anchoring tracks on the seafloor can be mathematically conceptualized as a directed acyclic graph (DAG). In this framework, a graph consists of nodes and edges connecting pairs of nodes. The graph is directed if the edges have a defined orientation and acyclic if cycles are absent. Each node of the graph represents an anchor track, while the edges represent the temporal order between two tracks. The temporal order has a defined orientation (one track is older than the other) and must be acyclic (an old track can never be younger than a younger track). The tracks within the large central cluster were ordered chronologically by using the intersection information as input for a topological sorting algorithm. The python package NetworkX (Hagberg et al., 2008) was used to generate a directed graph in form of a python class (nx.DiGraph), to fill the graph with the intersection information (add_edge) and to confirm that the graph is a DAG (nx.is_directed_acyclic_graph). After, the tracks are assigned to different generations (nx.topological_generations), ensuring that a preceding track is always in a previous generation and a subsequent track in a following generation, while placing the track in the earliest generation possible. Finally, the DAG is plotted (nx.draw) as a dependency tree.
2.4.3 Geospatial statistics
Geospatial analysis allows to quantify the impact of anchoring on the physical seafloor integrity. The geospatial analysis assumes symmetrical features on both sides of an anchor track. For evaluation, a multi-ring buffer with 0.1 m intervals was generated around each track line, extending up to 5 m on either side (see Figure 3F). The buffer rings of different tracks intersect and overlap, causing some data points to be included in the buffer rings of more than one track. Using the QGIS tool Zonal statistics, mean values for bathymetry, slope, and backscatter were calculated for each of the 50 buffer rings, separately for the two frequencies (200 and 400 kHz). These frequency-specific mean values were then utilized to generate average seafloor property profiles (depth, slope, backscatter) for the different generations of anchor tracks. To normalize bathymetric profiles relative to water depth, all mean values were adjusted by subtracting the weighted mean of the 3–5 m distance range. To estimate the volume of the anchor tracks, the cross-sectional area was calculated from the average seafloor depth profiles and doubled to account for symmetry. The mean cross-sectional area along an anchor track was then multiplied by the track length to determine the mean incision volume. This volume represents the sediment displacement per meter of anchor track. By multiplying this value with the total length of all digitized anchor tracks in the study area, a rough estimate of the total sediment displacement caused by anchoring activity is obtained.
2.4.4 False-color image
False-color imagery can facilitate the interpretation of complex spatial datasets by assigning different color channels to different data attributes (Tamsett et al., 2016). In this study, the backscatter intensities recorded at two frequencies (200 and 400 kHz) are allocated to the first two channels (red and green), while the slope derived from the 400 kHz bathymetry is assigned to the third channel (blue), creating an RGB composite image.
2.4.5 AIS data
Automatic identification system (AIS) data of the Baltic Sea were downloaded from the Danish Maritime Authority (https://www.dma.dk, last accessed 17 December 2024), which provides free access to historical AIS raw data and information on AIS usage. According to international regulations, all fishing vessels exceeding 15 m in length, all passenger vessels, and ships with a gross tonnage greater than 300 tons are required to carry class A AIS transmitters. Smaller vessels, such as recreational boats, may use class B AIS transmitters, but are not obliged to do so. All data were filtered to include only entries within a rectangle defined by the upper left (54.47° N, 9.845° E) and lower right (54.45° N, 9.87° E) corners. Additionally, only records reporting a navigation status of ‘Moored’ or ‘At Anchor’ were included. Entries from vessels reporting speeds exceeding one knot were excluded to ensure accurate identification of anchoring events. The dataset spans from covered time range is 02 May 2014, 09:35:33 to 06 December 2023, 10:11:12. However, data from January 2016 to June 2017 are missing due to corruption during the download process. A total of 118 unique vessels were identified as having anchored or moored within the investigation area during the specified time period, with many of them doing so multiple times. Most of these vessels reported a draught between 4 and 5 m. During anchoring, AIS data transmissions are expected at intervals of 3 minutes. Nevertheless, the dataset frequently shows longer gaps between successive entries. However, a minimum total anchor time in the area (Figure 4) can be estimated based on the number of anchor reports of each vessel’s AIS system, assuming that each entry corresponds to a 3-min interval.
[image: Figure 4]FIGURE 4 | Total duration vessels reported a navigation status of ’At Anchor’ or ’Moored’ within the investigation area. Data from January 2016 to June 2017 are missing.
3 RESULTS
3.1 Seafloor sediments
The grain size analysis of five stations in the central part of the study site reveals similar distribution of cohesive, fine-grained sediments (samples KH2208_07, KH2208_08, KH2208_09, KH2208_10, and KH2309_02). The majority of the grain size distribution at these stations is within the silt range (64.5%–71.8%), with minor parts in the sand (12.0%–16.5%) and clay (14.1%–17.7%) ranges (Figure 5B). The westernmost station KH2309_01 shows an increased percentage of sand (32.9%) and almost no clay (2.6%). The sediment from station KH2309_4 in the east shows an increase of the sand fraction (25.6%) and a slight decrease in the clay fraction (10.7%). Although located only 20 m away, the sediment sample KH2309_3 comprises a high percentage of sand (88.3%) and grain sizes in the range of gravel (4.3%).
[image: Figure 5]FIGURE 5 | Hydroacoustic maps of the survey 2023. (A) The hillshaded bathymetry at 0.25 m resolution shows numerous anchor tracks and the location of maps used in Figures 2, 3, 6, 10. (B) Backscatter intensity at 400 kHz frequency and the grain size distribution at eight stations. (C) False-color image composed of backscatter intensity at 200 kHz (red), backscatter intensity at 400 kHz (green), and slope data at 400 kHz (blue).
3.2 Analysis of an anchor track network
In general, the seafloor at the survey site is gently sloping, with water depths ranging from −13 to −21 m (Figure 5A). Backscatter data reveal subtle changes in seafloor sediment composition, particularly towards the western and eastern sides of the area (Figure 5B), which is highlighted by yellowish colors in the false-color image (Figure 5C). Increased backscatter intensity at the western boundary of the survey site corresponds to a higher sand fraction in station KH2309_01. Very high backscatter intensities at the eastern boundary are related to the occurrence of gravel-sized sediment particles (station KH2309_03).
The central and northern parts of the survey site, while of similar sediment composition, exhibit numerous overlapping seabed features recognized in bathymetric and backscatter data, which are interpreted as remnants of anchor-related events. In addition to the anchoring tracks, the area exhibits other features such as ring-shaped formations (possibly from dumping activities (Díaz-Mendoza et al., 2023)), pockmarks (potentially caused by fluid flow (Hoffmann et al., 2020)) and isolated boulders. However, these additional features are not the focus of this study. Larger, undisturbed sections of the seafloor are limited to the southern region, where all bottom-contact activities are prohibited. The anchor tracks, likely from ships and buoys show different orientations, lengths, and depths. Some tracks are curved, while others display broomstick-like abrasion patterns of varying spatial extents. In backscatter maps, the anchor tracks are represented as continuous lines of medium backscatter intensity flanked by increased backscatter values to both sides. The majority of anchor tracks are recognized both in bathymetric and backscatter data. However, certain anchor tracks are not detectable in the bathymetric (Figure 6C) or slope data (Figure 6D) but become visible exclusively in the backscatter maps (Figures 6A, B). The backscatter patterns of these tracks are similar to those with pronounced elevation but less distinct and more faded. In the false-color image (Figure 6E), the high-backscatter flanks are represented by yellowish hues, in contrast to the bright blue and white tones depicting the mounds which are also visible in the bathymetry.
[image: Figure 6]FIGURE 6 | Hydroacoustic maps showing anchoring tracks of different stages of erosion: (A) backscatter intensity at 200 kHz, (B) backscatter intensity at 400 kHz, (C) hillshaded bathymetry at 400 kHz, (D) slope at 400 kHz, and (E) false-color image composed of backscatter intensity at 200 kHz (red), backscatter intensity at 400 kHz (green), slope at 400 kHz (blue). The red interference arises from along-track noise in the 200 kHz backscatter, while the slopes of the mounds are highlighted in bright blue. For location within the survey area see Figure 5.
The density of the anchor tracks changes across the site. The average orientation of all digitized track segments is 81°, aligning with the prevailing wind direction in Eckernförde Bay. A total of 585 tracks were digitized, with lengths (excluding abrasion features) varying from a few meters to 940 m (Figure 7). The most extensive network included 165 distinct, intersecting anchor tracks. A topological sorting algorithm was used to create a directed acyclic graph (DAG) of these 165 anchor tracks with 237 evaluated intersections, resulting in nine distinct generations (Figure 8). For simplification, the youngest generation with only two tracks, was merged into the previous generation. Generally, the number of tracks decreases with each successive generation, except for Generation 2.
[image: Figure 7]FIGURE 7 | The largest network of anchor tracks in the survey area, with colors indicating the relative chronology from oldest generation to youngest based on a topological sorting algorithm. All other anchoring tracks identified, but not connected to the main cluster, are displayed as dotted lines. The background shows the hillshade based on the bathymetry. The rose plot shows the main orientation of the anchor tracks in the survey area of 81°.
[image: Figure 8]FIGURE 8 | Directed acyclic graph (DAG) illustrating the temporal order of anchoring tracks as organized by a topological sorting algorithm. Each node corresponds to an individual anchoring track, while each directed edge indicates a temporal relationship between two tracks. The network is organized into distinct generations.
The averaged profiles derived from geospatial statistics provide the basis for extracting key characteristics of the anchor tracks from hydroacoustic data. The bathymetric profiles of these anchor tracks averaged by generation show a clear trend of morphological change over time (Figures 9A, D). Younger generations exhibit deeper furrows, reaching up to −0.15 m depth, while older generations are significantly shallower, with depth of approximately −0.05 m. Averaged mound elevations range from 0.01 to 0.02 m and gradually decrease over time. The oldest generation exhibits minimal to no measurable averaged mound elevation. The individual furrow depths and mound elevations are underestimated, as the tracks were averaged both by generation an within the buffer rings. The inner sides of the mounds are steeper than the outer ones, which are marked by a secondary peak in the slope that rapidly fades over time (Figures 9B, E). Slope values stabilize approximately 2.5 m from the track center, marking the lateral extend of measurable seabed disturbance. Backscatter data indicate a broader impact area than bathymetric profiles alone suggest. Intensities remain increased up to 4 m from the track center (Figures 9C, F). The highest backscatter values appear at the mound peaks and decline sharply toward the furrow centers. Right-skewed distributions of backscatter intensities suggest a more gradual transition from the outer edges of the mounds to the surrounding seafloor (Figures 9C, F). Overall, backscatter intensity decreases with each successive generation, except for generation 2, which exhibited relatively high values both on the mound and at greater distances. Tracks from this generation have a particularly large number of intersections, which likely contribute to the increased values at greater distances of the averaged profiles. Differences between the two frequencies, 200 kHz and 400 kHz, are minimal both for bathymetric parameters and backscatter intensity. Variations in mound elevation are negligible, but furrow depth is slightly greater at 400 kHz for all generations (with 0.3–2 cm). This results in steeper slopes, especially in younger generations. Relative backscatter intensities show a variation of approximately 3 dB within each frequency.
[image: Figure 9]FIGURE 9 | Averaged profiles for anchor track generations (colored) and the observed single anchoring track shown in Figure 10 (dashed gray) at 200 kHz and 400 kHz frequencies: (A, D) difference in bathymetry relative to the weighted mean over distances of 3–5 m, (B, E) slope, and (C, F) backscatter strength.
3.3 Analysis of an observed single anchoring event
In 2022, a single anchoring event occurred within the surveyed area at a depth of 16 m–17 m, coincidentally discovered during measurements. A subsequent survey was conducted approximately 12 h later after the 101 m-long ship left and 377 days later during the second survey in 2023 (Figures 10A–C). The anchoring imprint begins with an impact crater in the east, initially reaching a maximum depth of approximately −0.7 m compared to the surrounding seafloor in 2022, which diminished to −0.4 m in 2023 (Figure 10F). The subsequent 180 m-long track shows a furrow depth of approximately −0.3 m, while the mounds reach elevations of up to 0.2 m (Figure 10E). The averaged track profiles from 2022 reveal a maximum depth of −0.15 m for a frequency of 200 kHz, while it was −0.22 m for a frequency of 400 kHz (Figure 11A). One year later, the average maximum depth of the furrow decreased to −0.13 m (at 200 kHz) and −0.15 m (at 400 kHz). The mounds exhibited an averaged maximum height of 0.07 m (at 200 kHz) and 0.10 m (at 400 kHz) in 2022, which decreased to 0.05 m (at 200 kHz) and 0.04 m (at 400 kHz) in 2023 compared to the surrounding seafloor. The peak of the averaged mounds shifted several decimeter away from the center. Overall, the observed anchoring process altered the seafloor morphology within a distance of about 3 m on both sides of the track center. The highest slope values occur at a distance of approximately 0.8 m from the track center for both frequencies and survey years (Figure 11B). In 2022, the maximum averaged slope reached 18° (at 200 kHz) and 27° (at 400 kHz), decreasing to 12° (at 200 kHz) and 15° (at 400 kHz) in 2023. The outside of the averaged mounts (1.2–3 m distance) became less steep after 1 year, which was consistent for both frequencies. However, notable standard variations were observed, especially around the maxima. Increased backscatter intensities, available only for the 2023 survey, are observed within a distance of approximately 2.5 on either side of the track center (Figure 10D), corresponding with bathymetric changes (Figure 11C). The maxima for backscatter intensity align closely with slope peaks and are more pronounced at the 400 kHz frequency, particularly across the furrow and much of the mound.
[image: Figure 10]FIGURE 10 | Hillshaded bathymetry (400 kHz) at 0.25 m resolution showing a single 180 m-long anchor track: (A) before disturbance at Day 0 in 2022, (B) at Day 1 after the creation in 2022, and (C) at Day 377 in 2023. (D) Backscatter at 400 kHz of the single anchor track in 2023. (E) Profile of the single anchor track. (F) Profile of the anchor impact crater. For location within the survey area see Figure 5.
[image: Figure 11]FIGURE 11 | Averaged profile for the observed single anchoring track at three different time points: (A) difference in bathymetry relative to the weighted mean of distances of 3–5 m, (B) slope with standard deviation, (C) difference in backscatter relative to the weighted mean of distances 3–5 m (only for 2023).
3.4 AIS data
The analysis of AIS data provides detailed insights into the timing and location of the anchoring process for the investigated single anchor track (Figure 12A). The anchoring process of the ship began with the first recorded ‘At Anchor’ entry with a reported speed over ground of 0.8 knots in the navigational status, following the final ‘Under way using engine’. Due to the ship’s length of 101 m, the GPS antenna’s position creates an offset from the actual anchor location, further affected by the anchor chain length. Multiple AIS data entries during anchoring indicated positions approximately 135 m west of the final anchor position on the seafloor. The final ‘At Anchor’ entry marks the end of the anchoring period, with a total duration of approximately 2.5 h. This relatively short duration, combined with a steady wind direction, prevented the formation of a pronounced abrasion area at the seabed. The curved section of the anchor track, oriented northward, was likely attributed to the process of anchor retrieval and departure.
[image: Figure 12]FIGURE 12 | The AIS data overlaid on slope data of 2023 illustrate the position of the ships while at anchor. (A) Ship positions prior to (black dots) and during (black anchors) the creation of a single anchoring track (white dashed line). (B) AIS data with the navigational status ’At Anchor’ between the surveys in August 2022 and September 2023, colored by ship name. Seven new anchor tracks (white dashed lines) were formed in the overlapping area during this period. (C) Detailed view of an anchor track (304 days old) with its abrasion area and associated AIS data (green anchors) of the anchoring ship. (D) The counts of AIS data entries ‘At Anchor’ per 10 × 10 m grid for the time of May 2014 to December 2023, highlighting clusters of increased density.
Between August 2022 and September 2023, AIS data recorded anchoring events from 37 vessels within or near the study area of 2023 (Figure 12B). In the area overlapping with the survey of 2022, seven new anchor tracks were identified in 2023, while all other visible tracks predate the initial survey in 2022. In the central part, where anchor tracks overlap densely, directly matching individual tracks to specific AIS data entries was challenging due to the offset between the vessel’s GPS antenna position and the actual anchor location. However, for more isolated tracks, clear relations between anchor tracks, abrasion areas, and AIS data could be established (Figure 12C). The alignment of abrasion patterns with the ‘opening angle’ of curved AIS positions at specific distances supported these correlations. A total of 30 tracks were manually matched with AIS data. The oldest identifiable track dated back to 2018 and remained clearly visible in both bathymetric and backscatter data. AIS data from May 2014 to December 2023 revealed a concentration of ‘At Anchor’ entries in areas where numerous anchor tracks were identified and extensive abrasion features cover large parts of the seafloor (Figure 12D). The AIS data shows a distinct decline of anchoring towards the warning area in the south. Eight anchor tracks could both be matched to AIS data and were part of the topological sorted network. Their averaged bathymetric profiles (Figures 13A, D) indicate deeper furrows for younger tracks, with a maximum depth of −0.19 m and maximum mound elevation of 0.45 m. Slope profiles show peak values of 14.9° and 15.7° at a distance of 0.7 m, generally decreasing over time with some exceptions (Figures 13B, E). The averaged backscatter profiles show slight variations but no clear trend over time. However, a 236 day-old track shows unexpected profile characteristics (Figures 13C, F). It is situated in a heavily impacted area with multiple tracks and abrasion features. As a result, the averaged slope profiles display lower values approximately 5° for the peak and increased values around 4° at greater distances. The averaged backscatter profiles indicate high intensities across all distances, with a slight decrease of backscatter intensity toward the outer edges.
[image: Figure 13]FIGURE 13 | Averaged profiles of selected tracks within the large network, color-coded by age based on AIS data and the single anchoring track shown in Figure 10 (dashed gray), recorded at 200 kHz and 400 kHz frequencies: (A, D) bathymetric difference relative to the weighted mean over distances of 3–5 m, (B, E) slope, and (C, F) backscatter strength. All ships were between 72 and 101 m long.
4 DISCUSSION
In terms of investigating the anthropogenic impacts on the marine environment, Descriptor D6 within the EU Marine Strategy Framework Directive (MSFD) specifically addresses the importance of seafloor integrity for benthic ecosystems (European Parliament, Council of the European Union, 2008). Furthermore, anchoring is identified as a physical damage that causes abrasion of the seabed. Understanding both, the alterations caused by anchor disturbance and the time required for benthic habitats to return to equilibrium is critical for monitoring the environmental status. In Eckernförde Bay, the presented multibeam echosounder data have revealed numerous anchor tracks on the seabed. The most prominent observed features are elongated or curved furrows formed by anchors moving across the seafloor, cutting into the substrate and increasing seafloor roughness. These anchor tracks transform an initially smooth seafloor surface into one characterized by furrows on the scale of decimeters.
Within the 0.84 km2 survey area, a total anchor track length of 34 km was identified. Based on an impact radius of 3 m derived from the digitized anchor tracks in the bathymetry and backscatter data, it is estimated that at least 20% (0.18 km2) of the survey area is directly affected by anchors plowing through the seabed, excluding the broomstick-like abrasion areas (Figure 2D). Measurements of sediment excavation, derived from the observed single anchor track recorded on Day 1 at a frequency of 400 kHz (Figure 11A) indicate an average displacement of 0.2 m3 of sediment per meter of track, resulting in a total sediment displacement of 36 m3 for the entire anchor track length of 180 m. Extrapolating this value across the 34 km of identified tracks suggests that approximately 6,800 m3 of sediment have been displaced by anchoring activities. However, this is a rather conservative estimate, as track depth is diminished to some extent by averaging, and sediment displacement caused by chain abrasions is not accounted for. Therefore, estimations for sediment displacement are significantly lower than found by Watson et al. (2022), who include the abrasion area and give maximum volumes based on a different approach.
Interannual comparison of the anchor tracks in the study site demonstrates the long-lasting impact anchoring has on seafloor morphology. The persistence of the single anchor track over 1 year confirms this impact (Figures 10A–C). Despite 1 year of exposure, the track slope shows high values and classifies as a ‘fresh’ track. This is in line with the results of related studies. For instance, Watson et al. (2022) documented anchor tracks in mud-dominated sediments remaining detectable for over 4 years based on bathymetric measurements. Jakobsson et al. (2024) reported that trawl tracks, with similar disturbance patterns as anchor tracks, can remain visible for over 8 years. These findings highlight the persistence of anchoring tracks, particularly in cohesive, fine-grained sediments within sheltered environments such as Eckernförde Bay, which are often selected for safe anchoring. As a result, such areas may be especially vulnerable to repeated anchor disturbances due to both their sedimentary characteristics and their preferential use as anchorages.
Physical alterations of the seafloor surface can be observed in the bathymetric data as reductions in mound elevation and furrow depth. The contrast between a smooth seafloor surface and one marked by furrows and mounds serves as the basis for assessing sediment displacement. Surface smoothing appears to be less pronounced at the low frequency, which is likely an artifact of the beam geometry. Frequency-dependent differences in footprint size (across track beam width at center frequency 1.8/0.9° and along-track beam width at center frequency 3.8/1.9° for 200/400 kHz), combined with the narrowness of the furrows, contributes to the observed depth differences. The MBES footprint sizes at nadir of 60 × 126 cm at 200 kHz and 30 × 63 cm for 400 kHz at 19 m water depth, lead to an underestimation of furrow depth by the lower frequency as the furrows are 1–2 m wide. By Day 377, the distinctions between the frequencies are diminished, with both depth differences and standard deviation decreasing, indicating the beginning infill of the furrows and return to bathymetric equilibrium seafloor conditions of the formerly rough mounds adjacent to the tracks (Figure 11).
Establishing a temporal framework for the various anchor tracks provides insights into their degeneration processes. Averaged track profiles reveal that early in the regeneration process, furrow refilling occurs rapidly, likely using material from the adjacent mound. This is evident from the observed single anchor track, where furrow widening and a simultaneous reduction in mound elevation were observed within 1 year (Figure 11A). Elevation differences at the outer rims of the mound show minor variations over both time scales and frequencies. Over time, this compensation movement of sediment decreases as mounds become nearly leveled and the slopes gradually decrease in older generations (Figure 9) and for tracks older than 942 days (Figure 13D). Since the oldest generation no longer shows mound elevations but still retains an average furrow depth of −0.04 m, it can be concluded that, of the two features, the furrow persists longer as a morphological structure on the seafloor.
The long-lasting effect of former tracks on the shallow subsurface is highlighted by the backscatter information. While the (averaged) slope profiles overall show a decline of the peak over time, backscatter values show almost no signs of change during the first years. The changes caused by an anchor track on the seafloor are so dominant that even after morphological equilibrium has been reached and anchor tracks are no longer detectable in the bathymetric data, they can still be observed in the backscatter intensity maps (Figure 6). The underlying causes of tracks detectable only in backscatter data remain uncertain within the scope of this study. However, the contribution of furrow and mound slopes, which significantly influence backscatter for fresher tracks, can be excluded as a determining factor in this case. A persistent change in sediment composition at the seafloor may explain the continued visibility of tracks in backscatter data. Sediment sorting at a regional scale, as observed in studies of long-term trawling, results in coarser mean grain sizes due to the removal of finer fractions by currents after resuspension (Trimmer et al., 2005; Jakobsson et al., 2024). However, in our study area, no evidence of such regional sorting due to anchoring is observed in the sediment samples of the upper centimeters. Instead, there is a tendency toward increased sand content in less disturbed zones. On a very local-scale, sediment sorting during anchor track erosion remains a plausible mechanism. The sediment in the survey area is composed of different grain sizes and during the initial anchor movement, finer resuspended sediment will settle farther from the track than coarser fractions. Due to the low hydrodynamic activity in Eckernförde Bay, the degradation of anchoring tracks is very slow as results have shown. Over time, it is possible that limited sediment transport gradually relocates finer fractions from the relatively exposed mounds into the shielded furrows or to surrounding areas. Consequently, the coarser fraction may persist in the former mound locations even after the bathymetric imprint has disappeared. Since coarser sediments typically generate higher backscatter intensities (Collier and Brown, 2005), increased backscatter values might remain along the track edges even in the absence of morphological features. Unfortunately, a detailed sediment sampling necessary to compare grain size distributions between mound and furrow areas could not be carried out during the survey. Another potential explanation for increased backscatter along tracks without slope is sediment compaction. An archaeological study in the intertidal zone of the North Sea has shown that the mechanical load of former structures during the 14th-century caused long-lasting subsurface compaction, which today facilitates the reconstruction of their locations using geophysical methods (Wilken et al., 2024). In the case of anchor tracks, mounds consist of older, more compacted subsurface material displaced during anchor scouring, effectively adding load to the underlying sediment. This enduring compaction may enhance backscatter intensity relative to undisturbed areas.
This study demonstrates that both topological sorting and AIS-based dating have their advantages and limitations. In areas with high track density and good data quality, topological sorting effectively reconstructs a relative chronology and shows erosion trends. This approach also allows the inclusion of tracks that either lack or no longer have an associated abrasion area. Potential inaccuracies of this method arise, particularly along the outskirts of the anchoring network or for shorter tracks, which have fewer intersections to link them with others. The dating errors become obvious when comparing the matched AIS data and the assigned generation derived by the topological sorting algorithm (Figure 13). For more isolated tracks, AIS-based dating data is more precise, particularly when a well-defined abrasion area is present to align with the reported positions of the vessel’s GPS antenna, and reconstruction of an absolute chronology is possible. Combining both methods improves the overall understanding of track degradation.
If anchoring leaves a long-term imprint on the seafloor and the shallow subsurface, it raises the possibility that other marine activities may have similarly persistent impacts, warranting further investigations into the cumulative effects of anthropogenic activities on seafloor integrity. The monitoring of such activities could benefit from including backscatter measurements, which can reveal subtle changes in the upper sediment layer. These changes, while are not always apparent in bathymetric data, may have long-lasting effects on seafloor integrity as shown in this study.
5 CONCLUSION
The spatial distribution and morphological shape of anchor tracks on the seafloor can be mapped with high accuracy using hydroacoustic methods. Chronological information can be obtained through intersections to determine relative generations, which is effective in areas with dense anchor tracks. Alternatively, AIS data provide exact dates, but allocation is more precise for isolated tracks. The tracks have a long-lasting impact on the predominantly silty seafloor of Eckernförde Bay. Even when the bathymetric evidence at the surface is eroded, differences in the sediment remain visible in backscatter intensities. The results of this study suggest that changes in backscatter likely caused by sediment grain size sorting during degeneration. However, biological and chemical mechanisms may also contribute but were not assessed in this study. While the primary focus of this study is methodological rather than ecological, the long-term physical impacts of anchoring tracks on sediment structure raise relevant questions for habitat integrity. Anchor tracks are considered a thread to the environment with a rising number of measurements to understand and define measures to reduce the impact (Broad et al., 2020; Argüello et al., 2022). Since the interest of the impact of anchoring ships to the environments by authorities is increasing, it might be valuable to also consider information provided by the often neglected backscatter data. This can be expanded to other human activities at the seafloor, e.g., construction, anchoring of other structures or bottom-trawling.
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