N

N

An Integrated Sediment Disturber (ISD) to study the
impact of repeated physical perturbations on sediment
geochemistry and the small benthic biota
Thomas Soltwedel, Bruno Lansard, Franck Gilbert, Christiane Hasemann,
Elanor Bell, Burkhard Sablotny, Matthew Eagle, Peter Kershaw, Christophe
Rabouille

» To cite this version:

Thomas Soltwedel, Bruno Lansard, Franck Gilbert, Christiane Hasemann, Elanor Bell, et al.. An
Integrated Sediment Disturber (ISD) to study the impact of repeated physical perturbations on sedi-
ment geochemistry and the small benthic biota. Limnology and Oceanography: Methods, 2008, 6 (7),
pp.307-318. 10.4319/1om.2008.6.307 . hal-02881049

HAL Id: hal-02881049
https://hal.science/hal-02881049
Submitted on 13 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02881049
https://hal.archives-ouvertes.fr

An “Integrated Sediment Disturber” (ISD) to study the impact of
repeated physical perturbations on sediment geochemistry and
the small benthic biota

Thomas Soltwedel*', Bruno Lansard?, Franck Gilbert*#, Christiane Hasemann', Elanor Bell>¢, Burkhard Sablotny’,
Matthew Eagle’, Peter Kershaw’, and Christophe Rabouille?

'Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven, Germany
’Laboratoire des Sciences du Climat et de L'Environnement, UMR CEA-CNRS-UVSQ 1572, Bat 12, Avenue de la Terrasse,
91198 Gif-sur-Yvette, France

3Laboratoire de Microbiologie, Géochimie et Ecologie Marines, UMR CNRS 6117, Université de la Méditerranée,

Campus de Luminy, 13288 Marseille 9, France

“Laboratoire d’Ecologie Fonctionnelle (Ecolab) UMR 5245 CNRS, Université de Toulouse Paul Sabatier, INP-ENSAT,

29 Rue Jeanne Marvig, BP 24349, 31055 Toulouse 4, France

SScottish Association for Marine Science, Dunstaffnage Marine Laboratory, Dunbeg, Oban, Argyll, PA37 1QA, Scotland
fPotsdam University, Am Neuen Palais 10, 14469 Potsdam, Germany

’Centre for Environment, Fisheries & Aquaculture Science, Pakefield Road, Lowestoft, Suffolk, NR33 OHT, United Kingdom

Abstract

An Integrated Sediment Disturber (ISD) was developed to study the effects of repeated physical distur-
bances on sediment geochemistry and associated benthic fauna. The ISD is capable to generate a strong,
more or less uniform mixing of surface sediments by three rotating fork-like disturber units of approxi-
mately 1 m in diameter. Perturbations can be set at different intensities and frequencies, e.g., on times scales
of hours, days, or weeks, depending on the experimental design. The ISD carries an Autonomous
Positioning Drive (APD) module, which allows the three-dimensional positioning of sensors by a program-
mable controller. The three circular disturbed zones and an undisturbed control area in-between can be
monitored at specified frequencies using a microprofiler with microelectrodes for measuring various param-
eters (e.g., oxygen, pH, hydrogen sulphide). All operations are supervised by a digital stills camera. Sediment
sampling at the start and end point using coring devices handled by divers (and potentially undertaken
using a Remotely Operated Vehicle) provides material to study shifts in biodiversity of the small sediment-
inhabiting biota and alterations in ecosystem functioning in response to perturbations and the changing
geochemical characteristics of surface sediments.
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Introduction

Disturbances created by bioturbators are an important driv-
ing force in sediment community dynamics (Hall 1994). Pick-
ett and White (1985) described a disturbance as a “discrete
event in time that interrupts ecosystem, community, or popu-
lation structure and changes resources, substratum availabil-
ity, or the physical environment,” a definition covering
processes acting directly on organisms (e.g., competition, pre-
dation) as well as those acting indirectly via changing biogeo-
chemical properties (e.g., changes in sediment granulometry,
porewater gradients, food and oxygen availability).

In fact, sediment-dwelling organisms modify sediment
characteristics in many ways. They significantly affect sedi-
ment stability and frequently alter their nutritional and phys-
iological environment on various spatial scales. Surface
deposit feeders remove surficial sediments and might expose
deeper sediment layers with often transient chemical signa-
tures (Marinelli 1992). Burrowing organisms alter nutrient and
metabolite concentrations by irrigating their tubes and tun-
nels (Aller 2001). In shallow-water benthic ecosystems in par-
ticular, bioturbation can aerate/oxygenate deeper sediment
layers, decrease rates of denitrification, and increase the pre-
cipitation of phosphate (Widdicombe and Austen 1998). Bio-
turbation may also lead to the recovery of previously buried
organic matter, which could subsequently lead to an increase
in the density and biomass of benthic organisms. On the other
hand, the release of buried organic matter and nutrients might
also result in enhanced bacterial turnover rates, thereby caus-
ing hypoxic or even anoxic conditions. This, in turn, might
cause mortality in aerobic benthic assemblages. Overall, we
can conclude that the relationship between tightly coupled
biological and geochemical processes in the marine environ-
ment is very complex and still only poorly understood, espe-
cially in terms of temporal and spatial variability. Further
research and innovative technologies are urgently needed to
shed light on the complex interactions between benthic
organisms and their sedimentary environment.

The overall objective of the EU European Strategic Targeted
Research Project entitled “Toward a Coastal Ocean Benthic
Observatory” (COBO; contract no. 505564) was to integrate
emerging and innovative technologies from different disci-
plines (physics, chemistry, biology, imagery) to provide in-situ
monitoring of benthic habitats and to understand complex
interactions between the biota (function and diversity) and
their chemical environment. One work package of the project
was devoted to the development of new technologies in ben-
thic research with which to study the time variable effects of
sediment perturbations on the sediment geochemistry and the
associated benthic fauna.

The Integrated Sediment Disturber (ISD) developed within
COBO is capable of perturbating surface sediments by means of
three rotating fork-like disturber units to a fixed depth of a few
centimeters. The disturbing elements of the ISD in their pres-
ent configuration are clearly not able to mimic sediment per-

turbations caused by bioturbation of smaller benthic organ-
isms, which occur in a patchy manner and on spatial scales
from millimeters to centimeters. Instead, they create more or
less uniform disturbances of approximately 1 m in diameter,
and thus mimic perturbations such as the feeding pits of rays.
On the other hand, ISD-induced sediment mixing is clearly less
intrusive than the radical physical perturbations induced by
bottom fishery (causing mass mortality of benthic organisms)
or storm events (for shallow water regions), especially because
due to the low rotation speed of the disturber units resuspen-
sion of fine sediments during ISD disturbances is almost zero.
Anyway, ISD disturbing elements cause a strong mixing of sur-
face sediments, and thus open the possibility to study the spa-
tial and temporal development of geochemical and biological
characteristics after single and/or repeated sediment distur-
bances. These investigations will help to understand the time
variability within, and the relationship between biological and
diagenetic processes in marine sediments.

Material and procedures

The ISD frame and the disturber units were build by the
company K.U.M. Umwelt- und Meerestechnik GmbH in Kiel,
Germany. The frame is based on a free-falling device, the GEO-
MAR Modular Lander (GML). The tripod stainless steel struc-
ture is approximately 2.5 m in height and 2.2 m in diameter
(Fig. 1). The frame has a total weight of ca. 150 kg in air
(excluding ground weights of 3 x 90 kg). Distances between
legs are approximately 1.80 m. The legs provide attachment
points for the Autonomous Positioning Drive (APD) (see
below). A five mega-pixel high-resolution color digital camera,
covering major parts of all three disturbed areas and the con-
trol area in-between the perturbed zones, is fixed near the cen-
tral, vertical axis of the frame at approximately 1.25 m above
ground. The ISD frame can be lowered to the seafloor on a
wire (shallow-water version). However, there are also attach-
ment points for floats allowing the conversion of the ISD
frame into a free-falling device (deep-water version).

motor

gear box

disturber

Fig. 1. GEOMAR Modular Lander frame (left) and a single disturber unit
(right).



The ISD frame carries three rotating fork-like disturber
units, which allow the surface sediments to be reworked at dif-
ferent frequencies, e.g., on times scales of hours, days, and
weeks, depending on the experimental design and subject to
limitations of power and data storage requirements. Individ-
ual disturber units consist of a motor, a gear box, and disturber
arms equipped with fork-like rakes (Fig. 1). The total weight of
a single disturber unit (including support frame) is approxi-
mately 40 kg in air.

The disturber arms are moved by a 24 V DC motor in a
stainless steel pressure housing. The motor has a total length of
35 cm, a diameter of 7 cm, and a weight of 5.4 kg in air. The
gear box, inserted between the motor and the disturber arms,
determines a constant rotation speed of two rounds per hour.
The initiation of the first rotation mechanically lowers the dis-
turber elements from an elevated security position to the sedi-
ment surface. Hinges at the central axis (Fig. 2, left) allow a
mechanical self-adjustment of the disturber arms to uneven
sediment surfaces at max. + 10°. Disturber arms are 50 cm in
length generating a circular reworked area of about 0.8 m?
Three interchangeable disturbing elements (i.e., ploughs, har-
rows, rakes; see Fig. 2, right) are available for use in different
sediment types. Maximum penetration depth of the disturbing
elements is approximately 10 cm. Spacing between 1 cm thick
harrow and rake spikes is 1.25 and 2.5 cm, respectively; spac-
ing between individual ploughs about 6 cm in width is mini-
mum 3 cm. Harrow/rake spikes and single ploughs on opposite
disturber arms are orientated along the arms in such a way
that, during one turn of the disturber units, they fill the gaps
between them; this causes a largely uniform mixing of the sed-
iments. Disturbing elements are mounted in front of plates,
which immediately flatten the sediment surface after perturba-
tions, to create even planes for subsequent microprofiling.

A single disturber may perturbate surface sediments at a
certain frequency, however, due to the general concept of cre-
ating sediment disturbances (i.e., by rotating disturber units),
the rate at which a given centimeter of sediment is disrupted
increases radially outwards, because the outer elements move
faster than the inner elements.

The APD was designed to allow repeated sampling of dis-

Fig. 2. Disturber arm with a steel plate to flatten the sediments after per-
turbations (left), and interchangeable disturbing elements (right), i.e.,
plough (top), harrow (center), rake (bottom).

turbed and undisturbed regions using in-situ sensors. A num-
ber of possible designs were considered before opting for the
so-called r-Theta alternative. This version consists of a circular
stainless steel bar, 1.4 m in diameter, attached to the ISD frame
at three points, supporting the ends of a horizontal carriage on
which a Unisense® microprofiler is mounted. The carriage can
be rotated about a vertical axis by a stepping motor mounted
on the ISD frame, and the microprofiler can be moved hori-
zontally by means of another motor and a lead screw (Fig. 3).
As far as possible, components were constructed using 316
stainless steel or plastic.

The r-Theta design allows unimpeded access to most of the
area within the APD ring (apart from the center) and equal-
area access to the three disturbed regions. It optimizes the abil-
ity to carry out transects through the disturbed regions and
give access to regions of undisturbed sediment (Fig. 4). The

140 mm
100 mm

70 mm

Fig. 4. Top view on the ISD geometry; light gray: areas covered by the
disturber units; dark gray: area covered by the APD; white box: micro-
profiler moving sensors along the APD radius; thick dotted line: optimal
sampling line for sensors moved by the APD.



microprofiler has been modified to carry three oxygen micro-
electrodes in its present configuration; the adaptation of other
microsensors (e.g., for pH, hydrogen sulphide) is optional. The
time necessary for recording oxygen profiles depends mainly
on the desired resolution of the profiles, i.e., the higher the
resolution, the longer the time needed. Usually, the time
required to get a full set of high-resolution profiles (50 um
steps) is around 2 h.

Clark microelectrodes were chosen for their ability to make
rapid measurements of oxygen profiles after disturbances.
These electrodes are made of glass and are therefore quite frag-
ile when encountering shell debris, but are resistant to break-
age in soft sediments eventually containing silt or fine sand.
The stability of the microsensors was tested in the laboratory
(data not shown) over a period of 2 mo with repeated profile
measurements. The reproducibility of the profiles was very
good over the entire period with some variation (£ 10%) of the
signal in free water. The experiment confirmed that oxygen
microelectrodes are quite stable over several weeks and there-
fore are suitable for long-term deployments in the ISD.

During field experiments (see below), the ISD was always
equipped with an additional optical oxygen sensor (optode)
measuring the dissolved oxygen concentration in the overlay-
ing water. The optode signal was used for the calibration of the
oxygen microelectrodes and to compensate for any drift in the
microsensors signals. Due to their stability with time, optical
microsensors and planar optodes might also be an option for
sediment profiling, however, their accuracy is clearly lower
than that of microelectrodes (Glud et al. 2005). In their pres-
ent configuration, planar optodes should be discounted
because their measurement mode is intrusive and may modify
characteristics of the sedimentary environment.

Control of the various systems and data recording are
achieved using a data logger of established design (ESM2,
Cefas) and a purpose-built Control Unit (CU). The CU is the
interface between the data logger (co-coordinating the high
level control of the sampling plan) and the physical mechan-
ical hardware used carry out the measurements and/or
actions. This includes control of the APD, the disturber units,
the microprofiler, the sampling protocol for the microelec-
trodes, the z-drive, and the camera system (Fig. 5). The data
logger records a log of operations, stores the signals from the
microelectrodes, and supports a number of additional envi-
ronmental sensors.

The CU is based around a Texas Instruments MSP 430 fam-
ily of FLASH programmable microcontrollers, combined with
a series of hardware interfaces: an interface adapter that
enables three probe signals to be individually isolated, ampli-
fied, filtered, multiplexed and digitized; a digital multiplexer
to interface three incremental encoders and eight limit
switches (this enables the movements of the probe height, the
radius of the probe head from the center of the rig, the
azimuth angle, and the movement of the disturbers to be
monitored); three DC motor controllers for the oxygen probe
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Fig. 5. High-level architecture of the ISD.

height adjustments and two for the radius and azimuth
brakes; three solid-state power switches to control the drive to
the DC disturber motors; two stepper motor controllers for the
radius and azimuth movements (stepper motors were used for
their speed, accuracy and repeatability with a relatively short
development time - no closed loop feedback system was
required); four independent solid-state power switches with
shutter release to control the cameras, flash units and shutter
release.

Power requirements for the three main elements of the ISD
(not including the camera, which has a separate power sup-
ply), i.e., the smart data logger, the microprofiler (including
movement on three axes), and the disturber units are provided
in Table 1. Power is supplied by a battery pack consisting of
four Yuasa gel lead-acid batteries, proving 12 volts, and 17 Ah
each. The pack is configured as two batteries connected in par-
allel, in series with the other parallel pair to give a total pack
capacity of 24 volts at 34 Ah. The pack is fused and diode pro-
tected (to protect against reverse polarity connection).

Firmware has been written to enable the system to issue
commands for positioning the sensor head and performing
the various measurement functions, according to a config-
urable timing schedule depending on the duration and pur-
pose of the observational program. To optimize the rate of
sampling, preserve the microelectrodes, and conserve battery
life, a procedure has been developed that allows the detection
of the sediment-water interface (SWI) by the probe. Knowl-
edge of the SWI position permits the probe head to be held
clear of the seabed and then lowered relatively rapidly until
the sediment-water interface (SWI) is detected.

The algorithm, which has been developed to detect the
SWI, is based on continuous monitoring of the oxygen signal
as the sensor is lowered through the water column. Each value
is compared with a running mean of previous samples (typi-
cally eight), and the difference is compared with a threshold
criterion that defines the sediment-water interface. The fol-
lowing parameters are configurable: number of samples to
take for free water value (same as profile samples per step),



Table 1. Approximate power requirements for three exemplary deployment options of the ISD.

Deployment option

Logger (Ah)

Profiler (Ah) Disturber (Ah)

Option 1
Duration (days) 5
Logger cycle (min) 5
No. cycles 1.440 4.35 6.13 0.30
No. profiles 90
No. disturbances 4
Option 2
Duration (days) 30
Logger cycle (min) 5
No. cycles 8.640 26.09 36.93 0.60
No. profiles 545
No. disturbances 8
Option 3
Duration (days) 54
Logger cycle (min) 5
No. cycles 15.667 40.34 20.12 2.10
No. profiles 289
No. disturbances 28

SWI detection % of free water level, SWI termination % of free
water level, step size, step speed, number of samples in the
trend ‘window,’ value for trend to be seen as negative, retract
distance once the SWI is found, and, overall travel limit. All
sensors are monitored, and it is the first sensor that detects the
SWI that controls the subsequent steps.

Once the SWI is detected, the sensor head is retracted and
profiling commences. The sensors are moved down by a step
distance, at a set speed, allowing for a settling time, and then
taking y samples at z second intervals. The following profiling
parameters are configurable: step size, step speed, probe set-
tling time, number of samples at each step y, interval between
samples z, number of additional profile steps taken after ter-
mination level is seen, and overall travel limit. All sensors are

monitored, and at each step, the returned oxygen value is
tested against known failure values, both high and low, and
the result is logged. The end of the profiling procedure is per-
ceived when the first probe signal reaches a low and constant
signal, indicating that it is below the oxic zone. The SWI algo-
rithm reduces the time required to get a full set of high-reso-
lution profiles to approximately 0.5 h.

Assessment

Single components of the ISD were thoroughly tested in
the lab, in test tanks, as well as in-situ at approximately 10 m
water depth in the Gulf of Fos (Northwestern Mediterranean;
Table 2). In May 2006, the complete system (Fig. 6) was
deployed in Loch Creran, a shallow-water fjord (~ 25 m water

Table 2. Station data as well as abiotic and biotic parameters investigated during ISD experiments in the Gulf of Fos and Loch Creran.
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Fig. 6. Fully equipped Integrated Sediment Disturber (ISD) prior to
deployment in Loch Creran (Scotland) in May 2006.

depth) on the northwestern Scottish coast, to carry out three
short-term experiments of 24 to 72 h (Table 2). During these
experiments, disturber units were equipped with plough-like
disturbing elements and programmed to rework surface sedi-
ments every 4 and 6 h, respectively, resulting in a total of
eleven disturbances during each experiment (Fig. 7).

The mixing efficiency of the disturbers was evaluated using
artificial and natural tracers, i.e., so-called luminophores and
different natural radionuclides. Luminophores are fluorescent
inert particles of 63-125 um in diameter. They were spread by
divers in the areas covered by the disturber units prior to dis-
turbance. Sediment samples taken from ISD-disturbed areas
with diver-operated push-corers (10 cm in diameter, 40 cm in
length), at the end of the experiments were then analyzed for
vertical gradients of the luminophores by direct counting
under UV light using a digital camera (Olympus C-2500L),
and image analysis software (Image Pro® Plus). Figure 8 illus-
trates that due to disturber actions, luminophores were buried
to a depth of 4-5 cm in the sediment column. The mean biod-
iffusive-like coefficient (Db), calculated from luminophore
gradients obtained from three replicate sediment cores com-

Fig. 7. Sediment perturbations after half a turn of the disturber units car-
rying plough-like disturbing elements (white arrow: direction of circular
movement).

ing from the same disturbed area after a single ISD perturba-
tion in the Gulf of Fos, was 10.6 (£ 0.3 SD) cm? y~!. This value
is clearly higher than those found for in-situ and ex-situ exper-
iments with natural infaunal communities from the Gulf of
Fos after a few weeks (Gilbert et al. 1998: Db = 3.0 (= 0.7 SD)
cm? y! after 30 d [n= 3]; Grossi et al. 2003: Db =2.2 (+ 0.4
SD) cm? y!, after 22 to 63 days [n = 6]). Gradients of
luminophores after ISD perturbations are comparable to those
found for natural communities after 1-2 months (Grossi et al.
2003; Fig. 8), as they both show biodiffusive-like distribution
patterns with similar relative quantities of buried tracers.

During in-situ tests in the Gulf of Fos, sediment samples
from ISD disturbed areas and nearby control sediments were
also analyzed for the natural radionuclides beryllium-7 and
potassium-40. The cosmogenic radionuclide beryllium-7 is
produced by the interaction of cosmic rays with atmospheric
gases and has a half-life of about 53 d. Beryllium-7 is delivered
to the Farth’s surface by dry or wet deposition and can be
trapped by particles in the water column, finally reaching bot-
tom sediments. It can be used to determine background
steady-state mixing rates, or in certain instances, recent sedi-
ment accumulation rates (Cochran et al. 2006). Compared
with background samples from the same area, beryllium-7
activities in the uppermost layers of sediments reworked by
the disturber units were clearly lower (Fig. 9). This result
coincides with data provided by Warnken et al. (2003) and
Dellapenna et al. (2006), who measured a lower beryllium-7
inventory after physical sediment perturbations due to bot-
tom fisheries.

Potassium-40 is a tracer of light minerals such as feldspar or
muscovite grains. The potassium-40 concentration in marine
soft sediments is generally inversely proportional to the grain
size (Assinder et al. 1993; Venema and de Meijer 2001). Com-
pared with control sediments, potassium-40 activities in the
upper sediment layers of ISD reworked areas were slightly
higher (Fig. 9), indicating an uplift of fine materials from
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deeper sediment layers. Increased potassium-40 activities asso-
ciated with decreased beryllium-7 activities in disturbed sur-
face sediments were clearly due to the sediment reworking by
the disturber units, demonstrating the ability of the instru-
ment to create the desired sediment perturbations.

The mixing of the upper sediment layers affects geochemi-
cal processes in surface sediments, as confirmed by oxygen
penetration depths assessed with the ISD-operated micropro-
filer. Fig. 10 shows oxygen profiles before and approximately
30 min after disturbances (one full turn of the disturber units)
from an ISD experiment in the Gulf of Fos (Northwestern
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Mediterranean). Oxygen penetration depths of 4 to 6 mm in
this eutrophic shallow-water sedimentary environment
diminished to 1 to 2 mm following perturbation, most proba-
bly due to the uplift of deeper, sub- or anoxic sediments by the
disturber units.

Assuming steady state conditions, the diffusive O, uptake
(DOU) was calculated from the microelectrode profiles using
Fick’s first law of diffusion: DOU =F™D,0,[dO,/dz] _,
where is the inverse of the formation factor at the sediment-
water interface (assuming a constant of 0.80 for all profiles),
D, 0, is the molecular diffusion coefficient of oxygen at the
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Fig. 9. Beryllium-7 and potassium-40 activities [Bq kg'] in background samples (BG) and ISD reworked sediments (1SD) from the Gulf of Fos (Mediter-

ranean); sediments were perturbated by plough-like disturbing elements.



in-situ temperature, salinity, and hydrostatic pressure, and
[dO2 /dz] ..o s the oxygen gradient at the sediment-water
interface (Rasmussen and Jorgensen 1992).

Before the ISD disturbance, DOU was 9.5 + 1.3 mmol m™2
d! (n=5), which is close to the DOU measured in the same
site of the Gulf of Fos in October 2002 (10.9 + 3.3 mmol m™
d-') (Rabouille et al. 2003). After the ISD-induced sediment
perturbation, the steady state assumption could not be rea-
sonably put into practice, because transport and reaction
processes were clearly not in equilibrium. However, the diffu-
sive oxygen uptake rate calculated from oxygen profiles after
sediment perturbation showed an increase by a factor of 2,
reaching 21.9 + 2.1 mmol m=2 d! (n= 2) 30 min after the ISD-
induced sediment mixing.

The uplift of sub- or anoxic sediments will also affect the
Redox conditions in the sediments. According to Warnken et
al. (2003), dissolved metals in the sediment can be mobilized
by the shoaling of the oxygenated layer and fluxes of man-
ganese and cadmium to the water column can significantly
increase. Enhanced fluxes of oxygen toward the sediments
may deplete oxygen in the sediment overlying waters.

The mixing efficiency of the disturbers and effects of the
sediment perturbations performed by the ISD could also be
traced by looking at different biogenic sediment compounds:
Sediment-bound pigments indicate the input of phytodetrital
organic matter to the seafloor, the main food source for ben-
thic organisms. In shallow water systems, when there is suffi-
cient light at the seafloor, concentrations of pigments in sedi-
ments are also determined by benthic primary production.
Gradients of pigments in the upper sediment layers usually
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exhibit their highest values in the uppermost centimeter, with
continuously decreasing values at increasing sediment depth.
During the experiments in Loch Creran in May 2006, chloro-
plastic pigments in control sediments taken with a multiple
corer (Bowers and Connelly) only a few meters away from the
ISD were highest in the uppermost sediment layer (0-1 cm),
whereas deeper layers showed lower values at almost constant
levels (Fig. 11 A). Chlorophyll a concentrations in the first
centimeter were 5 to 6 times higher than in deeper sediment
layers. In contrast, sediment samples from ISD disturbed areas
(Fig. 11 B) exhibited a smooth gradient in pigment concentra-
tions, with intact Chl a at comparable levels buried down to 3
cm. Generally, higher total pigment concentrations in the dis-
turbed areas might indicate a significant patchiness in the area
of investigations. Compared with background samples, ISD
disturbed sediments also showed a much higher variability
between replicate samples, as indicated by the higher standard
deviations, especially at intermediate sediment depths.
Sediment perturbations created by the ISD in the Loch
Creran experiments also affected vertical gradients in bacterial
activities, estimated as the hydrolytic potential of bacterial exo-
enzymes in the surface sediments. Gradients with continu-
ously decreasing exo-enzymatic activity toward deeper sedi-
ment layers (Fig. 11 C) disappeared and were replaced by
comparably heterogeneous patterns of bacterial activity in ISD-
perturbed sediments, as confirmed by a much higher variabil-
ity between replicates from disturbed sediments (Fig. 11 D).
Bacterial number days and biomasses generally followed the
same trend (data not shown). Much lower bacterial activities in
perturbed sediment samples might indicate a comparably high
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Fig. 10. Oxygen profiles measured at the sediment-water interface before (A) and 15 min after one perturbation by an ISD disturber unit (B) during
the field tests in the Gulf of Fos (sediments were perturbated by plough-like disturbing elements; profiling resolution scale was 100 um, and each data
point is an average of five readings; microelectrodes were reinserted at exactly the same location).
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Fig. 11. Chloroplastic pigment equivalents (CPE: Chl a plus its degradation products, determined with a TURNER fluorometer; Shuman and Lorenzen
1975) and bacterial exo-enzymatic activity (estimated from turnover rates of the fluorogenic substrate fluorescein-di-acetate, FDA; Koster et al. 1991) in
control samples (A, C) and in ISD-disturbed areas (B, D) at station S5 in Loch Creran.

patchiness in the study area, however, further investigations
are needed to confirm whether or not sediment perturbations
also have a direct effect on overall bacterial activity levels.

The redistribution of bacteria in the uppermost sediment
layers has various implications for the (re)colonization by
higher benthic organisms, e.g., the meio- and macrofauna. On
one hand, bacteria are known to be a major food source for
nematodes (De Mesel et al. 2003; Moens et al. 2005), repre-
senting the dominant taxa of the metazoan meiofauna. On
the other hand, microbial processes in the sediments will sig-
nificantly influence the biochemical milieu for the entire ben-
thic biota. Preliminary results from meiofauna investigations
6.5 weeks after ISD perturbations in Loch Creran confirmed
clearly higher nematode abundances in ISD-disturbed areas
compared with control sediments sampled at the same time
(Fig. 12). However, due to a fairly high variability in nematode
numbers in the different sediment horizons, significant differ-
ences (P=0.002; n= 3) were only found for the deepest layer
investigated (4-5 cm).

Numerical responses by nematodes have been found in a
number of disturbance studies (Warwick et al. 1997; Aarnio
et al. 1998; Schratzberger and Warwick 1999), while other
studies demonstrated only shifts in community structure

(Warwick et al. 1990; Austen and Widdicombe 1998; Austen et
al. 1998). Marked reductions in nematode densities due to
ongoing biological disturbances were often attributed to pre-
dation (Schratzberger and Warwick 1999). Initial biological
disturbance, however, might also result in significantly higher
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Fig. 12. Nematode abundances in ISD disturbed sediments and control
samples 6.5 weeks after repeated ISD perturbations in Loch Creran.



nematode abundances, as demonstrated by Schratzberger and
Warwick (1999) in mesocosm experiments. Increased nema-
tode densities in ISD-perturbed sediments most likely display
a response to the uplift of organic matter by the disturber
units.

Images from the ISD still camera provided evidence for an
enhanced invasion of epi/megafauna organisms (e.g., crus-
taceans, echinoderms) within the first hours and days after
ISD perturbations (data not shown). These larger benthic
organisms are obviously attracted by uplifted organic matter
and/or organisms associated with these sediments. Predation
of megafauna organisms should have a clear negative impact
on the smaller sediment-inhabiting fauna, which makes the
enhanced meiofauna densities recognized in ISD disturbed
areas even more striking.

Changes in environmental conditions due to ISD perturba-
tions also noticeably affected meiofaunal compositions, at
least for the deeper sediment layers. Compared with back-
ground samples the relative abundance of nematodes occur-
ring deeper than 1 cm in ISD perturbed sediments increased
from approximately 85% to more than 95% (Fig. 13).

Discussion

Experimental studies have been an increasing component
of recent marine ecology, however, effects of sediment pertur-
bations on the small benthic biota are still only poorly under-
stood (Schratzberger and Warwick 1999; Christoni et al. 2004).
Widdicombe and Austen (2001) examined the interaction
between physical disturbance as well as organic enrichment
on the diversity and community structure of benthic infaunal
assemblages in mesocosm experiments. Sediment perturba-
tions in their experiment were caused by a stirring system sim-
ilar to what is used in the ISD, although in much smaller
dimensions.

Such ex-situ experimental approaches are, however, fraught

(A) rel. abundance of meiofauna [%]
0 20 40 60 80 100

U_I -
8 12
S
53
= 23 [ ]
‘E | | Nematoda
= & Polychaeta
9 34 B Copepoda
@ | ® Turbellaria

B Others
4-5

with limitations (e.g., restrictions in vertical and horizontal
movements of the biota that might affect feeding and escape
strategies of organisms). When applied to community
processes, the inability of some benthic taxa to persist within
mesocosms, and particularly the restricted immigration of
organisms may lead to artifacts. Therefore, larger-scale field
experimentation is urgently required to obtain further evi-
dence demonstrating the effects of different types of physical
disturbance on benthic infaunal communities (Austen and
Widdicombe 2006)—the development of the ISD represents a
major step in this direction.

Initial trials of the ISD confirmed the successful operation
of many of the features of this complex system. Results from
sediment analyses within our assessments provided clear evi-
dence for the high mixing efficiency of the disturbing ele-
ments in physical (e.g., luminophores, radionuclides), geo-
chemical (e.g., oxygen penetration depths), and biological
parameters (e.g., various biogenic sediment compounds, bac-
teria). Comparisons with field data showed that the ISD is
capable to rapidly simulate natural disturbances caused by
benthic organisms, as confirmed by studies with
luminophores in in-situ and ex-situ experiments; few pertur-
bations created with ISD disturbing elements can mimic con-
ditions comparable to those found for natural communities
after 1-2 months. Preliminary results from meiofauna investi-
gations confirmed changes in the community structure in
reaction to changing environmental conditions due to ISD
induced sediment perturbations.

The development of the ISD will allow a large variety of
experiments to be performed, including disturbances at differ-
ent frequencies (even within one experiment), the study of
shifts in geochemical parameters at any time during/between
sediment perturbations, and sediment sampling and subse-
quent biogeochemical and faunal analyses at different time
intervals after sediment disturbances.
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Fig. 13. Meiofauna composition in control samples (A) and ISD disturbed sediments (B) 6.5 weeks after repeated ISD perturbations.



Conclusions

In-situ experiments with the Integrated Sediment Disturber
(ISD), developed and built within the EU project COBO, will
permit reseachers to study the recovery of geochemical char-
acteristics in perturbed sediments, as well as associated shifts
in benthic community structure, in response to changing
environmental conditions. This will allow us to assess the
vigor and resistance of benthic assemblages to disturbances,
and to study the dynamics of recolonization and succession in
soft-sediment habitats at different temporal scales. A clear
understanding of how episodic and continuous natural dis-
turbances (i.e., bioturbation, “bioengineering”) affect the
functioning of benthic communities may form the basis for
any effective management of coastal ecosystems. In this way,
results from ISD experiments will help to establish measures to
maintain ecosystem health.
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