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Abstract: A dedicated trawling experiment was performed at three sites on the Gulf of Lion continental
shelf, with the aim of assessing the resuspension of particulate and dissolved matter triggered by
different types of trawls on muddy sediments. The different configurations were: (i) bottom trawl, with
bobbin for ground rope (Rockhopper): (ii) bottom trawl, without bobbin (Medits); and (iii) pelagic trawl,
towed at 1 and 10 m above the seabed.

The plumes of resuspended sediment were measured using the acoustic backscattered intensity, from
a towed ADCP. Concomitant profiles of particle size-distribution, light transmission and water samples
were collected, outside and inside the plumes. The analysis of the data enabled derivation of the
major physical and chemical characteristics of the plumes generated by the trawls; likewise, and to
quantify the resuspension fluxes of sediment, particulate (PN, POC) and dissolved (nutrients)
elements. The residence time and dispersal of the plumes were monitored and modelled, considering
the settling velocity of the particulate matter and the near-bottom turbulence.

The results indicate that the bottom trawls produce significant resuspension, whilst the near-bottom
and mid-water pelagic trawls have no impact upon the sediment. The sediment clouds at several
hundreds metres astern of the bottom trawls are 3—6 m high and 70—-200 m wide; they were generated
both by the otter doors and the net. The average suspended sediment concentrations measured in the
plumes reach 50 mg I-1. Resuspension fluxes of sediment along the path of the trawls range from 190
g m-2 s—1, for the coarsest sediment (clayey silt) to 800 g m-2 s—1 for the finest sediment (silty clay).
Whilst the resuspended loads of dissolved elements (nutrients) within the plume segment suggest a
release of porewater, present at least in the first few centimetres of sediment, the particulate matter
load only resulted from the resuspension of less than 1 mm thickness of the sediment bed. This
discrepancy shows that a very small fraction of the sediment ploughed by the trawl is effectively
injected into the water column.

The monitoring of the settling of the plumes indicates a rapid decay of the sediment load, during the
first hour after its generation. Some of the sediment (about 10-15% of the initial load) remains in
suspension; this is due, probably, to the near-bottom turbulence that prevents the redeposition of the
fine particles and aggregates. Lateral spreading of the plume is strongly dependent upon the variability
of horizontal currents.

Keywords: Coastal fisheries; Bottom trawling; Cohesive sediments; Sediment resuspension;
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INTRODUCTION

Morgan and Chuenpagdee (2003) considered, in a recent survey, that mobile demersal fishing
gears (trawls, dredges, gillnets) have a relatively high ecological impact, while midwater
fishing gears have a low impact on the marine environment. Demersal fishing gears are used
to capture species that live or feed in benthic habitats, and thus are designed to maximise their
contact with the seabed. They have marked environmental impact in terms of ploughing of the
substrate, resuspension of sedimert, chemical exchanges between sediments and water, and
alteration of benthic habitats (Riemann and Hoffman, 1991; Jones, 1992, Pilskaln et al., 1998;
Watling and Norse, 1998; Rester, 2000). Various studies, based on mapping of traw! tracks or
fishing activity records, indicate that commercial trawling can resuspend sediments over large
areas of continental shelves and that some intensively fished regions can be swept by trawls
several times each year (Churchill, 1989 and the references therein; Watling and Norse,
1998). The resuspension of muddy sediment by trawl gears produces highly turbid plumes of
suspended particles with concentrations up to several hundreds mg | near the seabed
(Schoellhamer, 1996). As a consequence of both the intensity of the fishi ng activity and effect
of trawl on sediment resuspension, Churchill (1989) estimated from a ssimple model that
trawling on the Middle Atlantic Bight can be a significant source of suspended sediment over
the outer shelf, where the wave-induced resuspension is weak. In the Kattegat Sea, Floderus
and Pihl (1990) estimated that bottom trawling deeper than 10-20 m shortened significantly
the recurrence time of sediment resuspension induced by wind waves. Peng and Broecker
(1984) questioned the impact of trawling activities on the disruption of benthic communities
and the subsequent reduction of the recycling of freshly deposited organic matter in the shelf
sediments. In this scenario, the extra carbon incorporated into sediments could contribute to

the sink of anthropogenic carbon.



The assessment of the trawling disturbance on the coastal environment is a complex task
because the magnitude of sediment resuspension by trawls is affected by various factors (e.g.,
physical dimensions and type of gear, the nature of the substratum). Very little work has been
done to date on the direct characterisation of the turbid plume dimensions. Main and Sangster
(1981) measured sediment clouds produced by trawls on fine sand bottom of a few meters
high and wide. Sediment clouds produced on muddy bottom are believed to have a larger size,
up to 10 m high and 50 m wide astern of trawls (Churchill, 1989 and the references therein).
Furthermore, the resuspension fluxes of particulate and dissolved elements and their fate are
essentially unknown. A few observations suggested that some of the muddy sediment
resuspended by trawls could remain in suspension for long period of time (up to 48 hours) and
contribute to the maintenance of the bottom nepheloid layer (Schoellhamer, 1996; Pilskaln et
al., 1998; Palanques et al., 2001). Churchill (1998) stated that «From a sediment dynamics
viewpoint, the most fundamental issues requiring study are the effects of trawling on
suspended sediment load and sediment transport. Quantifying these effects requires
determining the rate at which trawls resuspend sediment (i.e., the mass of sediment put into
suspension per unit track length), the height of the sediment plumes generated by trawling and
the time required for these to settle. Investigating the effects of trawling on nutrient supply

and on the resulting biological response will require still more involved techniques».

The present study aims to perform a comparative study of the impact of different types of
trawls and substrates on the resuspension of particulate and dissolved elements and their
subsequent dispersal or redeposition. This work was performed within the framework of the
European INTERPOL (Impact of Natural and Trawling Events on the Resuspension and fate
of POLlutants) project, and the field experiment was conducted on the Gulf of Lion

continental shelf (NW Mediterranean).



Given that sediments deeper than 30 m are essentially composed of clays and silts (Durrieu de
Madron et al., 2000) and trawling activity is banned within a 3-mille band along the coast,
this study was restricted to the impact of trawls on more or less muddy environments. Otter
trawls are the most common bottom gear used by commercial fishermen in the Gulf of Lion,
yet pelagic trawls are sometimes used very near the sabed to catch demersal fishes. Four
trawl configurations were selected to span the largest range of potential impact on the
sediment: (1) otter trawl with bobbins (Rockhopper trawl), (2) bottom trawl with a tickler
chain (Medits trawl), (3) near-bottom pelagic trawl (< 1 m above the bottom), (4) mid-water
pelagic trawl (ca. 10 m above the bottom). We assessed the resuspension triggered by these
trawl configurations on three different sites with clayey st or silty clay sediments. We
measured the geometry of the turbid plumes and quantified the resuspension fluxes of
particulate matter and dissolved elements (nutrients). Finally, we characterised the dispersal

and settling of sediment clouds for two different hydrodynamic conditions and sediment

types.

2. MATERIAL AND METHODS

2.1 Technical description of gears

A trawl net can be defined as a towed net consisting of a cone-shaped body, closed by a bag
or codend and extended at the opening by wings (Fig. 1). It can be towed by one or two boats
and, according to the type, is used on the bottom or in the midwater (pelagic) (Nedelec and
Prado, 1990).

Otter trawls have two heavy doors, attached to the towing warps, which are towed at an

oblique angle across the seabed and control the lateral opening a the mouth of the net



(Fig. 1a). The furrow imprinted by doors in the sediment along their tow path depends on
their weight and the angle of attack; they are typically about 0.2 to 2 mmeter wide and up to
0.3 m deep (Jones, 1992 and the references therein). The groundrope at the lower edge of the
net opening and the codend also contribute to the resuspension (Watling and Norse, 1998).
The GOC 73 (Grande Ouverture verticale a ailes Courtes), used in this study, is an otter trawl
designed for scientific fishing experiments. The characteristics of this gear make it usable
over the depth range and in the various conditions encountered in the whole survey area
(Fiorentini et al., 1996; Fiorentini et al., 1999). The groundrope of the GOC 73 trawl is
usually ballasted with atickler chain in order to penetrate the upper layers of the sediment.
This configuration is used for the Mediterranean International Trawls Surveys (Medits) and
will later on be referred as “Medits trawl”. The GOC 73 groundrope can aso be fitted with
large rubber disks or bobbins (Rockhopper). Although this additional gear device is generally
used over rocky substrata, it has the highest potentia for excavating sediment off the seabed,
when a transverse line blocks the bobbins. This second configuration will later on be referred
as “Rockhopper trawl”. Once, we had the opportunity to monitor the resuspension generated
by a professional trawler, whose gear and operating conditions slightly differ with the Medits
trawl (heavier otter doors, higher trawling speed). This configuration will later on be referred
as “Professional trawl”. Their characteristics are summarized in Table 1.

The doors of pelagic trawls (Fig. 1b), when towed very near the seabed, generally stay away
from it while the weights spaced along the footrope - or even the footrope — skims off the
surface sediment. The pelagic trawl used in this study isaPTGM 158 (Pélagique Trés Grande

Maille), whose characteristics are summarised in Table 1.

Autonomous acoustic sensors (Scanmar instruments) mounted on the trawl provided real time

information on its geometry during hauls. Parameters measured on the gear were: distance



between trawl doors (door spread), horizontal opening of wing tips (wingspread), vertical
opening of the net, dtitude of groundrope). These measurements permitted us identification of
instances when the gear was not fully spread or was not on the bottom for a substantial part of

the haul.

2.2 Sampling strategy

The experiment was conducted on the Gulf of Lion continental shelf inthe Summer of 2002
on the R/Vs L’ Europe and Thetys I1. Two sites with clayey silt at 30 and 60 m bottom depth
and one site with silty clay sediments at 90 m bottom depth were sampled (Fig. 2 and Table
2). The R/V L'Europe performed the trawling work, and logged the trawl geometry and ship
speed. Measurements combining water sample collection for sedimentologica and
geochemical analysis with hydrological and hydrodynamical measurements were collected
with two instrument packages towed from a second vessel, the R/V Tethys Il (Fig. 3).
Hydrological parameters of the water column were measured with a probe including CTD and
optical sensors (transmissometer and fluorometer). On top of the probe, arosette with 12 litres
bottles and an in situ laser particle sizer were used to sample water at given depths and
describe the spatial and tempora variation of particle size spectra. Additionally, a downward-
looking 300 KHz ADCP was towed above the seabed to provide profiles of acoustic
backscattering intensity and currents. A 150 KHz ADCP mounted on the hull of the ship aso
provided real-time currents. Sediment samples were taken at each site with a multiple corer

for sedimentological and geochemical analysis.



2.3 Description of instruments and analysis techniques

Hydrological parameters

Conductivity, temperature, and pressure data were measured between the surface and the
bottom with a SeaBird 9/11 CTD probe. A Benthos altimeter allowed to profile down to few
tens of centimetres above the seabed and to precisely control the altitude of the water

sampling.

Sediment cores
Sediment samples were obtained with a sediment multicorer Bowers & Connelly Mark VI
using Perspex cores (internal diamater: 15 cm, length: 50 cm) sampling approximately 30 cm

of sediment.

Optical measurements

A C-star transmissometer mounted on the CTD probe measured the transmitted light intensity
(T in percent) along a fixed optica path (L = 0.25 m). The attenuation coefficient (c in m?%)
due to absorption and diffusion by both water and suspended particles, was derived from the
transmission with the equation:

c = -(1/L)Ln(T)

Water samples were filtered up to filter saturation on pre-weighed Nuclepore filters of 0.4 mm
pore size. Their solid residue weights yielded suspended sedimert concentration (SSC).
Duplicates were made for each water samples and divergent values (difference > 20%) were
discarded. We derived a linear relation between the SSC (expressed in mg 1) and the
attenuation coefficient:

SSC = 155¢ - 052  (r? = 0.94,n = 40)



Size distributions of suspended particles outside and inside the sediment plume were
measured in situ with a Sequoia LISST-100 laser particle sizer. This device calculated from
light scattering measurements the size distribution on 32 log-spaced size classes between 1.2
and 250 um with a sampling rate of 1 second (Agrawal and Pottsmith, 2000). The instrument
was also used in laboratory to measure the grain size distribution of sonicated samples of

sediment and suspended matter collected on filters.

Acoustic measurements
The towed RDI broadband 300 KHz ADCP had four acoustic transducers directed downward
at 20° from vertical. It measured velocity and backscattered acoustic intensity parallel to the
four acoustic beams. Using the internal compass and the tilt-meters measurements as well as
the bin mapping procedure, the beams' coordinates were converted into an orthogonal earth
coordinate system. Bottom tracking was used to determine the absolute water velocities
within the profiling range. The echo return was sanpled over 30 depth cells; the cell size was
0.2 m (shalow water mode). Due to the near bottom corruption of echo return between the
main and the side lobes, the valid profiling range extended from 56 m a.b (meters above
bottom) to 0.4 m a.b. Each ping was recorded, so the sampling rate was about 6 s.
SSC were derived from backscattered acoustic intensity with the commercial Sediview
software (Land and Bray, 2000), that used the sonar equation:

EL=S_- 2TL +TS
where EL and SL are the echo and source levels respectively (in dB). TL is the transmission
loss and is equal to 20 logy (R) + (awtas)R, where a,, and as are the absorption coefficients
by water and sediment respectively and R is the distance from the transducer to the depth cell.
TS isthe target strength and is related to the mean acoustic cross-section of the scatterers s =

Nss, where N is the particle density and ss is the individual acoustic cross-section, within an
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insonified volume V. If SSC (in kg m'3) isN7?s?s, where ?s isthe density and ?; is the volume,

TSisequal to 10 logyo (SSC ss/ 2s7%) + 10 1og (V).

The sonar equation then reads :

EL = S - 40log, (R) - 2R(a,, +a,) +10log, (SSCs /1 W,) +10log,, (V)
Defining the relative backscatter intensity, measured by the ADCP and corrected from beam
spherical spreading, as

N(R) = EL- SL+ 40log,, (R)
the SSC can be expressed as
10log,, (SC) = N(R) + 2R(a,, +a,) - 10log, (s /T u,) - 10log, (V)
or equivaently
10l0g,,(SC) = §N(R) + 2R(a,, +a,) + Ks§/ S
where Ks = -10log,, (s ./t u,) - 10log,, (V) and S= 10.

Theoretically, S has avalue of 10, but it is allowed to vary in the Sediview method in order to
fit the backscattered intensity with the measured SSC. The calibration constants S and Ks
were determined empirically for each specific experiment by fitting the acoustic-derived SSC
profiles with simultaneous water samples and light transmssion SSC profiles (Fig. 4). Mean

values of temperature, salinity and calibration constants for each site are presented in Table 2.

Particulate nitrogen and organic carbon

Particulate nitrogen (PN) and particulate organic carbon (POC) concentrations in water
samples were measured by filtration on pre-combusted (4h, 450°C) Whatman GF/F filters
(pore size 0.7 um) and by combustion of the latter filters in a Leco CN 2000 analyzer after

acidification by HCI 2N to remove carbonates. Duplicate water samples were analyzed in
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order to eliminate spurious measurements. The accuracy of the measurements was +2%.
Likewise, PN and POC concentrations in the upper 15 cm of the sediment were measured on
subsamples of 1 cm from sediment cores.

Good relationships were derived between PN and POC concentrations and SSC (all expressed
inmg It or g n®) in the bottom water layer:

PN =8.1" 10°SC®¥ (r* =0.72,n = 40)

POC =5.7" 10 °SC*® (r? = 0.70, n = 40)

Inorganic nutrients

Samples for inorganic nutrients were immediately filtered on board through pre-combusted
(24h, 450°C) glass fibre Whatman GF/F filters (pore size 0.7 um) under gentle vacuum (200
mm Hg) to avoid cell breakage. All determinations were made in duplicate. For ammonia,
reagents were immediately added and measurements were made manually (Koroleff, 1969).
Standard error was 0.02 uM. Samples for nitrate (NOs), nitrite (NO,), phosphate (PO,4) and
silicate (Si(OH),) determinations were immediately frozen (~20°C) in polyethylene vials and
analysed after the end of the cruise. Samples were then rapidly thawed and analysed
according to classical methods (Mullin and Riley, 1955; Murphy and Rilet, 1962; Wood et al .,
1967) using the automated colorimetric techniques on a auto-analyser (Tréguer and Le Corre,
1975). Standard errors were 0.1 uM, Q02 pM, 0.02 and 0.1 uM for NO3, NO,, PO, and
Si(OH) 4 respectively.

Nutrient profiles in the sediment were determined on 6 replicate subcores (interna diameter
2.6 cm). These subcores were sliced in 0.4-cm intervals in the upper 2 cm, in 1-cm intervals
from 2 to 4 cm, and in 2cm intervals down to 10 cm. Interstitial water was extracted by

centrifugation (4500g, 20 min.) and supernatant was carefully removed, diluted with artificia
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seawater and further analysed following the same standard procedure as for overlying water

samples.

Dissolved Organic Matter

All determinations were made in duplicate. Samples for Dissolved Organic Nitrogen and
Phosphorus (DON & DOP) were filtered through pre-combusted glass fiber Whatman GF/F
filters and directly collected in precalcinated pyrex bottles and immedialtly frozen on board (-
20°C) until analyses. DON and DOP were then simultaneously determined by wet oxidation
procedure (Pujo-Pay and Raimbault 1994). DON (+0.1 pmol 1) and DOP (+0.02 pmol )
concentrations were determined from oxidation (30 min, 120°C) of the filtered samples
corrected for their mineral concentrations (NOs, NO, and NH,4 for DON, PO, for DOP).

For Dissolved Organic Carbon (DOC), water samples were aso filtered through pre-
combusted glass fiber Whatman GF/F filters and stored in precombusted glass tubes closed
with a screw cap and a teflon liner. Each tube was poisoned with mercury chloride (5 mg ™)
and stored at room temperature until analysis. DOC concentrations were determined using a
High Temperature Catalytic Oxidation (HTCO) technique with a Shimadzu TOC V analyzer

(Cauwet, 1994).

2.4 Characterisation of turbid plumes generated by trawls

This part of the experiment consisted of profiling particle size, light transmission, acoustic
backscattering intensity, currents and water samples inside and outside the sediment plume. A
profile was collected about one hour before the passage of the trawl. The path of the trawler
was directed according to the near bottom currents (about few cm s), measured at the
beginning of the experiment, in order to position the second ship about 100-200 m

downstream of the coming sediment plume. Moreover, the ship was located at mid course of
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the haul that was about 4-5 km long. Immediately after the passage of the trawl, the
CTD/rosette was lowered at 1 m ab. and the ADCP at 5-6 m ab., and the ship entirely
transected the plume quasi-perpendicularly to the trawler’s path at a speed of about 1 knot (~
05 m s%. The light transmission sensor monitored in real-time when the CTD/rosette
package entered the plume which occurred between 5 and 20 minutes following the passage
of the trawl. Over this time period, the instrument packages were located at a distance of
between 500 and 2000 m astern of the trawl. The CTD/rosette package was then profiled in a
yo-yo mode within ten meters above the seabed until the end of the plume was reached (Fig.
3). Water samples were taken at 5 levels within the plume during one the downcasts. At the
same time, the ADCP package that flew at a constant distance over the seabed provided a
complete description of a plume segment. The obvious drawbacks of this strategy are: (i) it
catches the sediment plume at some distance from the trawl and (ii) it mixes space and time
during the crossing of the plume segment that lasted between 3 and 15 minutes.

On one occasion, the ADCP was towed about 30 m above the seabed (using the standard
profiling mode with a cell size of 1 m) along the path of the trawl, between the stern of the
trawler and about 200 m behind the codend. It permitted us to follow the short-term evolution

of the height of the plume.

2.5 Quantification of the resuspension fluxes

Resuspension fluxes (F, mass of dissolved or particulate element put into suspension per unit
area and unit time) were calculated for each transect as the ratio of the excess mass of a given
element within the segment of the plume @ in g) by the surface area of bottom sediment
scraped by the trawl per second (A in nf) (Fig. 5). From the observations of plume dispersal,
we estimated that the lateral spreading of the plume during its crossing represented less than

10% of its initial width. A geometrical correction was included to take into account any
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departure of the transect’s direction from the perpendicular to the path of the trawl that
formed an anglej . The equation for the resuspension flux estimate reads:

F=Qcos(j)/ADt

The surface A was estimated from the sum of the widths of the groundrope (Wgr) given by the
horizontal opening of wingtips and of the furrows of the otter doors (Wop) multiplied by the
distance travelled by the trawl per unit time (I = V; Dt) where V; (in m sY) is the speed of the
trawler and Dt is equal to one second (Fig. 5). With adoor’s length of 2 m and an attack angle
of 30°, the width of each furrow was estimated to 1 m.

A=[Wer+ 2 Wpp] |

The geometry and size of the plume were revealed using SSC derived from acoustic
measurements C(x,z) after removing the background (outside the plume) SSC profile Cy(2).
Due to the near bottom corruption of echo return between the main and the side lobes, SSC in
the 0.4 m layer above the seabed was not measured. To take into account this layer where
SSC is high, an extrapolation is made and SSC is calculated by fitting a power law on the
three bottommost measured concentrations (i.e. between 0.4 and 0.8 m a.b.). The integration
of the excess SSC over the volume of the sampled box (of length L, height H and width I, Fig.
5) yielded the excess sediment mass. Similarly, resuspension fluxes of particulate total
nitrogen (PN) and particulate organic carbon (POC) were computed considering PN and POC
concentrations (in g m®) inferred from SSC measurements. Given that the plume segment is

homogeneous along the traw!’s path, the equation for the excess mass of particulate matter

within the segment (Q,) reads:
Q=4 agx2-C(2)gpx Dzl  wherexi [0, L] andzi [0, H]
0 0
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Since the plumes were sampled with some delay, the calculated resuspension fluxes should be

considered as minimum values.

Concentration profiles of nutrients, collected in the central part of the plume, were insufficient
to correctly map the distribution of these dissolved elements within the entire plume and
prevented a correct quantification of the nutrient mass. Nonetheless, a crude and conservative
estimate was done by calculating the excess mass of nutrient (in mol) contained within a
fraction of the box volume. This volume had a height H and a bottom surface area A equal to
that scraped by the trawl per second. The equation for the resuspension flux of dissolved

elements (Qg in mol m?s™) reads:

Q=Aa &(2)- G (z)gDz

2.5 Quantification of the equivalent sediment thick ness

We estimated the equivalent sediment thickness as the layer of sediment containing as much
suspended sediment, particulate or dissolved elements as the excess loads found within the
plume segment. The sediment thickness, h, is embedded, as an integration limit, within the

equations:

Q= Aéi & .f (2)+r.(1-f(2))jDz  for bulk sediment

w
0

h

Q=Aa £&.(2)(1- f (2))gpz for particul ate elements (PN, POC)
0
h

Q= A4 &.(2)f (2)§Dz for dissolved elements (nutrients)
0

where Q, and Qy are the excess masses of a particulate or dissolved element in the plume, A

the trawled surface area per second, I s the density of mineral grain (2.64 g cmi), r, the

density of seawater (1.03 g cmi®) and f (2) the porosity profile. Cy2) represents the dry weight
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concentrations for particulate elements or the porewater concentrations for dissolved

elements.

2.6 Dispersal and settling of turbid plumes

The temporal changes of the geometrical characteristics of the sediment plume and its load
were measured with the ADCP towed near the seabed. Two different strategies were used. In
the first case, the sediment plume properties were determined by measuring acoustic
backscattering intensity across a plume segment at various times after its generation by a
trawl. Following the plume segment was a tricky task that was accomplished by using
shipboard velocity profile data obtained with the hull-mounted ADCP. In the second case,
four successive and parallel hauls about 200 m apart were performed perpendicularly to the
bottom current. A transect starting from the most recent line crossed the different plumes. If
the plumes were initially identical, this simple procedure provided the properties of a

sediment plume with increasing lifetimes.

2.7 Numerical smulation of the plume deposition

An analytical approach was used to simulate the deposition of the suspended sediment, in
order to estimate the amount of sediment that settled during the early stage of the sediment
plume redeposition, which was not observed. Prandle (1997) derived an expression for the
time sequence of sediment deposition as a function of settling velocity W, vertical dispersion
coefficient E and water depth D. In this 1-DV approximation, neither horizontal advection
nor dispersion is considered and E is assumed to remain constant both temporally and
verticaly.

Given an initial amount of suspended sediment My, and for E/W;D < 1, the mass of sediment

remaining in suspension takes the form :
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M(t) = Mo ™
where the exponential decay constant a = 0.693" (W.?/E). The expression was fitted to the
excess load of the plume segment measured at various stages of its deposition, which led to
the estimate of My and (W,%/E). Subsequently, a characteristic settling velocity W could be

inferred using an independent estimate of the ambient vertical dispersion coefficient E, which

was derived from the local Richardson number (R = gr) W/ ﬂz) determined from the
(flu/ 12y

CTD and the ADCP profiles:
K,=167" 107 (1+1—3O Ri)"°"2

where I is the density and g the gravitational acceleration. The density profile was derived

from the observed temperature and salinity profiles. Likewise, the current profile was derived

from the observed mean current profile measured with the towed and shipborne ADCPs.
3.RESULTS

3.1 Pre-trawling sediment and water column characteristics

Surficial (0-10 cm) sediments at CS60 site are characterised by POC content between 1 and
1.2% and PN contents between 0.08 and 0.1% (Table 2). The finer sediments at SC90 site are
lower in POC (0.75-1%) and PN (0.05-0.06%) (Table 2). The mean POC/PN ratio of 15
corresponds to atypical degraded organic matter of continental shelf (Buscail et al., 1995).
Pore water nutrients profiles in the ten first centimetres of sediment & CS60 and SC90 sites
are similar to those observed previously at nearby stations in the Gulf of Lion (Helder, 1989;
Blackburn, 1991, 1993; Denis and Grenz, 2003). Profiles at CS60 show steep gradients with

concentrations ranging from 4 to 130 uM, 14 to 80 uM, 4.5 to 8.7 uM, and 50 to 160 uM in
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NOz+NO,, NHy4, PO4, and Si(OH) 4 respectively (Table 2). Like for particulate organic matter,
nutrients concertrations are lower at SC90 site (Table 2).

Concentrations of particulate elements and nutrients in the sediment are higher than the
concentrations in the overlying water column. During the summer sampling period, a strong
thermocline and a halocline were situated at around 20 m depth at al stations (Fig. 6a). A
two-layer system was also observed for SSC (Fig. &) and nutrients (Fig. 6¢), but with a
thicker upper layer. The upper layer was depleted in particles and nutrients expect for silicate
(~ 0.5to 20 nM). Nitracline and silicline were associated to a peak in SSC, fluorescence and
nitrite between 40 and 50 m at CS60 site (Fig. 6) and between 35 and 80 for SC90 sites. Some
traces of phosphate persist in the upper layer, but phosphocline is located 10 to 20 m deeper
than nitracline and silicline. Ammonium concentration was close to the detection limit of
classcal methods (previously observed by Diaz et al., 2000), so ammonium was not shown in
Fig. 6. The increase of SSC within the bottom 15 m is typical of the bottom nepheloid layer
that is systematically observed all the year over the whole shelf (Durrieu de Madron and
Panouse, 1996). The POC and PN concentrations within that layer were about 0.07 and 0.01
mg 1™, respectively. Fluctuations of particulate and dissolved matter concentrations in the
bottom water layer, independent of resuspension, were estimated from repeated casts at the
same station within a period of several hours. The results indicated that particulate matter
concentrations “naturally” varied by £50%, whereas dissolved elements concentrations varied

by less than 5%.

3.2 Visualisation of turbid plumes
One direct output of the experiment was the absence of sediment plumes for pelagic trawls
towed at 10 or 1 m above the bottom. Only bottom trawls generated plumes that were visible

(Fig. 7). On one occasion, when the trawl did not work properly (weak contact with seabed as
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suggested by the low tension on the towing warps), one could clearly distinguish three
individual plumes created by the otter doors and the groundrope of the net (Fig. 7a). In normal
conditions, one generally observed one single plume (Fig. 7b). Within a period of 30 minutes
after its generation, plumes were up to 5.5 m high and 190 m wide (Table 3). The thickness
and width of the plumes generated on the coarsest sediment (CS30 site) were significantly
smaller than those observed on deeper and finer sediments (CS60 and SC90 sites). The
measurements taken while towing the ADCP over the trawl revealed that the height of the
plume was about 4-5 m immediately astern of the trawl. This result and those of the different
transects suggest that the thickness of the sediment cloud remains uniform during the first 30
minutes after its generation.

Profiles performed outside the plume showed SSC of few mg I* in the bottom layer. SSC
significantly increased inside the plume and exhibited maxi mum measured concentrations
between 15 and 70 mg [* at 0.4 m ab. (Fig. 8). Average excess concentrations in plumes
range between 10 and 50 mg | ™. Profiles did not show major differences between the different
types of trawl, except for the site with the finest sediment where maximum concentrations for
the Medits trawl were 50 % higher than that for the Rockhopper trawl (SC90, Fig. 8c).
However, it is worthwhile to note that the former plume was sampled much earlier (time

delay of 3 minutes) than the latter (time delay of 15 minutes) (Table 3).

3.3 Resuspension fluxes

Resuspension fluxes of sediment estimated for the different types of trawls and experimental
sites are summarised in Table 3. As aready shown, the sediment loads within plumes are
strongly dependent on the delay between the start of measurements in the plume and its

generation. As larger delays imply lower fluxes, the computed values underestimate the
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« true » resuspension fluxes that would have been estimated dead astern of the trawl. The
effect of the time delays on the resuspension fluxes will be discussed in section 3.6.

Sediment resuspension fluxes were observed to decrease with increasing sediment grain size.
Maximum fluxes were estimated around 540 g m? s for the finest sediment at SC90 site, and
they range from 150 to 210 g m? s for the coarser sediment at SC30 site (Table 3). Taking
into account the probable bias due to the time delay between plume generation and initial data
collection, it appears that largest resuspension fluxes were obtained for the Rockhopper trawl.
The calculated equivalent thickness of sediment that must be eroded to produce the

resuspended load from the seabed ranges between 0.1 and 0.4 mm (Table 3).

3.4 Particle size distribution

Due to the importance of the Rockhopper trawl in producing the largest resuspension fluxes,
the following particle size data presentation is for the Rockhopper trawl experiment at CS60
site only, but the LI1SST-generated particle size distribution (PSD) results are valid for all sites
and bottom trawls. Depth-averaged PSD completed in the laboratory for sonicated, surficial
(0-10 cm) sediment samples and suspended particle samples collected on filters both inside
and outside the plume showed similar bi-modal PSD (Fig. 9a). Conversely, depth-averaged in
situ PSD both inside and outside the plume were significantly different. They showed a quasi-
absence of clays, a reduced abundance of fine silts, and an increasing fraction of particles
larger than 10, 20, and 60 pum (for SC90, CS60 and CS30 sediments, respectively) with a
large peak between 150 and 200 pum (Fig. 9b). The discrepancy between in situ and laboratory
distribution suggests the presence in the bottom water layer of flocs built up from clayey and
silty individual particles.

PSD were identical for various depths outside the sediment plume (Fig. 10a), but showed a

substantial spatial (vertical) and temporal variations inside the plume (Fig. 10b and 11). For a
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single downcast, the abundance of the large (150-200 um) particle flocs was maximal at the
top of the plume and decreased closer to the seabed (Fig. 10b). The abundance of smaller, 30-
100 um flocs displayed an opposite trend: their abundance was maximum near the seabed and
decreased farther from the seabed (Fig. 10b). Furthermore, PSD obtained at few minutes
intervals and at a constant depth (1.5 m) above the seabed within the same plume showed
rapid changes of the abundance ratio between the 30-100 um and 150-200 pum flocs (Fig. 11).
While the volume concentration of small flocs was larger than that of the large flocs at the

initial collection time, the ratio was inverted less than 10 minutes | ater.

3.5 Fluxes of particulate and dissolved elements

The resuspension of sediment by trawls provoked a strong increase of POC, PN
concentrations in the lower part of the plume (2-3 m ab, Fig. 12c-d). The quantity of POC
and PN injected into the bottom water layer appeared to be maximized by the Rockhopper
trawl relative to the Medits trawl (Table 3). Resuspension fluxes ranged between 1.4 and 4.6 g
m? s* for POC and between 0.2 and 0.7 g m? s for PN and these fluxes decreased with
increasing sediment grain size as represented by the three sites (Table 3).

A significant increase was observed for nitratet+nitrite (Table 4) and DOC (data not shown)
concentrations within the turbid plume. For phosphate and silicate, the increase was slight but
generaly close to the accuracy of the analytical methods (Fig. 12 e-h, Table 4). Variations of
ammonium, DON and DOP concentrations were in most cases not significant. The nutrient
fluxes, averaged over all sites and trawl-types, are about 1400 umol mi?s™* for nitrate+nitrite,
55 umol mi?s* for ammonium, 80 pmol m?s* for phosphate and 1050 pmol ni?s? for
silicate (Table 5).

The equivalent ssdiment thickness required to be resuspended to provide the estimated POC

and PN influx represent a layer less than one millimetre thick, as for resuspended sediment
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(Table 3). For dissolved elements, this layer was much thicker (between 1 to more than 10

cm, Table 4).

3.6 Redeposition of turbid plumes

The settling and dispersal of sediment plumes were traced twice. In the first case (CS30, site
with the coarsest sediment), the plume segment generated by a professional bottom trawler
was transected four times during a total period of 4 hours (Fig. 13a). The mean current
perpendicular to the path of the trawl was low (< 4 cm s%) but instantaneous currents were
stronger (up to 14 cm s?) and highly variable due to windy conditions. The plume remained
centred around its original track, and underwent a significant lateral spreading from 30 m to
480 m after 4 hours. In the second case (SC90, site with the finest sediment), the four
successive and parallel plumes were transected once and the oldest plume was measured at 3
hours 30 (Fig. 13b). The bottom currents, oriented across the path of the trawl, were
unidirectional and constant (~ 3 cm s%). Due to the low current fluctuations, the lateral
spreading of the plumes was small and they essentially retained the width of the initial plume
(~ 200 m) while they were advected by the mean current. The sediment load for both plumes
rapidly collapsed by about one to two-thirds respectively after 30 minutes, but between one-
tenth to one-third of theinitial load remained in suspension after 3-4 hours (Fig. 14aand b).
Given the rapid decay at the early stage of the plume, it appeared crucia for a correct
estimation of the initial sediment load to take into account the amount of particulate matter
that settled on the seabed during the time delay. Figure 14 shows the decay curves of the
deposition expression fitted to the temporal mass changes measured during the plume
monitoring at both sites. The regression fit led to an initial mass of resuspended sediment Mg
of 6.9 kg for the professional trawler at CS30 site and 28.3 kg for the Medits trawl at SC90

site. These values represented an increase of 5 to 27% with respect to the estimates
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established for the first crossing of the plume. Using estimate of E calculated for the ambient
conditions recorded for each monitoring (8 10° m* s at CS30, 6 10° n? s* at SC90), these
values of E led to estimate of W;of 5 10° m s* and 3° 10° m s for the CS30 and SC90 sites
respectively, which corresponds to typical settling velocities for fine sediment flocs (Eisma et

al., 1996).

4. DISCUSSION

4.1 Characteristics of trawl-induced turbid plumes

The characteristics of the sediment plumes generated by the bottom trawls agree with earlier
observations. The height of the plume, which is about twice the vertical opening of the trawl
net, is similar to that observed by Main and Sangster (1981) for sandy sediment. The
maximum SSC observed at 0.5 m ab. in the sediment plumes (between 150 and 300 mg I
are close to the observations of Schoellhammer (1996), in which an SSC value of 250 mg|™
was observed between 0.27 and 0.46 m a.b., downstream of the trawling line. Such SSC are
comparable to the near-bottom SSC observed at 26 m during a severe storm in the Gulf of
Lion (Ferré et a, this volume).

The asymptotic decrease of suspended sediment load within the plume agrees with
observations of Schoellhammer (1996) and Palanques et al. (2001), who reported that some of
the resuspended sediment remained in suspension for at least 8 hours and even during 2 days.
The regression fit of the plume load decay at the CS30 and SC90 sites leads to a revaluation
of resuspended mass of sediment.

Theinitial mass for each trawling experiment was estimated using the local vertical dispersion
coefficient (calculated from measured density and velocity profiles) and an average settling

velocity (4" 10° m sb). It appears that the excess masses, resuspension fluxes and equivalent
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sediment thicknesses summarized in Table 3 are underestimated by 2 to 30%. Resuspension
fluxes by bottom trawls are thus estimated to range between 190 mg nf s*and 800 mg nf s*
and with an average of 410 mg m? s™. Likewise the average resuspension of POC and PN are
estimated to 3.6 mg n s* and 0.6 mg n s respectively.

The equvalent sediment thickness required to be resuspended to provide the estimated
sediment, PN and POC influx represent thus a layer less than one millimetre thick. For
nutrients, this layer was at least afew centimetres thick (between 0.4 and 10 cm). While these
latter values were more in accordance with the expected sediment thickness to be disturbed by
doors and groundrope of bottom trawls, the first value indicated that only a small fraction of
the sediment actually remobilised by the trawls is resuspended and dispersed in the bottom
water layer.

LISST-measured PSD inside and outside the plumes clearly indicate the presence of fine
particle (clay and silt) flocs populations of 30-100 pum and 150-200 pum, which are commonly
found in the estuarine and coastal waters (Eisma et al., 1996 and the references therein). The
vertical distribution and the short term temporal change of flocs size, with a higher abundance
of small flocs at the bottom and at the early stage of the plume, are most probably the result of
higher turbulence shear of the fluid close to the seabed in the wake of the trawl. Indeed,
Manning and Dyer (1999) showed that, while increasing SSC at low shear level favoured floc
growth, increasing SSC together with increasing turbulent shear disrupted of the flocculation
process. The reproducibility and vertical homogeneity of PSD measured outside the plumes
(Fig. 10a) over the period of the experiment, suggests that the floc size distribution of
resuspended sediment eventually evolved toward a more or less vertically homogeneous and

average abundance.
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4.2 Impact of dissolved nutrient injection

Our results showed that trawling inject significant quantities of nutrients (nitrate + nitrite
especialy) in the water column. The trawling-induced nutrients fluxes are 2 to 5 orders of
magnitude larger than the average natural fluxes measured over the Gulf of Lion shelf (Denis
and Grenz, 2003) or the North Sea (Tengberg et al., 2003) (Table 5). Natural nutrients
effluxes from the Gulf of Lion sediments are known to be weak, mainly due to the low
organic contents of the sediments, and to show low tempora and spatial variability (Denis
and Grenz, 2003). Tengberg et al. (2003) also estimated the impact of artificial resuspension
(stirring with paddle wheel in benthic chambers) on the nutrient fluxes. They observed that
the fluxes of nitratet+nitrite and silicate strongly increased after resuspension (Table 5).
Nevertheless, these resuspension fluxes are still several orders of magnitude lower than the
trawling-induced fluxes. This difference likely relates to the thickness of sediment
resuspended, which was about few pum for the chamber resuspension (Tengberg et al., 2003)
and few centimetres for the trawling resuspension.

This latter study and our results both show that, wheareas nitrate+nitrite and ammonium are
more concentrated in the sediment than in the bottom water layer, only nitrate+nitrite
concentrations significantly increase in the water layer after resuspension. The constancy of
ammonium concentrations might be related to the absorption of the resuspended ammonium
on particles, due to the propping effects of hydroxycation islands in the interlayer spaces of
clays. Ammonium exchange is a rapid and reversible process (Boatman and Murray, 1982)
and exponential when concentration increases (Suess and Muller, 1981). Moreover, nitrifers
are closely associated with particle surfaces when available (Keen and Prosser, 1988). The
release of ammonium by resuspension can be hampered by the enrichment in SPM and

associated NH," oxidizing bacteria.
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Sediment resuspension can thus enrich the water column with nutrients, which are
immediately available for autotrophic or heterotrophic activity (Fanning et al. 1982; Simon,
1989). The impact of these nutrients on the ecosystem will strongly depend upon the
environmental conditions. Indeed, if the water column is already rich in nutrient such as in
winter, in frontal zone, in upwelling, or in deep cold water water (Pujo-Pay and Conan, 2003),
the introduction of new nutrients will not modify significantly the functioning of the
biologica communities. Conversely, in a water column depleted in nutrients such as in
summer and in offshore water (Pujo-Pay and Conan, 2003), the injection of new nutrients
could locally generate a bloom and prime a population succession because of phosphate or
nitrate limitation of the production (Conan et a., 1999). Thus dissolved nutrient injection by
bottom trawling activity in shallow waters and summer period might impact the biological

production of the Gulf of Lion

5. CONCLUSIONS

This study focused on the impact of trawls on the resuspension of cohesive muddy sediment

and associated elements led to the following conclusions:

1. Bottom trawls causes a significant resuspension of sediment, while the near-bottom
pelagic trawls towed at 10 or 1 m above the seabed have no impact on the sediment. Otter
doors and the net contribute both to the resuspension. The observed release of dissolved
elements (nutrients) suggest that trawl gears scrape at least the top few centimetres of the
sediment. Nevertheless, only a small fraction of the remobilised sediment (corresponding
to a layer less than one millimetre thick) is effectively injected as suspended particulate
matter in the water column.

2. Resuspended sediment clouds at several hundreds meters stern of trawls are few metres

high (average 4 m), 70-200 m wide, and exhibited average excess SSC between 10 and
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50 mg ™. The combination of integrated load over a segment of the plume with the trawl
horizontal opening and trawler speed yield the resuspension fluxes. The estimated
suspension fluxes for sediment, including corrections for missing near-bottom data and
time delay between plume generation and initial data collection , lie in the range 190-800
g m?s’ (average 410 g m?s™Y). The higher values are associated with the finest sediments
and the Rockhopper trawl. Fluxes of particulate elements and nutrients depend on the
concentration gradient of these elements between the sediment and the near-bottom water.
In this study, approximate fluxes of nutrients induced by trawls were 2 to 5 orders of
magnitude higher than the natural diffusive effluxes.

. The decay and spreading of turbid plumes is dependent of the settling velocity spectra of
the suspended materials, the vertical dispersion, and the variability of the horizontal
currents in the bottom boundary layer. The dynamics of aggregated material appears to be
a key point for settling of the sediment plume. A large fraction (one to two-thirds) of the
sediment load settles during the first hour after the passage of the trawl, but about one-
tenth remains in suspension. The sediment puffs generated by bottom trawls are thus
likely to regularly feed the bottom nepheloid layer with suspended fine-grained sediment,

particulate and dissolved elements.

These results will be included in an on-going study on the modelling of the impact of a

trawler fleet on the resuspension and dispersal of sediment and particulate organic matter on

the Gulf of Lion continental margin.
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Figure Captions

Figure 1 Diagram of fishing vessel (a) towing a bottom trawl and (b) a pelagic trawl over the
seabed.

Figure 2. Map of the study areain the Gulf of Lion continental shelf. The three study sites are
indicated as CS30 (clayey silt site at 30 m depth), CS60 (clayey silt at 60 m depth) and SC90
(silty clay site at 90 m depth)

Figure 3. Top and side views of the arrangement and moving of ships to characterise to

sediment plumes generated by a bottom trawl.

Figure 4. Example of simultaneous SSC profiles measured from water samples, light-
transmission measurements and acoustic backscattering measurements in a Rockhopper turbid

plume on the SCI0 site.

Figure 5. Sketch of the sampled box, of length L, height H and width |, across a segment of a
turbid plume generated by a bottom trawl. The x-axis is aong the transect, the y-axisis along
the trawl path, the z-axis is oriented vertically. The dashed line delineates the suspended
sediment plume, and the shaded strips at the bottom define the areas scraped by the

groundrope and the otter doors of the trawl.

Figure 6. Suspended sediment concentration (in mg|™) distribution along transects of
sediment plumes generated by (a) a Medits bottom trawl in abnorma working conditions
(weak contact with seabed) at CS30 site, and (b) a Rockhopper trawl in norma working
conditions at SC90 site. The bottom scales indicate the elapsed time since the passage of the
trawl and the distance covered by the ship towing the ADCP.

Figure 7. Profiles of SSC (in mg ") before trawling and maximum SSC within the plume
generated by three types of bottom trawlers (Medits otter trawl, Rockhopper trawl, and
professional trawl) on (a) clayey silt sediment a 30 m depth (CS30 site), (b) clayey silt
sediment at 60 m depth (CS60 site) and (c) silty clay sediment at 90 m depth (SC90 site).
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Figure 8. Comparative average particle size-distribution from LISST for surface sediments,
and filtered suspended particle samples collected between 1.4 and 54 m ab. outside and
inside a plume at CS60 site using a rockhopper trawl: (a) laboratory PSD for sonicated
samples, (b) in situ measurements of PSD.

Figure 9. Vertical distribution of in situ particle size-distribution measured during two
downcasts (a) outside and (b) inside a sediment plume generated by a Rockhopper trawl at
CS60 site.

Figure 10. Variation of in-situ particle size-distribution measured at 1.5 m ab. at different
time after the initial data collection within a sediment plume generated by a Rockhopper trawl
at CS60 site.

Figure 11. Example of hydrological profiles (T, S, fluorescence, SSC) and nutrients
(NOs+NO,, NHj3, POy, Si(OH),4) in the whole water column before trawling at CS60 site.

Figure 12. Example of profiles of particulate matter (SSC, TN, POC), fluorescence and
nutrients (NOs+NO,, NHj, PO,4 Si(OH),4) in the near-bottom layer outside and inside a
sediment plume generated by a Rockhopper trawl at CS60 site.

Figure 13. (a) Distribution of a plume segment at various time after its generation by a
professional bottom trawl at 30 m depth (CS30 site), estimated from acoustic measurements.
The plume resulted from a single haul by a professional bottom trawl that was transected at
various times after its generation. (b) Distribution of a plume segments at various time after
their generation by a Medits bottom trawl at 90 m depth (SC90 site), estimated from acoustic
measurements. The plumes resulted from successive parallel hauls that are transected al at

once.

Figure 14. Total sediment load within a plume segment at various time after the generation of
the plume by (a) aprofessional trawl at 30 m depth (CS30 site) and (b) a Meditstrawl at 90 m
depth (SC90 site). The solid line indicates the simulated sediment load variation.



Table Captions

Table 1. Characteristics of the GOC73 (Medits and Rockhopper otter trawls) and of the
PTGM 158 (pelagic trawl). Professional bottom trawls in the Gulf of Lion have heavier doors
(up to 800 kg), a smaller wing aperture (5-8 m) and higher speed over the ground (3.8 — 4.2
knots)

Table 2. Average grain size and range of chemical element concentrations in the upper 10 cm
of the sediment for the three study sites: clayey silt sediments (CS30 and CS60 sites), silty
clay sediment (SC9O0 site), and parameters used to calibrate ADCP signa for the different
sites.

Table 3. Characteristics of the trawl geometry and sediment plume geometry, and estimates of
the resuspension fluxes of particulate matter and equivalent sediment thickness for the three
study sites and the different bottom trawls. The equivalent sediment thickness represents the
layer of sediment containing as much suspended sediment or particulate element as the total

load found within the plume segment.

Table 4. Estimates of the average excess concentration in the plume, resuspension fluxes of
dissolved nutrients and equivalent sediment thickness for two study sites and different bottom
trawls. Italic values are not significantly different from 0. The equivalent sediment thickness
represents the layer of sediment containing as much pore water nutrients as the total load

found within the plume segment.

Table 5. Comparison of natural effluxes and resuspension fluxes of nutrients from sediments
in the Gulf of Lion and the North Sea.
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Tablel

Device Main characteristics
Trawl
Type GOC73 Sampling bottom trawl, made of four panels
Floatline length 35.70 m
Groundrope length | 40.00 m
Sideropeslength | 7.40 m
Wings meshsize 140 mm (stretched)

Codend meshsize

20 mm (stretched)

Rigging
Doors Morgéere WH type; 2.5 m; 350 kg each
Sweeps Combination rope; diameter: 32 mm; Length: 100 m (10-200m depth)
Upper bridles Steel wire ; diameter :10 mm ; length: 30 m
Lower bridles Combination rope ; diameter : 32 mm ; length: 29 m + 1 m chain
Floats 40 x 2.7 kgf
Groundrope gear
(Medits) Sinker chains: 3 x 40 kg + 15 kg
(Rockhopper) Rubber bobbins: aternation of small and large diameter
Wing aperture 12-20m
Speed over the ground | 3 knots (1.5 m s)
Device Main characteristics
Trawl
Type PTGM Pelagic trawl
Floatline length 65.2 m
Groundrope length | 83.20 m
Wings meshsize 6000 mm (stretched)
Codend meshsize | 20 mm (stretched)
Rigging
Doors Morgere W 2m2 ; 500 kg each
Floats 16 x 3 kgf
Weight 2 x 200 kg
Sinker chains 25kg
Speed over the ground | 4.5 knots (2.3 m s™)
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Table2

SC0 | CS60 | CS30

Depth(m) | 9 | 60 | 30
Porosity 0.81 0.79 0.55
Particle % Clay
sze (<4 pum) 49 32 22
% Silt 47 60 60
% Sand
(> 63 um) 4 8 18
Dso 20 30 20
(Um)
Hydrology [T SPEraIUre |94 | 14 | 18
(°O)
Salinity 38 38 33
Calibration
coefficients Ks 47 46 50
S 16 18 23
Particul ate POC
matter (mg g 10-75|12-10 -
PN 1 06-05(1.0-0.8 -
(mg g°)
Dissolved
NOs., ) ) ]
NH,
(umol 1Y) | 7-89 [14-80 -
PO, ] ] _
(umol 1) 15-3.2(45-87
SOH)s | 55160 [50-160] -
(umol 1)
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Table3

SC90 CS60 CS30
Trawl Medits | Rock | Medits | Rock | Medits | Rock
Trawl Towing | 95 | 15 | 15 | 15 | 15 | 15
geometry |velocity (ms™)
W'“gs(ra';’e””re 194 | 133 | 13 | 127 | 13 | 126
Trawledarea | 4,1 | 230 | 205 | 220 | 225 | 219
per second ()
Vertica
opening (m) 2.4 1.9 1.9 2.3 2.1 1.9
Plume | Timedelay 3 15 13 24 30 14
geometry (min)
Height (m) > 4.2 55 4 4.7 3.8 2.6
Width (m) 155 110 190 190 95 73
Suspended | Integrated |oad 17.310°[12.010% 4.610° | 7.010°| 3.410° | 4510°
sediment (9
Resuspended | 5/ | 540 | 200 | 320 | 150 | 210
flux (gm<s”)
Equivalent
sediment 0.41 0.40 0.16 0.25 0.10 0.14
thickness (mm)
Particulate
organic '”tegr?t‘)adload 1146 | 1053 | 735 | 9.1 | 323 | 441
carbon 9
Resuspended | 50 | 45 | 33 | 44 | 14 | 20
flux (gm<s”)
Equivalent
sediment 0.2 0.3 0.2 0.2 - -
thickness (mm)
Particulate | Integrated |oad 186 16.6 111 14.9 51 70
nitrogen (9) ’ ) ' ) ) )
Resuspended | 5 | 57 | o5 | 07 | 02 | 03
flux (gm<s?)
Equivalent
sediment 0.6 0.8 0.3 0.5 - -
thickness (mm)
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Table4

SC90

CS60

Trawl

Medits Rock

Medits Rock

Nitrate +
Nitrite

Average excess
concentration
(umol 1)

0.39 0.33

0.28 0.14

Resuspended flux
(umol m?s?

1900 1600

1400 700

Equivalent
sediment
thickness (mm)

> 100 80

> 100 10

Ammonium

Average excess
concentration
(umol 1)

-0.01 -0.02

0.07 0.01

Resuspended flux
(umol m?s™

-30 -90

300 40

Equivalent
sediment
thickness (mm)

Phosphate

Average excess
concentration
(umol 1)

0.02 0.02

0.02 0.01

Resuspended flux
(umol m?s™

90 100

80 50

Equivalent
sediment
thickness (mm)

50 55

40 -

Silicate

Average excess
concentration
(umol 17

0.06 0.42

0.04 0.35

Resuspended flux
(umol m?s™

300 2000

200 1700

Equivalent
sediment
thickness (mm)

-39-




Table5

Flux Natural flux Natural flux Paddle wheel Trawling
pumol m?s* resuspension flux | resuspension flux
(Denis& Grenz | (Tengberg et al. (Tengberg et al. (this study)
2003) 2003) 2003)
Location Gulf of Lion North Sea North Sea Gulf of Lion
Nitrate , 3 , 3 . 3
o 5-6 " 10 -37 10 6" 10 1400
+ Nitrite
Ammonium | 0.3-1.0" 10° 2 10° 3" 10° 55
Phosphate | 0.1-0.4" 10° 09" 10° 0.02" 1073 80
Silicate 4-20" 10° -13”° 10° 20" 10° 1050
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