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Abstract This study presents a new in situ method to explore
the impact of macrofauna on seafloor microtopography and
corresponding microroughness based on underwater laser line
scanning. The local microtopography was determined with
mm-level accuracy at three stations colonised by the
tubeworm Lanice conchilega offshore of the island of Sylt
in the German Bight (south-eastern North Sea), covering ap-
proximately 0.5 m2 each. Ground truthing was done using
underwater video data. Two stations were populated by
tubeworm colonies of different population densities, and one
station had a hydrodynamically rippled seafloor. Tubeworms
caused an increased skewness of the microtopography height
distribution and an increased root mean square roughness at
short spatial wavelengths compared with hydrodynamic
bedforms. Spectral analysis of the 2D Fourier transformed
microtopography showed that the roughness magnitude in-
creased at spatial wavelengths between 0.020 and 0.003 m
independently of the tubeworm density. This effect was not
detected by commonly used 1D roughness profiles but re-
quired consideration of the complete spectrum. Overall, the

results reveal that new indicator variables for benthic organ-
isms may be developed based on microtopographic data. An
example demonstrates the use of local slope and skewness to
detect tubeworms in the measured digital elevation model.

Introduction

Habitat mapping by remote sensing has become an important
issue in the investigation and classification of the seafloor. The
need for detailed habitat maps has been recognised in major
initiatives that aim to enhance the environmental status of
marine habitats in territorial waters (e.g. the European
Marine Strategy Framework Directive, European Parliament
and European Council 2008). Such maps are important for
spatial planning purposes to minimize the impact exerted on
habitats by increasing use of shallow water areas for activities
such as tourism, fishing, resource extraction or, more recently,
the installation of alternative energy infrastructures.

Currently, the monitoring of seafloor fauna, including ben-
thic communities, is mainly achieved using optical imaging
systems and sample retrieval, whereas seafloor classification
is dominated by acoustic methods (Anderson et al. 2008;
Brown et al. 2011). The monitoring of seafloor fauna by re-
mote sensing would be far more efficient compared with tra-
ditional methods and is thus considered an important part of
future research (Brown and Collier 2008; Anderson et al.
2008; Che et al. 2012). In addition to the need for improved
classification algorithms, which is continuously being ad-
dressed (Coggan and Diesing 2011; Diesing et al. 2014;
Diesing and Stephens 2015), one important reason for the
difficult identification and monitoring of benthic fauna using
remote sensing data is that the impact of benthic organisms on
physical seafloor parameters and the signatures of remote
sensing methods is poorly known.
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Among these parameters, seafloor microtopography at
the cm to mm scale has been poorly investigated, al-
though it is a basic parameter of high importance for
acoustic scatter as well as a potentially independent indi-
cator variable for habitat mapping. While the use of mor-
phological parameters on a larger scale is widespread in
seafloor classification (Brown and Collier 2008; Brown
et al. 2011), very few case studies have determined if
micro-bathymetry and small-scale seafloor roughness are
suitable parameters for classification or monitoring pur-
poses, an exception being Maki et al. (2011). Currently,
the measurement of fine-scale seafloor roughness requires
mostly stationary, high-resolution digital elevation models
with small footprints that optical systems, such as stereo
photography and laser line scanners, can deliver.
Although hydrodynamic bedforms have been investigated
using 2D spectral analysis (Lefebvre et al. 2011, 2013),
only few measurements have been reported for biological
seafloor habitats or bioturbated sediments (Pouliquen and
Lyons 2002; Wang and Tang 2012) because of the diffi-
culties of measuring biologic seafloors in situ with sub-
cm accuracy.

Within this context, the objective of this study was to
use underwater laser line scanning to measure seafloor
microtopography with mm-scale accuracy at three sites
offshore of the island of Sylt in the German Bight of the
south-eastern North Sea. The data were collected in
August 2015 at hydrodynamically and biologically im-
pacted seafloor sites. The impact of benthic organisms
on the microtopography is assessed based on example
data from sites colonised by the tube-dwelling annelid
Lanice conchilega.

Regional setting

The study area was located 2.7 km offshore of Sylt in the
German Bight (Fig. 1) at a water depth of approximately
10 m. The tide is semi-diurnal with a mean tidal range of
1.8–2.2 m (Tillmann and Wunderlich 2011), and the region
is exposed to storms from the west. Several studies have de-
scribed the seafloor facies in the study area based on extensive
hydroacoustic surveys (Zeiler et al. 2000; Diesing et al. 2006;
Markert et al. 2013; Mielck et al. 2015). The seafloor mostly
comprises fine sand and E–W directed sorted bedforms com-
posed of coarse sand. The first mode of the sorted bedform
grain size distribution in the study area is between 0.25 and
0.5 mm, corresponding to medium sand (Mielck et al. 2015).
Adjacent areas are composed of fine sand with first modes
between 0.125 and 0.25 mm (Mielck et al. 2015). The domi-
nating macrobenthic species in the fine sand areas is
L. conchilega (Armonies 2000).

Materials and methods

Hardware

A ULS-200 blue (750 nm wavelength) laser line scanner
manufactured by 2G Robotics (Waterloo, Ontario, Canada)
was attached to a stationary lander that operates autonomously
on the seafloor (Fig. 2a). In contrast to a previous laser line
scanner used to measure seafloor bathymetry that moved
along a translational rail across a frame (Moore and Jaffe
2002), the ULS-200 remains translationally fixed and uses a
rotating laser head to capture a 3D image. A GoPro underwa-
ter video camera mounted on the lander provided continuous
visual ground truthing.

The laser system scans a swath with a fixed opening angle
of 50° (Fig. 2b). Along the laser footprint, the positions of 480
equidistant points are measured parallel to the Z direction. The
resolution along the Y axis depends on the step size of the
rotating scanner head, whereas the angular resolution along
the Z axis is fixed at 0.1042°. With the laser head situated
approximately 60 cm above the seafloor and a chosen angular
resolution of 0.0900° along the Y axis, the settings provide a
resolution in the Yand Z directions of least 1.7 mm. The range
resolution along the X axis (elevation) is generally better than
0.2 mm for this application.

The ULS-200 system has several user controllable param-
eters that impact bottom detection. Because no experience
with measuring seafloor morphology using such a laser line
scanner was available, each station was measured with all
sensible parameter combinations. The settings finally chosen
that caused the least number of outliers due to suspension in
the water column are reported in Table 1.

Data processing

The reliable removal of artificial elevation spikes/
outliers due to false bottom detection is crucial for cor-
rect determination of amplitude and spectral parameters
(Leys et al. 2013). For the purpose of the present study,
all elevation values outside a 3σ confidence interval
around a mean are defined as outliers. A two-step filter
process was applied because the standard deviation and
the mean are strongly affected by those outliers, which
are caused by suspension close to the laser detector. The
first filter eliminates the extreme spikes, and the second
filter identifies outliers closer to the seafloor surface.
The two-step filter process (Fig. 3) is outlined as
follows.

A smoothed surface was created by applying a 2D
moving median f i l t e r wi th a window size of
0.018×0.018 m. The smoothed surface was subtracted
from the input surface. Extreme outliers were then de-
tected by calculating the standard deviation and the
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mean of the entire subtracted surface. All values outside
a 3σ confidence interval were replaced by the corre-
sponding values of the smoothed surface (Fig. 3), and
the resulting surface was used as the input for the sec-
ond spike filter.

The identification of outliers located closer to the sea-
floor was more difficult because of the reduced variance
between the outliers and actual topographic features such
as tubeworms. However, compared with real topographic
features, individual spikes covered a much lower area of
the seafloor. A small window size for the moving median
filter of 0.009×0.009 m was found to track most of the
spikes while retaining the macrobenthic structures when
subtracting the smoothed surface (Fig. 3). In contrast to

the first filter, the mean and standard deviation were cal-
culated for each individual data trace to increase the sen-
sitivity. All tracked values outside a 3σ confidence inter-
val were replaced by corresponding values of the
smoothed surface. In total, the two-step spike filter
tracked and interpolated less than 2% of the data points
at all stations.

To account for an eventual non-horizontal placement of the
scanner frame, the data were detrended by subtracting a layer
characterized by the best linear fit to the Y–X and Z–X axes.
Finally, the data were normalized to a zero mean. The
resulting final surface S(y,z) with a resolution of 0.0018 m
along the Y and Z axes was used for the calculation of statis-
tical parameters.

Fig. 1 Location of the research site offshore of the island of Sylt (German Bight, North Sea). Red crosses Locations for underwater laser line scanner
stations, selected on the basis of the shown side scan sonar profile
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Amplitude parameters

The root mean square roughness Sq and the surface
skewness Ssk were calculated directly from the digital
elevation model (Bhushan 2001). For data with a zero
mean, the standard deviation of the elevation distribu-
tion of the scanned area corresponds to Sq:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X N

n¼1
Sn;raw−S
� �2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X N

n¼1
Sn2

r
¼ Sq ð1Þ

where S is the corrected surface, Sq the standard devia-

tion, S the mean value of S, N the total number of
measurements, and n the running index (from 1 to N).

The skewness describes the deviation between the mea-
sured topography elevation distribution and a normal distribu-
tion. The surface skewness defines the asymmetry of the
analysed surface. For normally distributed datasets, Ssk is 0.
Increasing Ssk values indicate the dominance of values above
the mean, whereas decreasing Ssk values correspond to the
dominance of values lower than the mean. Applied to the
seafloor topography, a high skewness implies an abundance
of peaks on the seafloor, whereas a low skewness indicates a
dominance of depressions. Ssk was calculated by

Ssk ¼
1
N

X N

n¼1
Sn−S
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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N
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� �2r !3

2

ð2Þ

where S is the corrected surface, Ssk, N the total number of
measurements, and n the running index (from 1 to N).

Spectral parameters

Spectral parameters are essential to link 3D surface
structures to deterministic or stochastic processes
(Thomson and Emery 2014). To avoid spectral leakage
during further processing, the edges of S(y,z) were
smoothed by applying a cosine shaped taper filter. The
seafloor spectral parameters F(ky,kz) were computed by
the transformation of the surface S(y,z) to the frequency
domain using a 2D FFT function, where ky and kz are
the wave numbers in y and z direction.

To compare the power spectra to data reported in previous
work (e.g. Briggs 1989; Briggs and Williams 2002; Lyons
et al. 2002), the power spectra were converted to decibel units.

Table 1 Settings chosen for laser measurements in turbid water
offshore of Sylt

ULS-200 Setting Value ULS-200 Setting Value

Minimum range 0.12 m Filtering samples 10

Maximum range 1.5 m Filtering proximity tolerance 64

Step size 0.09° Filtering samples within tolerance 5

Gain 10 Distance above seafloor 0.6 m

Laser intensity 90 Ambient light filtering On

Fig. 2 a Schematic overview of the underwater laser line scanner system:
1 acquisition hardware, 2 laser scanner, 3 power supply, 4 stabilization
weights. b Coordinate system conventions of the ULS-200. c Laser
rotation process
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The resulting magnitude M(ky,kz) of the transformed data
F(ky,kz) was obtained by

Mky;kz ¼ 10logFky;kz
2 ð3Þ

To relate different spatial wavelength intervals to ac-
tual microtopography, the filtering method described by
Wilken et al. (2012) was adapted. The total spectrum
M(ky,kz) was subdivided into four different spatial wave-
length domains by applying a tapered radial bandpass
filter (Fig. 4a–c). The inverse Fourier transformation of
the bandpass-filtered spatial wavelength domains re-
vealed the corresponding seafloor topography (Fig. 4,
panels A–D).

The actual spatial wavelengths used to define the four spa-
tial wavelength domains (Fig. 4c) were based on measure-
ments of characteristic topographic changes in the digital sea-
floor model, namely A: 0.1080–0.3600m (Blarger^ ripple), B:
0.0400–0.1080 m (Bsmaller^ ripple), C: 0.0155–0.0400 m
(transition from macro- to microroughness) and D: 0.0036–
0.0155 m (microroughness).

Based on the total power spectrum M(ky,kz), a radial
average power spectrum (RPS) was calculated by sum-
ming the amplitudes for a given spatial wavelength. The
summation was performed around semicircles from the
origin to account for the symmetry of the 2D FFT spectra.
Therefore, to assign specific wave numbers along a radius
to the semicircles, a 2D wave vector K was required
(Jackson and Richardson 2007):

Fig. 3 Schematic representation of removing outliers from raw data. A
first filter pass was used to isolate distinct outliers in the water column. A
second filter was used to isolate outliers close to the surface. The

increased number of spikes in the area marked red was caused by the
increasing angle between the laser and the seafloor. This area was omitted
during further processing
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K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ky2 þ kz2

q
ð4Þ

The RPS allows observation of the roughness magni-
tude of a distinct spatial wavelength over the complete
2D spectrum and thus its contribution to the overall
roughness; RPS was calculated by

RPS Kð Þ ¼ 1

Nr Kð Þ
X Nr Kð Þ

n¼1
Mn Kð Þ ð5Þ

where Nr is the total number of values that lie upon
semicircles.

Results

Backscatter strength and underwater video images

The locations for underwater laser deployment (Table 2) were
determined by a side scan sonar profile recorded on 20th
August 2015 immediately before the microtopography mea-
surements. Side scan data covered ~0.5 km2 and were record-
ed using an EdgeTech 4200-MP side scan sonar (300 and
600 kHz). The side scan image was subdivided into a se-
quence of high and low backscatter strength areas (Fig. 1).

The northernmost laser station 1 was located in an area of
high backscatter strengths. Because of the high turbidity at

Fig. 4 Schematic overview of the adapted filtering method (cf. Wilken
et al. 2012): a seafloor model; b frequency spectrum of corresponding
seafloor model; c radial bandpass filter using defined wave numbers to

split the spectrum into four intervals (A–D). The lower images represent
the corresponding topography obtained by the inverse Fourier
transformation
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station 1, the video quality was insufficient to reveal details
but still revealed the general, rippled seafloor topography
(Fig. 5).

Laser station 2 was located in an approximately 300 m
wide stripe of seafloor characterized by low backscatter

strengths. The backscatter data showed a highly chaotic
texture at this station. The video snapshot for station 2
(Fig. 5) showed mainly a mix of light green to grey-
green shaded smaller ripple structures. Additionally, some
dark coloured areas identified as patches of the tubeworm
L. conchilega existed at the top right and lower right
edges, and several light coloured shell fragments were
spread over the surface.

The southernmost laser station 3 was located at approxi-
mately 500 m from an E–Wdirected stripe of high backscatter
strength. Individual patches of higher backscatter strengths
could be recognized in the side scan sonar data. Similar to
station 2, the video data at station 3 showed a mix of light

Fig. 5 Overview of the seafloor at the three investigated stations. The video snapshots are distorted. The snapshot of station 1 is plotted in greyscales
because of the high suspension load and low contrast

Table 2 Position and area covered for stations 1 to 3

Station Lat. (°N) Long. (°E) Grid area (m2)

1 54.9977 8.3104 0.490

2 54.9854 8.3094 0.512

3 54.9772 8.3109 0.503
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green and grey-green smaller ripple structures. Dark grey
macrobenthic patches were visible in the top left and bottom
right corners. In contrast to station 2, the L. conchilega patches
were less dense and more evenly distributed. Few occurrences
of other macrobenthos (e.g. ophiuroids, brittle stars) were ob-
served within the rippled seafloor. Small, bright coloured shell
fragments were scattered on the seafloor.

Microtopography

Bedforms

The microtopography at laser station 1 showed a well-defined
straight ripple structure with superimposed ripples of smaller
dimensions (Fig. 5). The ripple crestlines were discontinuous,
and the local height distribution was multimodal. At station 2,
the microtopography revealed a unidirectional ripple pattern
with sharp crestlines. Station 3 showed a unidirectional ripple
pattern with sharp crestlines. The elevation distribution of
both stations 2 and 3 closely followed a normal distribution

(Fig. 6). Ripple amplitudes, wavelengths and steepness for the
three stations are summarized in Table 3.

Biogenic features

At station 1, a circular structure in the centre, a small circular
structure at the bottom and a circular structure in the upper
right with slopes of >35° were interpreted as being of
macrobenthic origin (e.g. polychaetes or endobenthic crusta-
ceans), although the features could not be recognized in the
underwater video stills due to heavy suspension at station 1. A
high abundance of tube-like structures was observed at sta-
tions 2 and 3. The maximum measured height of a single
structure was approximately 1.1 cm, although most structures
had measured heights of approximately 0.5 cm. The average
measured diameter was 0.7–1.4 cm. The measured local slope
of the structures ranged from 35° to more than 65°. Tube
density varied strongly from single tubes to dense tube
patches, with a maximum of 36 tubes in an area of 0.04 m2

(equivalent to 900 tubes/m2) at station 3. In total, five tubes

Fig. 6 Histogram of height distribution at stations 1 to 3. Station 1
displays a multimodal distribution. Stations 2 and 3 more closely follow
a normal distribution but are slightly right-skewed because of the in-
creased abundance of elevations. The position of these elevations corre-
sponds to the position of the dense tubeworm patches. Yellow and

turquoise boxes mark the areas with significant offsets between a normal
Gaussian distribution and the digital height distribution model. Yellow
areasValues on the right side of the distribution curve representing ripple
crests andworm tubes, turquoise areas values on the left side representing
topographic depressions
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were counted at station 1, 60 at station 2 and 115 at station 3.
In areas of dense tube cover, the seabed was slightly elevated
by up to 1.5 cm above the surrounding seabed, and the ripple
pattern was generally less distinct in these areas. The locations
of the tube-like structures in the digital elevation model
matched those of L. conchilega tubes observed by underwater
video (Fig. 5).

Amplitude parameters

The amplitude parameters RMS roughness and skewness
for the three stations and the filtered spatial wavelength
domains are summarized in Fig. 7. The RMS roughness
was highest at station 1, although the trend reversed at
higher spatial frequencies (spatial wavelength domains
B, C and D), where the RMS roughness was higher
for stations 2 and 3. The RMS roughness decreased
with decreasing spatial wavelength. The skewness was
highest for stations 2 and 3, with the right-skewness
also observed from the histogram (Fig. 6). The skew-
ness of the height distributions of all stations was main-
ly caused by increased values in spatial wavelength do-
main C (all stations) and D (station 3).

Spectral parameters

At all stations, the longest sampled wavelength was
0.3600 m and the shortest sampled wavelength was

0.0036 m because of the grid node spacing of 0.0018 m.
The RPS (Fig. 8, top) demonstrates the differences be-
tween the three stations. As expected, the roughness mag-
nitude decreased with decreasing spatial wavelength;
however, several exceptions were observed. At low wave-
lengths between 0.36 and 0.04 m (domain A), station 1
had the highest roughness magnitude. This trend was re-
versed starting at wavelengths below 0.04 m, where the
roughness magnitude of stations 2 and 3 exceeded that of
station 1 (domain C). The roughness magnitude was sim-
ilar for stations 2 and 3 down to a wavelength of 0.016 m,
whereas at lower spatial wavelengths (domain D) the
roughness magnitude of station 3 exceeded that of station
2.

The inverse Fourier transformed microtopography
(Fig. 8) demonstrates the topographic elements responsi-
ble for the roughness magnitude at different spatial
wavelength domains. Within domain A, the roughness
magnitude was controlled by large-scale ripple structures
at station 1, whereas no structured topographic features
existed in the spatial wavelength interval at stations 2
and 3. Within domain B, all three stations displayed
complex ripple features. At the transition from domain
B to domain C, the roughness magnitude of stations 2
and 3 exceeded that of station 1. The topography of
domain C was dominated by ripple structure residuals
and the onset of macrobenthic structures at stations 2
and 3. Finally, domain D represented microtopographic

Table 3 Bedform characteristics
at stations 1 to 3 Station Ripple amplitude (m) Ripple wavelength (m) Ripple steepness

1 Primary 0.028, secondary 0.010 Primary 0.45, secondary 0.20 Primary 16

2 0.015 0.12 7

3 0.015 0.10 7

Fig. 7 RMS roughness and
surface skewness for the three
stations. The domains comprise
the complete measured
topography (total) and, with de-
creasing spatial wavelength, the
expected spatial wavelength do-
mains A (0.3600–0.1080 m), B
(0.1080–0.0400 m), C (0.0400–
0.0155 m) and D (0.0155–
0.0036 m)
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structures at spatial wavelengths of less than 1.5 cm. In
addition to random microroughness elements within the

ripple troughs, the generally observed elevation features
of this domain were dominated by worm tubes only.

Fig. 8 Upper panelRadial power
spectrum displaying the
roughness magnitude and the
spatial wavelength. Lower panels,
A–D Inverse Fourier transformed
topography of the four spatial
wavelength domains showing the
topographic features that control
the roughness magnitude at
different spatial wavelengths
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Discussion

Impact of tubeworms on microtopography

In this study, amplitude and spectral roughness parameters
were calculated to determine the morphological fingerprint
of tubeworms compared with abiotic seafloor and to test the
suitability of morphological parameters for the development
of indicator variables. The locations of test sites were selected
based on side scan sonar profiles. Because of the extensive
ground truthing of previous studies, the recorded backscatter
data and underwater videos could be directly related to the
general seafloor facies. The E–W directed, rippled patches
of high backscatter intensity (station 1) were identified as
sorted bedforms (Diesing et al. 2006; Markert et al. 2013;
Mielck et al. 2015). The sorted bedforms were surrounded
by seafloor composed of fine sand (Mielck et al. 2015), which
showed a lighter but chaotic texture in backscatter strength
data (stations 2 and 3, Fig. 1) that has been related to the
presence of worm tubes (Rattray et al. 2009; Markert et al.
2013; Heinrich et al. 2016).

Tube structures measured with the laser system and identi-
fied as L. conchilega in accompanying video data are 1.5–3
times larger than the tubes of adult L. conchilega (~0.5 cm,
Ziegelmeir 1952). Larger diameters in the measured topogra-
phy data may be caused by (1) a fringe at the top of the worm
tube that was measured by the laser line scanner or (2) an
inclination of the worm tubes due to, for example, currents,
resulting in their tops being less well defined.

The seafloor elevation distribution was dominated by rip-
ples of different wavelengths that appeared at all stations
(Fig. 4). The ripples dominated the longer spatial wavelengths
and therefore comprised the majority of the roughness magni-
tude. The ripples at stations 2 and 3were formed by oscillatory
wave movement sand, with a steepness between 4.5 and 7.5,
representing wave-induced vortex ripples (Tanner 1967). The
ripples at station 1 were composed of coarser sediment and
had a steepness of 16, although this value represents a maxi-
mum because of the reworking indicated by the fuzzy ripple
crestlines. These ripples were likely formed by higher fluid
velocities—e.g. during storms able to move sediments within
the sorted bedforms (Wiberg and Harris 1994; Murray and
Thieler 2004; Bartholdy et al. 2015). Subsequent partial
reworking of the ripples under lower energy conditions likely
explains the multimodal height distribution only observed at
station 1 (Fig. 6).

Despite the dominance of the ripplemorphology, the height
distribution in areas where tubeworms were present was clear-
ly different from that of hydrodynamic bedforms. The elevat-
ed patches (approximately 1.5 cm) beneath dense tubeworm
patches at stations 2 and 3 indicate increased local sediment
accumulation. Deposited sediment can comprise both mobile
sand that is trapped and faecal pellets that, for polychaetes, can

be deposited in close vicinity to the worm (Taghon et al.
1984).Where dense, elevated tubeworm patches were present,
the underlying ripple morphology disappeared or became
more irregular (Fig. 5). The formation of ripples may have
been hindered because of the decrease of near-bottom flow
velocity caused by the presence of tubeworms above a certain
density threshold (McCall and Tevesz 1982; Eckman 1983).
Additionally, the preservation of cohesive faecal pellets held
together by microbial mucus in the area of dense worm
patches (Nowell et al. 1981; Saba and Steinberg 2012;
Kulkarni and Panchang 2015) may have impeded the initia-
tion of ripple formation. No sediment samples were available
to determine the cohesiveness of the sediment; however, the
video stills showing brownish to blackish colours (Fig. 5) in-
dicating that these sediments were finer with higher organic
content compared with the surrounding sandy seafloor that
appeared as greenish colours. Because ripples can be contin-
uously formed in the tidal environment at the investigated
stations and the tubeworm colonies can be stable over longer
periods of time reaching up to several years (McCall and
Tevesz 1982)—depending on the occurrence of extreme
events (Heinrich et al. 2016)—the reworking of existing rip-
ples due to biological action (Soulsby et al. 2012) is consid-
ered to be of less importance in the study area.

In addition to the larger-scale impact on the mean elevation
heights by accumulated sediment, the impact of the
tubeworms themselves on the local height distribution could
be observed. The increased probability of high elevation
values compared with a normal distribution explains the slight
skewness to the right (Figs. 5 and 6). The notion that the
skewness was induced by the worm tubes—and not by, for
example, the observed ripples—was confirmed by plotting the
location of the elevation values of the right-skewed part of the
histogram between 0.012 and 0.016 cm (Fig. 6). These values
coincided with the locations of dense tubeworms in video and
bathymetric data. This showed that the increased probability
of elevations compared with a normal distribution was caused
exclusively by individual worm tubes within the available
data.

Although notable in histograms based on the complete
measured topography as discussed above, the impact of
tubeworms on microtopography was concentrated to shorter
spatial wavelengths within domains C and D. In these do-
mains, the RMS roughness and roughness magnitude at sta-
tions 2 and 3 were slightly increased compared with station 1
and the worms were clearly recognized within the bandpass-
filtered topography (Figs. 6 and 7). Interestingly, albeit with
two stations having a very limited dataset, the increase of
tubeworm occurrences from 60 to 115 between stations 2
and 3 enhanced only the magnitude of roughness and not the
spatial wavelength interval impacted by the tubeworms.

Seafloor roughness magnitude spectra are frequently de-
scribed by power-law dependencies of the form M(K) = ω/
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Kγ, where M(K) is the roughness spatial spectrum, ω is the
spectral strength and γ is the spectral exponent (Jackson and
Richardson 2007). Therefore, the spectral exponent equals the
slope of a linear approximation of the roughness spectrum
displayed in a log–log plot (in the present case, divided by
10 to account for the multiplication of M(K) by 10). It is
commonly assumed that the description of roughness magni-
tude spectra by power laws is valid over a wide range of
scales, and spectral exponents between –1.5 and –3.5 have
been reported (Lyons et al. 2002; Jackson and Richardson
2007; Jackson et al. 2009). However, it is poorly known if
these spectral exponents are valid for high spatial wave num-
bers and/or biologically impacted seafloor. Since the RPS and
the bandpass-filtered topography (Fig. 8) show an increase of
roughness magnitude at shorter spatial wavelengths in do-
mains C and D, a deviation from power law behaviour caused
by local macrobenthos may be expected for this interval.
Available power laws are typically determined from 1D pro-
files or slices through 2D spectra (Briggs et al. 2005). Slices
across and parallel to the ripple direction through the spectra
of stations 1 and 3 are shown in Fig. 9. The impact of ripples at
both stations can be clearly observed in domains A and B

between the profiles normal and parallel to the ripple direc-
tion. The differences observed in domains C and D were mi-
nor. Although slightly higher roughness magnitudes were
present within domain C and at the onset of domain D, these
changes were insignificant (Fig. 9). Because the impact of
macrobenthos was clearly observed in the RPS and
bandpass-filtered topography (Fig. 8), the use of roughness
magnitude profiles derived from 1D profiles and slices of
2D data appears insufficient to capture the impact of
macrobenthos on seafloor roughness characteristics.

Implications for the identification of tubeworms
by remote sensing

The contrast between hydrodynamic and biological
microtopography height distributions, with hydrodynamic
processes causing both elevations and depressions and benthic
organisms causing preferably steeper elevations, opens up the
use of height distribution data for seafloor classification. A
simple example is the use of height distribution, skewness
and slope over small subsets of the complete bathymetric data.
Although the skewness for the complete microtopography

Fig. 9 Profiles showing the
decay of roughness magnitude
along two profiles normal (blue
lines) and parallel (green lines) to
the observed ripples at stations 1
and 3. The red lines represent a
spectral exponent of –1.9 for both
stations 1 and 3. The norm of the
residuals is approximately 50 for
station 1 and 58 for station 3

Fig. 10 Areas in the elevation
model where a 9×9 grid subset
was characterized by a maximum
slope of >40° and a skewness of
>0.5 (red dots). Worm tubes are
reliably tracked with only few
outliers (e.g. the lowermost
detection at station 1)
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measured at station 2 was lower at long spatial wavelengths
compared with station 1 (Fig. 8), it is assumed that this was
caused by the low tubeworm density and that individual
tubeworms still increased the local skewness. This was also
indicated by the high skewness (>0.5) observed at short spatial
wavelengths for station 3, which was dominated by
tubeworms (Fig. 7). The measured slope of the tubeworms
was found to be in excess of 35° (Fig. 5), clearly exceeding
the angle of repose for rippled angular and round sand (Miller
and Byrne 1966). Figure 10 presents an example where image
skewness was calculated over 9×9 grid node subsets of the
complete topographic data, corresponding to a square of
0.0162×0.0162 m, thus covering the diameter of a typical
observed tubeworm and adjacent seafloor. A skewness thresh-
old of 0.5 and, considering that the angle of repose may be
considerably higher for poorly sorted aggregations of grains
(Miller and Byrne 1966), a slope threshold of 40° were used
for classification purposes. The results show that most, but not
all, worm tubes were captured reliably (Fig. 10), and confu-
sion with hydrodynamic features was rare. It remains to be
investigated whether a reliable detection of tubeworm pres-
ence can be achieved using state-of-the-art ship-based (in shal-
low waters) or towed/AUV-based multibeam or optical
systems.

The differences in spatial roughness spectra between hy-
drodynamic and biological seafloor types may also have im-
plications for the monitoring of tubeworms by methods de-
pending on acoustic backscatter, widespread in today’s habitat
mapping (Brown et al. 2011). The tubeworms consist of ag-
glutinated sand grains (Ziegelmeir 1952), and their material
may thus be approximated as having an acoustic impedance
contrast to water similar to that of the seafloor not covered by
worm tubes. Generally, seafloor roughness increases with
tubeworm density, as was demonstrated by RMS roughness.
The tubes impact a specific part of the roughness spectrum
with spatial wavelengths between 0.0200 and 0.0036 m, cor-
responding to sound frequencies of 75 and 400 kHz, which are
commonly used for acoustic monitoring purposes. In fact,
Heinrich et al. (2016) recently reported first indications that
L. conchilega patches of different population densities can be
differentiated based on side scan sonar backscatter strength
data recorded at 200 kHz.

Conclusions

Using an underwater laser line scanner, three areas of approx-
imately 0.5 m2 eachwere mapped with mm accuracy in highly
turbid waters. The resulting datasets served to delineate the
impact of tubeworms on seafloor microtopography. The im-
pacts were characterized by (1) a 1.5 cm accumulation of
sediment in the vicinity of dense tubeworm patches and (2)
increased slope, skewness and root mean square roughness at

short spatial wavelengths between 0.0200 and 0.0036 m. It
was shown that the deviation of seafloor roughness magni-
tudes from a pure power law behaviour caused by the presence
of tubeworms could only be detected when the complete spec-
trum was considered, whereas 1D profiles were insufficient.
The local slope and skewness changes were used to construct
a simple classification algorithm that tracked tubeworm occur-
rence. The limitation of the roughness changes induced by
tubeworms for specific spatial wavelengths may improve their
detection in acoustic scatter data in the future.
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