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On 13 July 2004, during an expedition exploring biodiversity along the northern Mid-
Atlantic Ridge, an ROV dive recorded videos of numerous sublinear sets of holes in
sediment at ca. 2,082 m depth. The location was north of the Azores. Each set appeared
track-like. Lengths of individual series ranged from < 1 m to many meters. Each was
straight or gently curved. Some series intersected or crossed. Close examination of
the holes showed them to be elongate, with the long axis parallel to the axis of the
series. The holes were ca. 6 × 1.5 cm, with distance between holes similar to hole
length. The holes that appeared to be most recently formed were each surrounded by
raised sediment. Holes that appeared older were partly filled with sediment and the
raised surrounding sediment was less obvious. Overall, these lebensspuren created
small-scale heterogeneity in the local soft-bottom benthic ecosystem. The source of the
holes or how they were constructed is unknown, but the raised sediment may indicate
excavation by an infaunal organism or digging and removal by e.g., a feeding appendage
of a large epifaunal animal. None of our closeups showed any sign of living organisms
inhabiting the holes. Whether the holes were connected beneath the sediment surface
was not visible. The traces observed are reminiscent of ichnofossils reported from deep
marine facies. We hope that future studies of the lebensspuren we report here will
resolve the mystery of what created them.
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INTRODUCTION

“Lebensspuren” is a term used in early reports of photography of the deep-sea bottom (Ewing
and Davis, 1967; Heezen and Hollister, 1971). It translates as “life traces” and refers to patterns in
surface sediments resulting from bioturbation. The study of these extant life traces (neoichnology)
is a modern equivalent of paleoichnology, which is generally concerned with fossilized tracks, trails,
burrows, borings, or other trace fossils (ichnofossils) and integrates paleontology, sedimentology,
and biology. Understanding the distribution and diversity of lebensspuren is ecologically important
because these traces introduce a variety of small-scale heterogeneity in surface sediments and affect
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the accumulation of pelagic detritus at the sediment-water
interface. Furthermore, lebensspuren are often the only
indication in visual surveys of the presence of infaunal or mobile
animals capable of avoiding camera platforms.

The decade-long Census of Marine Life (CoML) was a global
program to increase knowledge of marine biodiversity (McIntyre,
2010). One field project within CoML, entitled Patterns and
Processes of the Ecosystem of the Northern mid-Atlantic (MAR-
ECO), focused on the Mid-Atlantic Ridge between Iceland and
the Azores (Bergstad et al., 2008; Vecchione et al., 2010) using
a broad suite of methods (Wenneck et al., 2008). Although
often thought of as primarily hard substrate, the Mid-Atlantic
Ridge is largely covered with sediment (Niedzielski et al., 2013;
Priede et al., 2013a). At one of the sediment-covered MAR-ECO
locations, we encountered numerous widespread lebensspuren in
a pattern that seemed reminiscent of tracks from an unknown
animal. We describe here those traces in the sediment and
consider their similarity to ichnofossils.

METHODS

The flagship expedition for the MAR-ECO project was conducted
on the R/V G.O. Sars during June-July 2004. Among the methods
employed was a series of dives with two remotely operated
vehicles (ROVs). These dives observed and recorded standard-
definition video of benthic epifauna and substrata at 22 locations
between the Azores Archipelago and the Charlie-Gibbs Fracture
Zone, with bottom depths surveyed between 900 and 3,500 m.

The ROVs were equipped with four parallel lasers for
measurement. However, laser measurement was problematic

on the dive described below because two of the lasers were
not functioning. The remaining two were from different pairs
(i.e., opposite corners of the square pattern) and therefore
illuminated different distances from the ROV, resulting in a
parallax problem. We therefore used objects of known size (shells
of the pteropod Clio recurva, maximum reported length ca. 3 cm)
near the holes to estimate the size of the holes. Distances from
previously published locations were calculated using the NOAA
Latitude/Longitude Distance Calculator.1

RESULTS

On 13 July 2004, ROV Bathysaurus was used to explore benthic
habitats centered around 2,082 m depth in the vicinity of 42◦ 56′
N 028◦ 36′ W (Figure 1). Video was recorded throughout the
dive (Figure 2). During a period of > 1 h the ROV traversed
areas where surface sediments were perforated by many sublinear
series of holes. Bottom depths of these observations were 2,074–
2,097 m and the near-bottom temperature was 3.6◦C.

Lengths of individual series ranged from < 1 m (Figure 2C)
to many meters (Figure 2A). Each series was nearly straight
(Figure 2C) or gently curved (Figure 2B). Some series intersected
or crossed. Close examination of the individual holes showed
them to be elongate, with the long axis parallel to the axis
of the series. Based on comparison with nearby shells of
Clio recurva, the holes were ca. 6 × 1.5 cm, with distance
between holes similar to hole length. The shape of the
holes varied from narrow and acute (Figure 2H) to a more

1https://www.nhc.noaa.gov/gccalc.shtml

FIGURE 1 | Google Maps representation of the dive location (42◦ 56′ N 028◦ 36′ W), on the Mid-Atlantic Ridge north of the Azores Archipelago.
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rounded appearance (Figure 2G). The holes that appeared
to be most recently formed were each surrounded by raised
sediment (Figures 2C,F). Holes that appeared older were partly
filled with sediment and the raised surrounding sediment
was less obvious (Figure 2E). In areas where the seafloor

was covered by extensive phytodetritus, the holes were often
filled with phytodetritus (Figure 2C). None of our closeups
showed any sign of living organisms inhabiting the holes
(Figures 2G,H). Nor could we detect subsurface connections
between adjacent holes.

FIGURE 2 | Screen grabs from standard-definition video recorded in situ by remotely operated vehicle. (A) Single long series, gently curving; (B) multiple intersecting
series; (C) multiple short series in an area heavily covered with phytodetritus; (D) an area with many series of varying lengths; (E) moderate closeup of rounded
holes; (F) moderate closeup of narrow holes; (G) maximum closeup of rounded holes; (H) maximum closeup of narrow holes.
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DISCUSSION

When we first encountered these formations, we referred to them
as track-like (Vecchione et al., 2010). We speculated that they
may have been caused by a large benthic crustacean, such as the
blind lobster (Acanthacaris caeca). However, there is no evidence
to support that speculation.

Bell et al. (2013), following Przeslawski et al. (2012), quantified
many types of lebensspuren at four locations in the vicinity
of the Charlie-Gibbs Fracture Zone explored by the ECOMAR
project (Priede et al., 2013b), all far north of the location
we describe here. Our rounded-hole morphotype is similar
to a type they termed “pogo stick tracks” of indeterminate
origin, but the latter appeared to have even more rounded
holes, grading to circular. The latter was found only at their
SouthEast station (SE; 49◦ 02′ N, 027◦ 41′ W), with very
low occurrence there. They also mentioned a type termed
“Indeterminate perforated trail” encountered in low numbers at
their NorthWest station (NW; 53◦ 59′ N, 036◦ 07′ W). Whereas
their SE station is closest to our location (682 km), the NW
station is farthest from it (1,345 km). The linear series of holes
we report here may be related to either of these rare categories
in Bell et al. (2013) study, but in contrast to their rarity at
the locations farther north, our series comprise the dominant
small-scale structure in surface sediments of the area on which
we report. South of our location, Heezen and Hollister (1971)
observed “crater rows” at three sites, 1,471–1,723 m water depth,
around the Azores.

The raised sediment may possibly have been pushed
aside by insertion of e.g., a feeding appendage of a large
epifaunal animal but it may alternatively indicate excavation
by infauna. Therefore, it is not clear whether these should
be considered crawling, feeding, or residence structures (three
of the five categories considered by Bell et al., 2013). The
traces we observed are reminiscent of ichnofossils, such as
Paleomeandron, reported from deep marine facies (Buatois
et al., 2001), although the latter is smaller and is interpreted
as a system of burrows having vertical shafts, which appear
at the sediment surface as a series of paired holes. This
interpretation of surface elements of such “graphoglyptid”
trace fossils as a horizontal subsurface tunnel (Seilacher, 1977;
Fan et al., 2018) connected upward to the surface of the
sediment would not be visible in our videos. However, the
paired series of holes characteristic of Paleomeadron appear
more complex than the observed burrows reported here. Other
trace fossils that might be analogs include Treptichnus pedum
or Hormosiroidea canadensis, as illustrated by Laing (2018)
with possible explanations by Crimes and Anderson (1985)
for how such traces may have been produced. But T. pedum
is even smaller than Paleomeandron and occurs in Lower
Paleozoic shallow marine deposits. Other Treptichnus are mostly
continental traces. Hormosiroidea canadensis was included in

Saerichnites in Uchman (1995), a fact overlooked in the Ph.D.
thesis by Laing (2018).

Perforation of the sediment by numerous holes would affect
the vertical distribution in nearby sediment of oxygenated
pore water, in turn affecting habitat suitability for infauna.
Additionally, the local aggregation of sediment backfilling old
holes and the very local accumulation of phytodetritus within the
holes would change small-scale availability of food for epifaunal
grazers and surface-deposit feeding infauna.

We think our current state of knowledge about these
lebenspurren is similar to early studies of extant lebensspuren
identified as Paleodictyon based on resemblance to other
ichnofossils. Those geometric traces are widespread in deep-
sea sediments (Durden et al., 2017). Subsequent investigation
has inferred the inhabitants of such geometric traces may
be a compressed form of a hexactinellid sponge adapted to
sedimentary substrate (Rona et al., 2009) but this inference is not
considered to be confidently resolved (Durden et al., 2017). Our
goal here is not to inventory known ichnofossils and identify our
traces as the same as, or related to, the most similar fossil. We
simply want to point out that the fossil record includes traces
in deep-marine facies that are similar to these locally abundant
traces in the deep-sea sediment of the Mid-Atlantic Ridge.
Although we don’t know what caused them, similar processes
have likely been going on in deep sedimented areas for a very long
time. We hope that future studies of the unknown lebensspuren
we report here will resolve the mystery of what created them and
their roles in mid-ocean ridge ecosystems.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. These
data can be found here: original videos on which this
contribution are based are available from the Institute of Marine
Research, Norway.

AUTHOR CONTRIBUTIONS

OB planned and arranged ROV dives. MV drafted manuscript
which OB revised. Both authors participated equally in
conducting and interpreting observations.

ACKNOWLEDGMENTS

We appreciate comments by AU and two other reviewers. Their
comments on the ichnofossil literature were particularly helpful.
The MAR-ECO project was an element of the Census of Marine
Life and supported by the A.P. Sloan Foundation, New York, in
the period 2003–2010.

Frontiers in Marine Science | www.frontiersin.org 4 January 2022 | Volume 9 | Article 812915

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-812915 January 25, 2022 Time: 15:20 # 5

Vecchione and Bergstad Sublinear Lebensspuren on Northern MAR

REFERENCES
Bell, J. B., Jones, D. O. B., and Alt, C. H. S. (2013). Lebensspuren of the bathyal

Mid-Atlantic Ridge. Deep Sea Res. 2 Top. Stud. Oceanogr. 98, 341–351. doi:
10.1016/j.dsr2.2012.09.004

Bergstad, O. A., Falkenhaug, T., Asthorsson, O., Byrkjedal, I., Gebruk, A. V.,
Piatkowski, U., et al. (2008). Towards improved understanding of the diversity
and abundance patterns of the mid-ocean ridge macro- and megafauna.
Deep Sea Res. 2 Top. Stud. Oceanogr. 55, 1–5. doi: 10.1016/j.dsr2.2007.1
0.001

Buatois, L. A., Mangano, M. G., and Sylvester, Z. (2001). A diverse deep-marine
ichnofauna from the Eocene Tarcau sandstone of the eastern Carpathians,
Romania. Ichnos 8, 28–62. doi: 10.1080/10420940109380172

Crimes, T. P., and Anderson, M. M. (1985). Trace fossils from Late Precambrian-
Early Cambrian strata of southeastern Newfoundland (Canada): temporal and
environmental implications. J. Paleontol. 59, 310–343.

Durden, J. M., Simon-Lledo, E., Gooday, A. J., and Jones, D. O. B. (2017).
Abundance and morphology of Paleodictyon nodosum, observed at the Clarion-
Clipperton Zone. Mar. Biodiv. 47, 265–269. doi: 10.1007/s12526-017-0636-0

Ewing, M., and Davis, R. A. (1967). “Lebensspuren photographed on the ocean
floor,” in Deep-sea Photography, ed. J. B. Hersey (Baltimore: The John Hopkins
Press), 259–294.

Fan, R.-Y., Gong, Y.-M., and Uchman, A. (2018). Topological analysis of
graphoglyptid trace fossils, a study of macrobenthic solitary and collective
animal behaviors in the deep-sea environment. Paleobiology 44, 1–20. doi:
10.1017/pab.2018.1

Heezen, B. C., and Hollister, C. D. (1971). The Face of the Deep. New York: Oxford
University Press.

Laing, B. A. (2018). Redefining the Treptichnus pedum Zone at the Global Boundary
Stratotype Section and Point (GSSP): A Critical Reassessment of the Ediacaran-
Cambrian Boundary. Ph.D. thesis. Saskatoon: University of Saskatchewan.

McIntyre, A. D. (ed.) (2010). Life in the World’s Oceans. Hoboken: Blackwell
Publishing Ltd.

Niedzielski, T., Høines, Å, Shields, M. A., Linley, T., and Priede, I. G. (2013). A
multi-scale investigation into seafloor topography of the northern Mid-Atlantic
Ridge based on geographic information system analysis. Deep Sea Res. 2 Top.
Stud. Oceanogr. 98, 231–243. doi: 10.1016/j.dsr2.2013.10.006

Priede, I. G., Bergstad, O. A., Miller, P. I., Vecchione, M., Gebruk, A., Falkenhaug,
T., et al. (2013a). Does presence of a mid-ocean ridge enhance biomass and
biodiversity? PLoS One 8:e61550. doi: 10.1371/journal.pone.0061550

Priede, I. G., Billett, D. S. M., Brierley, A. S., Hoetzel, A. R., Inall, M., Miller, P. I.,
et al. (2013b). The ecosystem of the Mid-Atlantic Ridge at the sub-polar front

and Charlie–Gibbs Fracture Zone; ECO-MAR project strategy and description
of the sampling programme 2007–2010. Deep Sea Res. 2 Top. Stud. Oceanogr.
98, 220–230. doi: 10.1016/j.dsr2.2013.06.012

Przeslawski, R., Dundas, K., Radke, L., and Anderson, T. J. (2012). Deep-sea
Lebensspuren of the Australian continental margins. Deep Sea Res. I. 65, 26–35.
doi: 10.1016/j.dsr.2012.03.006

Rona, P. A., Seilacher, A., de Vargas, C., Gooday, A. J., Bernhard, J. M., Bowser,
S., et al. (2009). Paleodictyon nodosum: a living fossil on the deep-sea floor.
Deep Sea Res. 2 Top. Stud. Oceanogr. 56, 1700–1712. doi: 10.1016/j.dsr2.2009.0
5.015

Seilacher, A. (1977). Evolution of trace fossil communities. Dev. Palaeontol. Stratigr.
5, 359–376. doi: 10.1016/S0920-5446(08)70331-5

Uchman, A. (1995). Taxonomy and palaeoecology of flysch trace fossils:
the Marnoso-arenacea formation and associated facies (Miocene, Northern
Apennines, Italy). Beringeria 15, 3–115.

Vecchione, M., Bergstad, O. A., Byrkjedal, I., Falkenhaug, T., Gebruk, A. V.,
Godø, O. R., et al. (2010). “Biodiversity patterns and processes on the
mid-Atlantic Ridge,” in Life in the World’s Oceans, ed. A. D. McIntyre
(Hoboken: Blackwell Publishing Ltd), 103–121. doi: 10.1002/97814443255
08.ch6

Wenneck, T. L., Falkenhaug, T., and Bergstad, O. A. (2008). Strategies, methods,
and technologies adopted on the R.V. G.O. Sars MAR-ECO expedition to the
Mid-Atlantic Ridge in 2004. Deep Sea Res. 2 Top. Stud. Oceanogr. 55, 6–28.
doi: 10.1016/j.dsr2.2007.09.017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vecchione and Bergstad. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Marine Science | www.frontiersin.org 5 January 2022 | Volume 9 | Article 812915

https://doi.org/10.1016/j.dsr2.2012.09.004
https://doi.org/10.1016/j.dsr2.2012.09.004
https://doi.org/10.1016/j.dsr2.2007.10.001
https://doi.org/10.1016/j.dsr2.2007.10.001
https://doi.org/10.1080/10420940109380172
https://doi.org/10.1007/s12526-017-0636-0
https://doi.org/10.1017/pab.2018.1
https://doi.org/10.1017/pab.2018.1
https://doi.org/10.1016/j.dsr2.2013.10.006
https://doi.org/10.1371/journal.pone.0061550
https://doi.org/10.1016/j.dsr2.2013.06.012
https://doi.org/10.1016/j.dsr.2012.03.006
https://doi.org/10.1016/j.dsr2.2009.05.015
https://doi.org/10.1016/j.dsr2.2009.05.015
https://doi.org/10.1016/S0920-5446(08)70331-5
https://doi.org/10.1002/9781444325508.ch6
https://doi.org/10.1002/9781444325508.ch6
https://doi.org/10.1016/j.dsr2.2007.09.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Numerous Sublinear Sets of Holes in Sediment on the Northern Mid-Atlantic Ridge Point to Knowledge Gaps in Understanding Mid-Ocean Ridge Ecosystems
	Introduction
	Methods
	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


