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Millions of seafloor pits, not pockmarks, induced by
vertebrates in the North Sea
Jens Schneider von Deimling 1✉, Jasper Hoffmann 2,3, Jacob Geersen 1,4, Sven Koschinski5,

Arne Lohrberg 1, Anita Gilles 6, Igor Belkin 7, Christoph Böttner 1,8, Svenja Papenmeier4 &

Sebastian Krastel 1

Seabed pockmarks are among the most prominent morphologic structures in the oceans.

They are usually interpreted as surface manifestation of hydrocarbon fluids venting from

sediments. Here we suggest an alternative hypothesis of pockmark formation based on latest

multibeam echosounder data with a centimeter resolution. In the North Sea, >40,000

enigmatically shaped shallow depressions or ‘pits’ with a mean depth of 0.11 m were docu-

mented, that do not resemble known pockmark morphologies. Combining the new echo-

sounder data with information from behavioral biology, physical oceanography, satellite

remote sensing and habitat mapping, we conclude that harbor porpoises excavate sediments

during benthic foraging. By grubbing the seabed, they cause sandeels to escape from the

sediment and initiate the formation of seafloor pits. Time-lapse data reveals that the initially

feeding pits serve as nuclei for scouring and eventually merge into larger scour-pits. With the

immense number of vertebrates in the ocean, such megafauna-driven macro-bioturbation

reshapes the seafloor, modulates sediment transport, and ultimately impacts associated

ecosystems on a global scale.

https://doi.org/10.1038/s43247-023-01102-y OPEN

1 Institute of Geosciences, Kiel University, Otto-Hahn-Platz 1, 24118 Kiel, Germany. 2 Alfred-Wegener-Institute, Helmholtz Centre for Polar and Marine
Research, Hafenstraße 43, 25992 List, Germany. 3Marine Geology and Seafloor Surveying, University of Malta, 37, Triq ta’ Xmiexi, 1752 Msida, Malta.
4 Leibniz Institute for Baltic Sea Research Warnemünde, Seestraße 15, 18119 Rostock, Germany. 5Meereszoologie, Kühlandweg 12, 24326
Nehmten, Germany. 6 Institute for Terrestrial and Aquatic Wildlife Research at University of Veterinary Medicine Hannover, Foundation, Werftstraße 6,
25761 Büsum, Germany. 7 College of Marine Science and Technology, Zhejiang Ocean University, Zhoushan, China. 8 Department of Geoscience, Aarhus
University, 8000 Aarhus, Denmark. ✉email: jens.schneider@ifg.uni-kiel.de

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:478 | https://doi.org/10.1038/s43247-023-01102-y | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01102-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01102-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01102-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01102-y&domain=pdf
http://orcid.org/0000-0002-9889-1408
http://orcid.org/0000-0002-9889-1408
http://orcid.org/0000-0002-9889-1408
http://orcid.org/0000-0002-9889-1408
http://orcid.org/0000-0002-9889-1408
http://orcid.org/0000-0002-0724-0790
http://orcid.org/0000-0002-0724-0790
http://orcid.org/0000-0002-0724-0790
http://orcid.org/0000-0002-0724-0790
http://orcid.org/0000-0002-0724-0790
http://orcid.org/0000-0001-5625-493X
http://orcid.org/0000-0001-5625-493X
http://orcid.org/0000-0001-5625-493X
http://orcid.org/0000-0001-5625-493X
http://orcid.org/0000-0001-5625-493X
http://orcid.org/0000-0002-7976-6919
http://orcid.org/0000-0002-7976-6919
http://orcid.org/0000-0002-7976-6919
http://orcid.org/0000-0002-7976-6919
http://orcid.org/0000-0002-7976-6919
http://orcid.org/0000-0001-7234-8645
http://orcid.org/0000-0001-7234-8645
http://orcid.org/0000-0001-7234-8645
http://orcid.org/0000-0001-7234-8645
http://orcid.org/0000-0001-7234-8645
http://orcid.org/0000-0001-9313-6836
http://orcid.org/0000-0001-9313-6836
http://orcid.org/0000-0001-9313-6836
http://orcid.org/0000-0001-9313-6836
http://orcid.org/0000-0001-9313-6836
http://orcid.org/0000-0001-7321-0699
http://orcid.org/0000-0001-7321-0699
http://orcid.org/0000-0001-7321-0699
http://orcid.org/0000-0001-7321-0699
http://orcid.org/0000-0001-7321-0699
http://orcid.org/0000-0002-5899-9748
http://orcid.org/0000-0002-5899-9748
http://orcid.org/0000-0002-5899-9748
http://orcid.org/0000-0002-5899-9748
http://orcid.org/0000-0002-5899-9748
mailto:jens.schneider@ifg.uni-kiel.de
www.nature.com/commsenv
www.nature.com/commsenv


In the medical realm, pockmarks are well known as deep scars on
the skin and are obviously of biogenic nature. In geoscience,
pockmarks are referred to as cone-shaped depressions in the

seabed1. Geologic pockmarks are traditionally believed to result from
fluid (i.e., gas or liquid) venting with erosive agents emerging from
beneath the seabed1. They were first observed in the 1970s within
clastic sediments offshore Nova Scotia, Canada2. Now, about five
decades after their initial discovery, it has become clear that pock-
marks are among the most widespread morphologic features in the
oceans1. Individual pockmarks, as well as large pockmark fields,
containing hundreds to many thousands of features, have been
reported from around the globe across a range of marine and
lacustrine provinces. These include deep ocean basins, fjords, mar-
ginal seas, estuaries, continental shelves, and slopes, as well as
lakes3–9. When fluids vent into the water they suspend the sur-
rounding sediments and nutrients, which are then transported away
by bottom currents. This leaves behind characteristic pockmark
depressions varying in diameter from less than 1m to more than
several hundreds of meters. Their depth is roughly correlated to their
diameter and ranges from centimeters to tens and hundreds of
meters for giant pockmarks discovered by echosounding
techniques1,7,10,11. The main fluid venting component emitted from
pockmarks appears to be methane (natural gas) while closer to the
coasts pockmarks are also associated with groundwater discharge3.
In some cases, fluid venting appears unlikely from a geological
perspective and no indications for fluid venting were identified12,13.
In recent years, non-fluid-related mechanisms have been proposed
as formation mechanism for pockmarks or similarly shaped seafloor
depressions in general (e.g., pockforms14). These include erosion and
scouring around natural or anthropogenic obstacles at the
seafloor12,15,16, benthic feeding activity of gray whales17,18, and
bottom grubbing by fish, though, the topic is discussed
controversially19–22.

A marine region littered with seafloor depressions is the North
Sea, one of the most prolific sedimentary basins in respect to
hydrocarbon exploration1,23,24. It is known for its thousands of
oval or round shaped pockmarks along the North Sea Graben
with sizes ranging from a few centimeters to sometimes >100 m,
that are so far mainly interpreted to result from fluid seepage1. In
the German Bight of the North Sea, a recent study revealed an
abruptly emerging pockmark field north of Heligoland (Fig. 1)
with more than 15,000 depressions with diameters in the tens of
meter-scale and a maximum depth of around 0.2 m25. Remark-
ably, the Heligoland pockmarks were found to emerge and dis-
appear within a couple of months, which was attributed to
episodic methane degassing events and storm sediment
infilling25. The methane discharge of such an event was estimated
to about 5 kt25, which appears unlikely in the light of our high-
resolution database and analysis.

Here, we present a new interpretation for the formation of
seafloor depressions in the German Bight and predict that the
underlying mechanisms apply globally but have been overlooked
so far. Broadband multibeam echosounder data with centimeter
resolution reveal morphological characteristics that challenge a
methane-related geological formation of the pockmarks. Com-
bining our hydroacoustic data with information from behavioral
biology, physical oceanography, satellite remote sensing, and
habitat mapping, we explore the link between biological forcing
and geological pattern and formulate hypotheses on the forma-
tion mechanism of the seafloor depressions. Using a hitherto
unknown foraging behavior, the most abundant small cetacean
species in the North Sea, the harbor porpoise (Phocoena pho-
coena), excavate the depressions in the sandy seafloor while
foraging between 20 and 35 m water depth (Fig. 1). We therefore
refrain from the word ‘pockmark’ and instead use the expressions
‘pits’ (<10 m diameter) and ‘pit-scours’ (≥10 m diameter) to

describe the depressions. Considering the immense number of
megafauna in the ocean hunting for benthic prey, such macro-
bioturbation has a huge potential in reshaping the seafloor,
modulating sediment transport and nutrient supply, and ulti-
mately impacting associated ecosystems on a global scale. Our
findings have wide implications for geological facies definition
and behavioral biology, and the gained knowledge can help to
improve marine environmental protection in the North Sea.

Our work was conducted in the German Bight in the southeastern
part of the North Sea (Fig. 1). The study area is located within the
Sylt Outer Reef (SOR) which is characterized by a postglacial sedi-
mentation setting on a shallow shelf with mostly less than 40m
water depth. Fine-grained tills deposited by grounded ice are covered
by tens-of-meters-thick fluvial sand and gravel layers, as well as
interglacial clay and silt deposits26. The shallow SOR sediments
consist of <10m of reworked sands of Early Holocene, Pleistocene
and Neogene age overlying the morainal deposits which are occa-
sionally exposed, revealing boulders and rocky reef systems27. The
research area is in water depth ranging between 20 and 40m and
hosts fine to medium-grained sands with a low (<5%) mud
content28. In some places coarse-grained sands occur, occasionally
forming so-called sorted bedforms29,30. The German Bight is an area
characterized by strong tidal currents of almost 1m/s31 and
mesoscale variability in physical properties with tidal mixing fronts
parallel to the coast32.

Results
Modern echosounding of seafloor depressions in the
German Bight. We re-surveyed the deeper parts of the SOR area
north of Heligoland using modern broadband multibeam echo-
sounder systems (MBES) with centimeter range resolution
(Fig. 1). At the first glimpse on the interpolated bathymetric chart
(Fig. 2a) the depressions resemble the typical appearance of
pockmarks. They are located in water depth of 28–28.5 m, sur-
rounded with a flat and otherwise featureless seabed (Fig. 2).

Fig. 1 Overview map of the study area in the German Bight of the
North Sea. The red and yellow-dashed polygons outline regions with
seafloor depressions. In the yellow area termed ‘pockmark’ field, more than
15,000 depressions had been reported25. We confirmed the existence of
the depressions in this area. Farther North (red polygon, our study area),
we found an even larger quantity of 42,458 depressions in various clusters
with exceptionally shallow incisions with 0.11 m mean depth (Figs. 2, 3).
Here, repeat surveys allow a time-lapse view of the depressions (Fig. 4).
The overview bathymetry of this chart is based on the latest EMODnet
2020 data release. All cruise track plots are given in Supplementary Fig. 1.
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However, instead of looking exclusively at interpolated digital
terrain models (Fig. 2a), we also inspected the very clean MBES
soundings in close-up views in a point cloud manner (Fig. 2b). At
this centimeter vertical accuracy, that is feasible with a modern
near-range broadband MBES and a coupled inertial navigation
system, it becomes clear that most depressions (hereafter referred
to as pits) are not circular, but they appear with peculiar shapes
and morphologies (Fig. 2b). We document furrows, concentric
highs within the pit, and mounds on their rims (Fig. 2c) a few
centimeters higher than the surrounding seabed. Some pits have a
half-moon shape (Fig. 2b). Sometimes the mounds appear on one,
sometimes on two sides of the pit, sometimes all around the pit,
or half-moon or crescent dune like, yet we were unable to identify
a preferred orientation of the features. The spatial alignment of
the individual pits varies, e.g., linear, curvilinear, radial, or
clustered. When aligned, we often observe equidistant spacing
between individual pits in alignments extending from a few
meters to tens of meters (Fig. 2b). The average depth of single pits
ranges around 0.1 m and hardly exceeds 0.2 m.

To evaluate whether the unconventional pits represent a local
particularity or if they occur throughout the area, we followed the
tidal mixing front (Supplementary Fig. 2) and covered large parts
of the SOR. In the area outlined by the red polygon (Fig. 1), we
re-examined 4965 km of existing MBES profiles covering a total
area of 2128 km², collected time-lapse bathymetric data (orange
box, Fig. 1), and analyzed sidescan and sub-bottom profiler
records (Supplementary Fig. 3, 4). In the new survey region, our
automatic mapping algorithm detected 42,456 pits (Supplemen-
tary Fig. 3) covering about 9% of the seafloor in that area. The pits
resemble a truncated cone and show a remarkably small average
pit depth of only 0.11 m. For the vast majority of the pits, the
depth varies from 0.05 to 0.2 m, with a mode of 0.08 m and a
Gaussian-shaped distribution (Fig. 3). Pit depths barely vary with
the size of the pit (Fig. 3). The mean surface area of a pit is 297 m²
which translates into a circular-equivalent radius of 9.7 m.
Virtually no pits were found with depths larger than 0.2 m, even
when they span 50 m in diameter.

Alongside the MBES data we also recorded towed sidescan data
that showed to be unreliable for the detection of pits
(Supplementary Fig. 3). The thickness of Holocene sediments
on top of the Pleistocene varies roughly between 0 and 10m
(Supplementary Fig. 4). We found no correlation between the
occurrence of pits and Holocene sand sediment thickness, nor
any acoustic blanking, bright spots, or flares being reliable
acoustic proxies for shallow gas or gas ebullition.

Time-lapse evolution of seafloor pits in the German Bight. To
explore the temporal evolution of the seafloor pits we conducted
repeat MBES surveys covering the same area in May 2021 and
November 2021 (Fig. 4). Both datasets were acquired with the same
MBES, during similar survey conditions. The acoustic records
revealed numerous pits with diameters between 10 and 20m in the
fine to medium-grained sand. They host the characteristic irregular,
non-circular shapes, adjacent mounds, and overall shallow incision
depth of 0.1–0.2m relative to the surrounding flat sandy seafloor.
Close inspection of the time-lapse data reveals that the pits in the
November data appear smoothed-out compared to the May dataset,
with local enlargements after the six months period. Some of the pits
seem to commingle producing an irregular and uneven seafloor
morphology. In particular, individual pits have widened and single
pits have merged, thereby contributing to the above-mentioned
irregular features and uneven seafloor morphology. But even more
importantly, numerous smaller pits that must have evolved during
the six months’ time period appeared. Those new pits are ~0.2m
deep and only 2–6m wide. Most of the new pits are slightly elon-
gated without any noticeable preferred orientation. They occur
predominantly in areas where pits have been observed previously
but rarely also in some areas that didn’t show any sign of pits in
May 2021.

Discussion
For the Central North Sea, widespread evidence of fluid seepage
(mainly hydrocarbon) from hydroacoustic and geochemical

Fig. 2 High-resolution bathymetric data from the formerly reported pockmark field north of Heligoland. a Multibeam echosounder data visualized in an
interpolated and equidistant space digital terrain model manner spanning a 500 by 500m wide area. The 1 by 1 m lateral resolution data reveal
approximately one dozen of circular depressions in each tile (0.02 km²). b Color-coded bathymetric soundings in a point cloud close-up, no interpolation
applied (400 kHz). The horizontal resolution is 0.2 m and the vertical acoustic range resolution~0.01 m. Owing to the centimeter-scale resolution,
enigmatic shapes emerged that do not resemble classic pockmark morphologies. c Depth profile across a characteristic depression, resolving two 0.1 m
deep furrows separated by a 0.05m high in the middle, and surrounded by 0.05m high mounds. Such ultra-high vertical resolutions become only feasible
at short sonar ranges with modern broadband multibeam echosounders coupled with sophisticated inertial measurement units as applied during our
surveys.
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data exists1. Only limited data, however, suggests active fluid
seepage from the seafloor in the German Bight. Here, fluid
seepage was only documented from the Dogger Bank and the
Palaeo-Elbe River in the northwestern part of the German
Bight33 or related to drilling and hydrocarbon exploration34. As
the seafloor in the German Bight was intensively studied over
the past decades (for example, >40,000 seabed samples were
taken between the 1960s and 201028) the widespread absence of
fluid seepage seems to be a real geologic phenomenon. The
shallow sedimentary strata in our research area consists of a thin
drape (<10 m) of clastic Holocene sediments of fine to medium
and gravelly sands with occasional boulders which are underlain
by Pleistocene sediments (Supplementary Fig. 4). Holocene
sediments are depleted in organic matter which is mainly
exported from the shelf into the Norwegian Skagerrak
Channel35. Figure 4 demonstrates the high mobility of the upper
fine to medium-grained sands which seem to be remobilized on
a regular basis, as also reported in other studies conducted
nearby15. The mobile, fine to medium-grained but permeable
sands with low organic matter content and oxic bottom water
conditions seem unlikely to store or form large amounts of
methane gases, which may explain the overall absence of
documented seepage sites in the area.

Neither from previous studies, nor from our 4965 km of
acoustic sub-bottom profiling, which is very sensitive to shallow
gas, we find evidence for acoustic blanking or other indications
for free gas. The previously reported ‘gas flare’25 is the only one
despite the tens of thousands of depressions, it is only 1.8 m high,
and its sonar pattern is ambiguous. It does not meet flare imaging
criteria for unambiguous gas bubble detections10,36. Given the
high abundance of fish in the area, we propose a fish school as the
more likely explanation for the observed echo anomaly. The only
location near Heligoland with some acoustic blanking appears
southeast of the island, in deeper areas outside of the SOR37.
A previous study25 documented depressions exclusively in
regions where the thickness of the Holocene sands is below 1m.
However, based on our MBES and sub-bottom profiling data we
document pits also farther north with 5 m and more of Holocene
sands covering the Pleistocene (Supplementary Fig. 4). No indi-
cations of gas migration pathways (e.g., pipes or chimneys) are
observed. The German Bight was intensely investigated by
researchers and fisheries over the past decades. But neither fish-
eries reports, nor underwater video camera footage of the pits
provided any indications for methane-related chemosynthetic
communities or methane-derived authigenic carbonates1. Several

studies reported dissolved methane concentrations near Heligo-
land around 4 nM, which is close to the background concentra-
tion in the rest of the North Sea around 3.5 nM. Elevated methane
concentrations towards the Elbe river mouth are caused by riv-
erine discharge38,39.

The above considerations argue against methane seepage as
trigger for the formation of the tens of thousands of depressions
in the German Bight which were previously referred to as
pockmarks25. In the following we argue that harbor porpoises,
small, toothed cetaceans with an estimated abundance of 23,219
(95% CI: 16,621–34,104)40 individuals in the German Bight, cause
the pits on the seafloor while foraging on benthic fish. The
initially small feeding pits (Fig. 4) serve as nuclei for subsequent
scouring. Under strong tidal flow of up to 1 m/s31 bottom cur-
rents scour and re-shape the pits before they ultimately disappear
during episodic storms (Fig. 5).

Harbor porpoises are capture suction feeders41 that prefer
benthic fish as their diet42, but the exact mechanism of their
benthic forage has not yet been observed in the wild. It is known
that they perform U-shaped dives with considerable time spent
foraging at the bottom43. In several cases, sand particles were
found in the stomachs of stranded animals44. The bottom grub-
bing foraging begins when the animals position their bodies
vertically in the water in search of benthic prey, as has been
documented for harbor porpoises in captivity45. They point their
heads downward, echolocating towards the sediment. Subse-
quently, the prey is attacked by digging approximately 0.1–0.2 m
deep into the sediment with their snout45–47, thus excavating
sediment and creating furrows with adjacent mounds. This
technique allows the animals to efficiently feed on benthic fish.
Cetaceans acting as eroding agents on the seafloor have formerly
been suggested17,18, but direct evidence for such benthic feeding
is difficult to obtain, and very little follow-up research about
megafauna erosion was published.

Oval pits of similar dimensions compared to the pits north of
Heligoland were found in the Bering Sea17. Here, in a similar
postglacial setting consisting of fine sands, they have been
interpreted to be caused by gray whales (Eschrichtius robustus)
feeding on benthic shrimp by suction feeding17. Associated
sediment plumes in the water column document their seabed
erosion potential during and after benthic feeding activity48.
Aligned pits, similar to those presented in this study but in deeper
waters, were interpreted to be caused by large bathypelagic
vertebrates49,50. Pioneering studies also showed that small
furrows from benthic feeding of walrus (Odobenus rosmarus)

Fig. 3 Histogram analyses of seafloor pits and pit-scours mean depth and area. a Gaussian-like mean depth of pits and pit-scours. b Skewed area
distribution of pits and pit-scours. For the statistical analyses, data acquired during research cruises HE400 and HE478 were used, comprising 98.2% of all
analyzed areas in this study (Supplementary Table 1).
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can be detected with high-frequency near-range sonar data18.
The remarkably consistent shallow mean depth of the pits (Fig. 3)
is also in line with studies reporting on fish as eroding agent
coming from above, forming decimeter-scale seafloor pits.

Dolphins are known to spend a substantial amount of time
with bottom grubbing feeding behavior51. Visual underwater
images provided direct evidence of macro-benthic bioturbation
by dolphins51. Recently, more sophisticated and cooperative
foraging strategies have been reported for bottlenose dolphins
(Tursiops truncatus), which conducted mud-ring feed by using
their tails to erode the seabed52. Harbor porpoises are physiolo-
gically and intellectually able to perform similar cooperative
feeding strategies thus possibly creating the enigmatic pattern we
show (Fig. 2).

Prey availability at sea is largely determined by the oceano-
graphic setting and nutrient supply. Increased aggregation of
phytoplankton, zooplankton, and small fish occurs at tidal mixing
fronts53. The North Sea is characterized by high primary pro-
ductivity and identified as one of the Large Marine Ecosystems in

the World Oceans54. Productivity is especially high along the tidal
mixing front, which trends parallel to the coast across the
SOR32,55 (Supplementary Fig. 2). Porpoise abundance was
reported particularly high during spring in our research area56,
which is likely linked to the presence of the tidal mixing front
(Supplementary Fig. 2). This is in line with observations for
preferred foraging of harbor porpoise in the vicinity of tidal jets57.
Resolving the location of the tidal mixing front at the time of our
sonar mapping through satellite sea surface data (Supplementary
Fig. 2) shows that it coincides with the area of the most pristine
pits (Fig. 2).

Along the tidal mixing front, sandeels (Ammodytes marinus)
are known to occur in large quantities in the North Sea58 (Fig. 6).
Sandeels feed on zooplankton during summer daytimes, but most
of the time they hide and even hibernate up to 0.4 m deep buried
in fine to medium sandy seafloor for shelter and energy savings
reasons59. Thereby sandeels challenge predators to grub into the
sediment. Sandeels are one of the preferred preys for North Sea
harbor porpoises and account for 18–20% of their diet42,44. Each

Fig. 4 Time-lapse bathymetric data across some seafloor pits highlighting morphologic differences between May and November 2021 (see Fig. 1 for
location). a Overview plot from May 2021. The MBES data reveals pits with less than 10m diameter and over 60m diameter commingled depressions
within the fine to medium sand. No pits were identified in the coarser sand in the deeper areas. b three grab samples were analyzed (g52–g54) and a video
transect was sailed across the pits on the grab sample site g54. While the samples g53 and g54 taken in the pits area consist of the same fine to medium-
grained sand (g53: 17% medium sand, 69% fine sand, 10% very fine sand, 3% silt, 1% clay and g54: 24% medium sand, 66% fine sand, 7% very fine sand,
3% mud), g52 consists of coarse sands with fine gravels (g52, 65% fine gravel, 32% coarse sand, <3% medium to very fine sand and mud). A still picture
of the seafloor at g54 shows a featureless sandy seafloor with sand ripples (laser points plot in 0.1 m distance), pits remained invisible in the optical video
records. c MBES time-lapse data revealing ‘new’ pits with diameters of 2–6m emerging in the November dataset compared to the May dataset.
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of the 42,456 pits documented in this study is located within
known sandeel habitats58 (Fig. 6). We consulted a probability
density harbor porpoise model56, which includes proximity to
tidal mixing front and sandeel habitats, to find that the highest
harbor porpoise abundance in spring appear in the vicinity of our
seafloor pits (Fig. 6).

By grubbing the seabed, porpoises may flush out nearby san-
deels from the sediment. As sandeels are schooling fish, the
expulsion of individuals may result in the entire school
attempting to escape predation in an eroding manner. Similar fish
like the Pacific sand lance (Ammodytes personatus), are known to
be an important component of the diet of seabirds, harbor seals,
and other fish such as salmon60. The latter have been observed to
carry scars on their heads, indicating that they have scraped the

seabed (pers. comm. H. Gary Greene). For the North Sea, other
large vertebrates such as seals are known to dive to the seabed
feeding on benthic fish, and should therefore be considered in
future research on macrofauna benthic bioturbation.

Harbor porpoises, representing small endothermic predators in
temperate waters, have high energy requirements and need to
forage permanently61. They feed on small fish (<0.3 m) such as
herring, cod, flatfish, sandeel, and gobies42,44. The weight fractions
of benthic species in their diets include 21% sandeels, 26% gobies
and 11% flatfish in the German North Sea44. From this, we estimate
the share of benthic fish consumed by all harbor porpoises pre-
dicted to occur in the study area (Fig. 6), which are 4078 individuals
(95%CI: 2893–5107) in spring. On average a single harbor porpoise
consumes 1.96 kg/day43, the ‘benthic fraction’ of this diet accounts
to 1.14 kg/day. The mean fraction of sandeel alone constitutes 413 g
or 31 individual fish per day, assuming an average weight of 13 g
per fish (own data). This adds up to over 125,743 sandeels assumed
to be consumed per day in the area of the observed pits. This
simplified calculation demonstrates that from their size and known
behavior, the population of harbor porpoise in the North Sea is
capable of producing millions of feeding pits through macro-
bioturbation each year.

It is difficult to imagine that individual eroding grubs into the
sediment produce pits up to 50 m diameter. The German Bight is
characterized by strong tidal currents, severe storms pre-
dominantly during winter, and high waves. The formerly men-
tioned ‘pockmark’ field was found to wax and wane over weeks to
months25. We attribute the levelling of the pits to severe storms
when the wave-induced orbital motion reaches down to the
seafloor in 25 m depth. Scouring by tidal bottom currents likely
acts as the second eroding agent on the seabed modulating the
pits over time (Figs. 4, 5). Pockmarks can occur as self-scouring
features and can be modified by bottom currents after their initial
formation62. A depression in the seafloor introduces turbulence
of the bottom current which in turn further removes the sedi-
ments. Since the tides in the German Bight introduce a rotating
rather than bi-directional current regime63 we would assume that
initial depressions are not elongated in one direction but rather
non-directional. In this setting, the smaller pits (<10 m diameter)
likely act as nuclei for the subsequent formation of pit-scours
(≥10 m). This includes commingling of individual pits to form
larger pit-scours (Fig. 4).

Fig. 5 The harbor porpoise pits model. Schematic sketch of seafloor pits and pit-scours evolution through biological and oceanographic eroding agents
both coming from above the seabed. We suggest the following model for the formation of the pits and pit-scours. Phase 1: Harbor porpoise acoustically
search for buried fish (sandeel) using their sonar on a flat seafloor. Phase 2: Bottom grubbing similar to the one observed for dolphins and gray whales,
resulting in decimeter to meter large pits with a distinct morphology. Phase 3: The pits act as nucleation points for bottom currents to initiate scouring and
formation of pit-scours, erosion and sediment transport, which subsequently leads to the commingling of individual pit-scours, resulting in larger structures
on the seafloor (Fig. 4). Phase 4: Episodic but severe storms predominantly in winter completely level out the structures over time and eventually form a
flat seafloor, setting the start point for phase 1, thus closing the evolution cycle.

Fig. 6 Map indicating spatial correlation between seafloor pits, sandeel
habitats, and harbor porpoise density model prediction. The area covered
by pits and pit-scours comprises 8.7% of the investigated area. All pits
appear between 20 and 35m water depth within a radius of 10 nm
(18.5 km) of areas inhabiting sandeels58, one of the preferred preys in
harbor porpoise diets. In addition, the pits appear in or close to the areas
predicted as maximum likelihood for harbor porpoises in spring56, the
period where the majority of our data were acquired.
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Sorted bedforms and specifically rippled scour depressions
(RSD) are common features in many tidal nearshore environ-
ments. They are associated with the co-existence of different
sediment grain sizes64,65, where the depressions are composed of
coarser grained material. RSDs are widely distributed on the SOR
and also observed in our datasets in regions where gravelly coarse
sands are present in the bathymetrically deeper parts (Fig. 4).
However, pits occur exclusively within fine to medium sandy
seafloor, and not in the gravelly coarse sands (Fig. 4, grab sample
g53 and g54).

The exact mechanisms of initial pit formation and subsequent
scouring remain unobserved. We interpret the most distinct
seafloor pits presented in Fig. 2 and Fig. 4 to represent relatively
pristine feeding pits that have the potential to act as nuclei for
subsequent current scouring. The larger ones are partly formed
by merging of smaller individual pits through scouring and
erosion.

With the harbor porpoise pits hypothesis for the German
Bight, we stimulate a discussion on seabed shaping mechanisms
and show a possibility to identify feeding grounds for marine
vertebrates based on hydroacoustic data. Particularly in large
marine ecosystems with high primary production54, macro-
bioturbation by benthic megafauna plays a major role in
reshaping the seafloor. Such macro-bioturbation and its erosional
impact have largely been overlooked since the first reports on
pockmarks in the 1970s. Based on high-resolution multibeam
data, we provide a new explanation of the origin of tens of
thousands of pits on the seafloor in the German Bight and suggest
that, contrary to previous speculations, the greenhouse gas
methane is not involved in their formation. Millions of similar
seafloor pits likely exist temporally in the North Sea and else-
where around the Globe. These, however, usually remained
undetected given limited spatial and temporal resolution in legacy
echosounder data.

The possibility to identify feeding grounds on the seafloor with
latest sonar technology provides huge potential for environmental
protection, sustainable fisheries, and better understanding of
ecosystem services. Continental shelves and marginal seas are
currently considered for massive offshore wind farming and
related seabed infrastructure thus threatening benthic habitats.
Our study outlines that feeding grounds can be mapped out with
modern near-range sonars. With such new knowledge the exist-
ing marine environmental protection strategies can be refined,
and economical-ecological conflicts can be mitigated in regard to
expansion of renewable energy and conservation of marine
biodiversity.

The number of megafauna in the sea, feeding, and breeding on
or close to the seabed, is innumerable. The sediment erosion
potential of these biological agents deserves more attention in the
marine research community. Seafloor morphology modulated by
vertebrate macro-bioturbation with subsequent scouring may
actually represent unique geologic facies that has been mis-
interpreted as pockmarks before.

Methods
Multibeam data acquisition. Data were acquired during five
research cruises using three different multibeam echosounder
systems (MBES) in 2013 (HE40066), 2017 (HE47867), and 2021
(MSM9868, HE576, HE588; Supplementary Table 1). The data
from R/V Heincke in 2013, 2017, and 2021 were acquired with a
KONGSBERG EM710 which was used in combination with a
PHINS II (iXsea) motion reference unit. The System operates
with 0.5 × 1° RX/TX transducers and acquires 400 soundings per
ping. The FM chirp transmits frequencies between 70–100 kHz.
For positioning we used the onboard DGPS providing accuracies

in the decimeter scale. On R/V Merian, we employed the per-
manently installed KONGSBERG multibeam system EM712
consisting of a 0.5 × 0.5° RX/TX transducer array coupled to a
Seapath inertial navigation unit. We operated the MBES with a
frequency modulated chirp between 70–100 kHz. Dual-ping
mode, where one swath is slightly tilted forward and the second
swath slightly tilted towards the aft of the vessel, was used to
increase sounding density. For the highest possible resolution, we
installed a modern NORBIT iWBMS shallow water multibeam
echosounder system together with an Applanix Wavemaster II
inertial navigation unit into the moonpool of R/V Merian68. The
echosounder was run with 400 kHz in chirp mode with 80 kHz
bandwidth resulting in a theoretical range resolution of 0.009 m.
Our GNSS measurements were aided using real time kinematics
(RTK) supported by a local GNSS reference station and correc-
tions were kindly provided by Axionet GmbH resulting in posi-
tion and height accuracies ranging between 0.02–0.05 m. Sound
velocity was measured online with an AML keel probe as well as
with vertical casts.

We calibrated the multibeam data for roll pitch and yaw using
Qimera, where we also corrected for water column refraction and
tide through integration of backward modeled water level time
series (kindly provided by the Federal Hydrographic Agency,
BSH). According to sea-state and resulting outliers the soundings
were spline filtered using various filter strengths. Especially with
the NORBIT 400 kHz data we sailed slow survey lines during
good weather leading to very clean point cloud data without the
need of manual flagging or filtering. Those data were directly
visualized by routines in GMT69. The majority of the MBES data
was interpolated to a 1 × 1 m grid and visualized in QGIS 3.16.

Algorithm for automated mapping of seafloor depressions in
MBES data. We mapped the seabed depressions using a combi-
nation of geoprocessing tools within the ArcMap software (see
also70). First, all circular depressions located entirely within a
multibeam stripe were filled up to their pour point defining the
lowest elevation along their rim. Subsequently, the filled grid was
subtracted from the original data resulting in a new grid that
defines the difference in height between the original and the filled
dataset. Polygons were then drawn automatically around regions
that had changed by 0.05 m or more (i.e., a height value of
≥0.05 m in the differential grid). Holes within individual polygons
were filled when their area was smaller than half of the entire
polygon. The outline of the polygons was smoothed using a
Polynomial Approximation with Exponential Kernel (PEAK)
algorithm. Afterwards we calculated the area of the polygons and
removed all features with a size below 10 m². This step was
necessary to remove a large number of polygons that did not
encircle a seabed depression but rather resulted from noise in the
multibeam data. Afterwards a visual inspection of the auto-
matically mapped polygons was conducted and some additional
polygons that did not outline a seabed depression were manually
removed. For this final dataset of polygons, we then calculated the
area, mean, and maximum depth.

Sidescan sonar. We used an Edgetech 4200MP dual pulse side-
scan sonar system to acquire high-resolution backscatter images
of the seafloor. The system emitted a chirp signal with a center
frequency of 300 kHz with a vertical beamwidth of 50° on either
side and a horizontal beamwidth of 0.5°. The sidescan sonar was
towed with a constant cable length, about 10 m above the seafloor
at ship speed between 4 and 5 knots. The range of the EdgeTech
4200MP was set to 140 m and 230 m on each side during HE400
and HE478 respectively. All data was stored in.jsf file format and
postprocessed using Chesapeake Technology SonarWiz software.
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Parametric sub-bottom profiling. All surveys were accompanied
by sub-bottom profiling to better understand the geological set-
ting and in order to identify shallow gas as one possible driver for
pockmark formation. On R/V Merian we employed the para-
metric PARASOUND System DS3 (P70) manufactured by TEL-
EDYNE ATLAS HYDROGRAPHIC GmbH. We selected
19.3 kHz as the fixed Primary Low Frequency (PLF) that dis-
tributes energy within a beam of ~4.5°. The system was operated
with a maximum transmission voltage of 160 V and achieved a
sediment penetration of approx. 13 meters before the multiple
reflection of the seafloor interfered with the signal. On R/V
Heincke we used an INNOMAR SES-2000 medium. The sub-
bottom profiler generated secondary low frequencies between 6
and 15 kHz and data were analyzed using IHS Kingdom software.
Motion compensation was achieved using the ship’s Photonic
Inertial Navigation System motion sensor PHINS II.

Groundtruthing. We used an underwater camera system (drop-
cam) to obtain video footage of the seafloor. The device consists
of 2 forward-looking cameras with a tail fin to passively rotate the
system into the prevailing currents. Four artificial light sources
and a laser scaler for size reference were used. We towed the
system at a constant height of ~1 m above the seafloor while
occasional drops of the system onto the seafloor allowed us to
acquire stationary footage from one spot. R/V Heincke’s DGPS
system assured an accurate positioning of the system on the
seafloor.

We acquired a total of 45 sediment samples using a HELCOM
grab sampler on the Sylt Outer Reef to verify the acoustic backscatter
response of the seafloor. The samples were scraped off from the
upper 2 cm of the sediment surface in a HELCOM Van Veen grab
sampler. We removed shell fragments (carbonates) and organic
matter from the samples using acetic acid and hydrogen peroxide.
The grain size distribution of each sample was subsequently analyzed
using a CILAS 1180 laser-diffraction particle analyzer after sieving
off gravel parts if present. The instrument measures at a bandwidth
of 14.6–1.4 Phi (0.04–2500 μm), which was sufficient for the samples
taken. Grain size statistics were subsequently calculated using the
software package ‘Gradistat’ after.

Harbor porpoise density modeling. To estimate abundance of
harbor porpoises in the area of investigation, we extracted
numbers from published seasonal habitat-based density models
covering the southern North Sea56. This enabled to calculate the
total abundance of harbor porpoise in our study area. The pre-
diction of harbor porpoise density is based on generalized addi-
tive models fitted to visual airborne survey data, collected in
2005–2013 by dedicated line-transect sampling, using predictor
variables such as water depth, distance to shore and to sandeel
(Ammodytes spp.) grounds, sea surface temperature, proxies for
fronts, and day length56.

Data availability
The hydroacoustic, video, and grab sample data from HE400 and HE478 are available for
public download (www.pangaea.de, https://doi.org/10.1594/PANGAEA.899501). The
subsequently recorded ship-born data have all been uploaded to the repository of the
German Federal Hydrographic Agency (BSH), and still have a moratorium expiring in
2023, and will then be available on Pangaea. All cruises meta information are accessible
via the www.pangaea.de portal.
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