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Reconstruction of Oceanic Data Fields
and Data Assimilation

Pierre BRASSEUR and Jean-Michel BRANKART
GHER, University of Liege

Abstract.

In the new generation of models conceived to understand and predict the evolution of
marine systems, the assimilation of observations has an increasingly significant role to play.
The reconstruction of data fields from scattered observations, or data analysis, appears
as a key component of any complex data assimilation scheme. This strategy has promising
implications, not only for physical, but also for biological, ecological and biogeochemical
marine models.

Among a variety of methods, the Variational Inverse Model (VIM) is a mathematical/
numerical analysis tool developed at the GHER with the aim of taking into account the
peculiarities of oceanic data fields. The objectives of this new technique are multifold: on
the one hand, it guides the interpretation of experimental data into their physical context;
on the other hand, it provides the indispensable bodyguard that prevents primitive
equation models from producing unrealistic results. The utility of the VIM in a global
modelling perspective will be illustrated by three kinds of applications related to the
modelling of the Mediterranean general circulation:

(i) mathematical visualization of extensive sets of in situ observations (reconstruction of
the hydrology at the climatological scale in the Mediterranean Sea);

(ii) realistic initialization of primitive equation models designed to simulate dynamical
processes (seasonal variability of the general circulation in the Western Mediter-
Tanean);

(iii) optimal adjustment of boundary conditions (control of thermodynamic forcings in
the Mediterranean); ‘

The possible extensions of the VIM to intermittent and continuous data assimilation
schemes will be discussed briefly.
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1.— Introduction: why do ocean models need efficient analysis
methods?

The assimilation of observations is more and more considered as an essential
ingredient of most up-to-date ocean models (Robinson and Leslie, 1985). The
reason of that tendency is quite evident: whatever the degree of sophistication
reached, a series of deficiencies and weaknesses inevitably affect numerical mod-
els. Indeed, simplifications of the real world are required to make numerical
models effective and tractable. On the other hand, the volume of oceanic ob-
servations has increased substantially, namely since more and more satellites are
providing the scientists with high-resolution sea-surface properties (elevation,
temperature, roughness, wind stress, ...).

The imperfections of models may have different sources: (i) structural un-
determinations, when the structure of the model equations has been simplified,
leaving some processes —unimportant at first insight —misrepresented; the hy-
drostatic assumption made in a majority of circulation models is a typical example
of structural deficiency; (ii) statistical undeterminations, when the data base
used to pilot the system’s behaviour is inadequate, for instance when initial
and boundary conditions, or even auxiliary parameters of the model, are poorly
known (Wunsch, 1989).

For a given structure of the model equations, the model trajectory in the
phase space depends on: (i) the initial conditions from which the evolution of
the system starts, (ii) the boundary conditions used to reflect how the system
interacts with the external world, and (iii) the various numerical parameters of
the model equations. The trajectory will be different if one of these three types
of settings is changed.

Usually, additional sets of observations relevant to the system itself are
available, although not in a form suitable for direct integration in the model. On
the one hand, initial and boundary conditions are seldom “observed” in the real
ocean, as well as auxiliary parametres such as those taking place in a turbulent
closure scheme. On the other hand, some state variables can be estimated from
direct observations, but only within a certain accuracy. These estimations are
indicatory of the real trajectory of the model in the phase space.

Broadly speaking, data assimilation relates to techniques conceived to
improve our estimation of the optimal trajectory in the phase space, taking into
account both the model results and the direct observations on the state variables.
It is customary to distinguish between variational and recurrent data assimilation
schemes (Ghil and Malanotte-Rizzoli, 1991).

There are indeed two possibilities to approach the real trajectory. Varia-
tional data assimilation determines the “best” initial and boundary conditions,
as well as the best model parameters, which are supposed to produce an optimal
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trajectory, fitting the observations as much as possible. For instance, the adjoint
technique, developped initially for meteorological applications, is a relatively
complex and time consuming method: it requires the repeated integration of the
model, forward and backward in time, in order to minimize some cost function
measuring the distance between the trajectory and the observations.

Recurrent data assimilation schemes, like the well-known Kalman filter,
proceeds differently: after a certain time integration of the model, the forecast
is corrected according to the observed state of the system, producing in this way
the best possible guess. This new guess is then used to reinitialize the model for
a further time integration. The successive corrections, to be meaningful, require
that both the model forecast and the observations are provided with a confidence
level testifying their mutual accuracy.

The reconstruction of data fields from scattered observations, or data
analysis, appears as a key component of any complex data assimilation scheme.
Indeed, to operate one of the procedures mentioned hereabove, it is necessary
to estimate, at the time of assimilation, the point in the phase space which is most
consistent with the observations. Typically indeed, the observations provide only
a fragmentory picture of the system, leaving some state variables unexplored.
The purpose of data analysis, which is effectively a nowcasting procedure, is
to reconstruct —from scattered observations—a comprehensive picture of the
system’s state at a given time.

Among various methods, the Variational Inverse Model (VIM) is a mathe-
matical/numerical analysis tool derived from meteorological studies and adapted
to the ocean at the GHER. The objectives of this new technique are multifold: on
the one hand, it guides the interpretation of experimental data into their physical
context; on the other hand, it provides the indispensable bodyguard that prevents
primitive equation models from producing unrealistic results.

The mathematical formulation of the VIM has been developed in Brasseur
(1990), Brasseur and Haus (1991) and Brasseur et al. (1993), and is summarized
in table 1. Compared to standard objective analysis methods, the VIM has the
major advantage of taking into account the peculiarities of oceanic domains and
processes (introducing, for instance, the possibility of anisotropic correlation
functions via kinematic constraints). Three different classes of applications will
be described hereafter (only a few samples of the results produced by VIM will
be shown here).
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Table 1

Mathematical formulation of the Variational Inverse Model (VIM),
described in details in Brasseur (1991) and Brasseur and Haus (1991)
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2.— Data analysis and visualization of oceanic data fields.

One of the first motivations of data analysis is the “mathematical” or
“scientific” visualization of huge observed data sets. Indeed, from a collection
of historical data, it is necessary to reduce the information to only a few visible
properties, highly suggestive and reflecting the global behaviour of the marine
system. The aim of the example described below was to produce a three-
dimensional numerical representation of the hydrology in the Mediterranean.

During the last decade, a lot of numerical and experimental studies have
been conducted in the Western Mediterranean to identify and diagnose regional
processes: among them, the deep water formation taking place in the Gulf of
Lions at the end of the winter, the instability of the Algerian Current, the
anticyclonic circulation associated with the Alboran Sea gyre, the exchange of
water, heat and salt through the Gibraltar and Sicily straits, ... A vast amount
of in situ measurements (mainly hydrographic data) emerged from the surveys of
these local processes.

However, no exhaustive historical data bank has been compiled up to
now with all in situ data collected in the Mediterranean Sea. Two major
files containing a substantial part of the experimental work are available for
the purposes of this study: the french BNDO (Bureau National des Données
Océaniques, Brest, France) file containing exclusively hydrographic casts for the
Mediterranean region, and the NODC (National Oceanographic Data Center,
Washington, USA) file which is a subset of a larger world ocean data bank. These
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two major sources have been merged to constitute the so-called MED data bank,
and other smaller data sets, collected by regional institutions, will be considered
for possible upgrade in the future.

The BNDO data set consists of about 17,000 STD casts taken in the Eastern
and Western basin, the Black Sea and also the Atlantic region adjacent to the
Strait of Gibraltar. These measurements were collected since 1911, but the data
set is mainly representative of the period 1945-1978. The data point distribution
is highly inhomogeneous in space and in time. In the Western basin, a lot of
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Fig. 1.— Spatial distribution of STD/CTD casts in the Mediterranean from 1911 to 1980,
as recorded in the BNDO and NODC data banks: upper = winter, lower = summer.
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stations are located in the Gulf of Lions during February, as a consequence of the
survey of deep water formation processes. However, the density of data collected
during the autumn and the winter is rather low, especially in the Eastern basin.

In the BNDO file, the temperature and salinity measurements are given
at the original sampling depths, but in the NODC file, which contains more
than 20,000 vertical profiles, the values are interpolated at standard levels. The
coverage of the Eastern basin from NODC is much better than from the BNDO
data file, as well as the southern part of the western basin, along the algerian
coast. Even if some overlap exists between the two sets, the different spatial and
temporal station distributions are complementary, so that one can expect a better
representation of the hydrology from a merged version of the two original files.

The spatial distribution of data available at 10 m depth (for the winter and
summer periods only) is shown in figure 1. The VIM has been applied to this
data set to reconstruct the three-dimensional hydrological field in the Eastern
and Western Mediterranean basin (annual-mean distribution). The trace of the
temperature and salinity fields at 10 m depth is illustrated in figure 2. This picture
could be considered as a climatological reference and should be compared (or,
tentatively, assimilated) to the results of general circulation models.

Although very schematic, the patterns of figure 2 represent a synthetic
view of the hydrology, obtained from the experimental work achieved sofar
in the Mediterranean: this picture provides indeed a global and consistent
representation of the hydrology, after reconstruction from numerous pieces of
information.

More complex visualisation tools (three-dimensional color graphics, video-
animations, ...) can also be used to highlight the 3 D structures appearing in the
reconstructed fields (Haus, 1993): these technical tools are extremely useful to
explore in details the interior of the ocean. Since the new generation of power-
stations, the joined utilisation of efficient analysis procedures and scientific
visualisation software will offer the possibility of a deeper exploitation of direct
and remote observations.
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Fig. 2.— Temperature and salinity fields in the Mediterranean at 10 m depth
(annual-mean distribution), reconstructed by the VIM from historical data.

3.— Data analysis and initialization of numerical models.

According to the classical picture, the Mediterranean sea can be considered
as a “concentration” basin, where evaporation exceeds precipitation and river
runoff. The budgets of salt and water masses are balanced by the inflow of
Atlantic Water (AW) in the surface layer and the outflow of a mixture of
Levantive Intermediate Water (LIW) and Mediterranean Deep Water (MDW)
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through the Strait of Gibraltar. The mass of LIW originates in the Levantine
region, enters the Western basin through the Sicilian Channel and then circulates
at mid-depth between the light, modified AW and the pool of dense, deep water.
The formation of MDW is subject to typical conditions encountered in the Gulf
of Lions in late winter.

Within this very simple scheme however, the WMCE studies indicate a
more complex circulation (La Violette, 1990). In particular, some features of the
circulation display a strong seasonal signal and variability. One critical question
concerns the main physical forcing mechanisms responsible for that behaviour.

As deep water formation is often thought to be one of the possible forcing
mechanisms of the general circulation, the utilisation of numerical models based
on the hydrostatic approximation (e.g., Beckers, 1992) could be questioned.
In the case of the Mediterranean, such approximations could actually prevent
the models from reproducing some non-hydrostatic features of the circulation
(or, at least, could imply an extremely long spin-up period) if the model initial
conditions are too different from the real situation. For instance, if initial fields
are characterized by a too weak stratification, vertical mixing, diffusion and deep
water formation could be inhibited.
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Fig. 3.— Vertical cross-section in the Western Mediterranean (South
to North, longitude = 5°E); temperature (left) and salinity (right)
fields reconstructed from data representative of the February month.

To avoid this problem, the VIM has been applied to monthly data sets to
reconstruct realistic temperature and salinity fields, representative of one specific
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period of the year. The February month is classicaly used to start a simulation,
since the MED data bank has a very good coverage for that period. Figure 3
shows a vertical cross-section in the temperature and salinity fields through the
Gulf of Lions: the analysis of in situ observations clearly demonstrates that the
stratification is wery weak in the Northern Mediterranean for that period.

These fields are injected as initial conditions in the GHER primitive equa-
tion model and are gradually adjusted to the surface heat and momentum fluxes.
Beckers (1992) has shown that the reponse of the model initiated with monthly
VIM results is much better than with annual mean fields (like those produced by
Levitus, 1982).
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Fig. 4.— Geostrophic currents calculated from the winter density field (10 m depth).
This advection pattern is subsequently used as kinematic constraint in the VIM.

Using the method proposed by Beckers and Brasseur (1993), the geostro-
phic currents are finally calculated from the winter density field (figure 4). Then,
the advection constraint of the VIM can be implemented for improving the
analysis procedure, especially in regions where the data distribution is very
sparse.
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4.— Data analysis and estimation of optimal boundary conditions.

Another weakness of numerical models concerns the sea-surface boundary
conditions: heat fluxes, for instance, are often poorly known and their param-
eterization remains rather approximative. However, if in situ observations are
reliable enough to reproduce the seasonal cycle of the temperature field in the
upper layer, it is possible to estimate the distribution and intensity of heat fluxes
which could reproduce the observed themal field: this is typically an inverse
problem.
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Fig. 5.— Seasonal cycle of the temperature field (10 m depth) in the Mediterranean
reconstructed from in sifu observations; snapshots representative of Spring and Summer.
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As a tentative data assimilation experiment, the VIM has been used to
reconstruct the seasonal cycle of the thermal field in the upper layer of the
Mediterranean. Figures 5 and 6 shows four snapshots of the seasonal tem-
perature field at 10 m depth in the Mediterranean. These VIM analyses have
been exploited as a control of the surface heat fluxes in the primitive equa-
tion model (Beckers, 1992): when the surface temperature predicted by the
model is lower (higher) than the observed values, heat fluxes are increased
(reduced). This method, proposed by Beckers (1992), has been successfully
applied to study the seasonal variability of the circulation in the Mediter-
ranean. In particular, the predictions of the model with data assimilation
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are in excellent agreement with the SSTs provided by remote sensing pho-
tographs.

Other applications of data analysis, in relation with model boundary condi-
tions, could be investigated. For instance, the question of mass exchange thrdugh
the Strait of Gibraltar is still under study. As climatological data are available in
the Atlantic region adjacent to the Mediterranean basin, a numerical buffer zone
just in front of the Gibraltar Strait could be introduced to match the model with
climatological observations. In the case of narrow straits, this approach seems to
give better results than the traditional open-sea boundary conditions.

5.- Conclusions.

Three different applications of a variational procedure for analysing oceanic
data have been described in the context of the Mediterranean basins. The
reconstruction of 3 D physical fields offers now the opportunity of more complex
data assimilation systems. The main problem to solve remains the estimation
of 3D error fields, in order to make the data/model blending as consistent as
possible.

The nudging of physical variables into primitive equation model is now
under investigation: this quite simple assimilation scheme will allow the dynamic
insertion of hydrographic data in the ocean’s interior, in addition to the opti-
mization of initial and boundary conditions.

Other perspectives are also foreseen: for instance, the availability of alti-
metric measurements from newly operational satellites (TOPEX-POSEIDON)
will have an undisputable interest for controlling the sea surface elevation pre-
dicted by non rigid-lid models. The question how altimeter observations must
be pre-processed and spatially interpolated before their actual assimilation into
primitive equation model is far from beeing completely solved.
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Abstract.

After a review of the Mediterranean system, and the justification of the scientific
interest, we examine the type of model (scope, purview and resolution) used for the
description and simulation of the Mediterranean circulation from a system-oriented view
and a process-oriented view. These two aspects of mathematical simulations are then
illustrated by two examples:

a) The simulation of the month to month variability of the general circulation in the
Western Mediterranean Sea shows the main physical features, but the choice of initial
conditions is crucial for a realistic simulation, and an inverse model is proven to be
absolutely necessary for a valuable prognostic model.

b) Secondly, a high resolution simulation of the Algerian Current instability is performed.
It is well known that the Atlantic water flows along the Algerian coast as a light
water intrusion. This current is unstable, and mesoscale activities generate cyclones
and anticyclones, but only the latter grow enough to get separated from the mean
flow. Numerical simulations, in an idealized case, and reality show strong instabilities
that are analyzed by energy budgets. It is suggested that the instabilities are primarily
baroclinic, which is consistent with initial vertical movements at the front.

1.— Introduction.

Mathematical models of the marine system have considerably evolved since
the early days of the hydrodynamic depth-integrated constant viscosity models
of tides and storm surges on the shelf or the quasi-geostrophic models of ocean
circulation in idealized basins.

Improvements include (i) progressive confluence of shelf and ocean models
with in particular the extension of the former to three dimensions and the rallying
of the latter to primitive equations, (ii) expansion of hydrodynamic models to
biogeochemical and ecosystem models, (iii) refined parameterization of sub-grid
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scale processes, in particular turbulent vertical diffusion, introducing new state
variables like the turbulent kinetic energy k (e.g. Nihoul et al., 1989), (iv) refined
numerical methods and algorithms on supercomputers.

At this stage, one can rely on sound 3D & —£ models able to describe the
so-called “weather” of the sea, from mesoscale processes like tides and storm
surges, inertial oscillations, diurnal cycles (time scale: from a few hours to a few
days) to synopticscale and macroscale processes like general circulation currents,
seasonal cycles and associated frontal structures, upwellings, deep convection
(time scales: from a few days to a few months).

Such a robust model, however, even restricted to its hydrodynamic sector,
has a minimum of seven state variables: the three components of the velocity
vector v, pressure p, buoyancy b (or salinity S), temperature T and the
turbulent kinetic energy k, described by time-dependent 3D partial differential
equations.

It raises the questions of (i) the size of the database necessary to provide
3D initial and boundary conditions (see also the paper of Brasseur and Brankart,
1993, this volume), (ii) the required amount of computing power and the diffi-
culty of designing simple, relevant, numerical tests, (iii) the volume of simulation
outputs and the need to “sample” them intelligently, with the objectives of the
model in mind.

Faced with all these difficulties, one is naturally tempted to simplify the
model. But one can easily burn one’s fingers over drastic simplifications, made
too lightly for the purpose of mathematical or numerical tests.

A sensible approach to the problem of reducing the size of the model is
the restriction to the diagnostic study of one or a few, isolated and idealized,
processes. Devised to investigate, in details, particular mechanisms, scrutinize
the behaviour of specific state variables, elucidate fundamental questions ...,
often very refined in their representation of, sometimes, rather subtle processes,
diagnostic models are frequently content with very crude approximations of
the physical world (constant depths, rectilinear coasts, infinite ocean, steady
two-dimensional fronts, rigid sea surface, ...). In brief, the reduction, in this
case, bears on the model’s ambition and realism, trying to conserve the “physical
insight” of the process study.

Advantages of diagnostic models are readily listed: (i) reduced dependence
on initial and boundary conditions, (ii) reduced computing cost of numerical
tests and simulations, (iii) reduced complexity of simulation’s outputs, easier
interpretation of results and better understanding of the process (at least, in its
idealized form).

Disadvantages are quite as easily pointed out: (i) risk of misunderstanding
the real process if it actually results from several interacting effects, (ii) risk, if
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Fully 3D
Operational Model

(Theoretically)

Diagnostic Models Metagnostic Models
* Refined mechanisms{. . | .. Realfield conditions
* High definition - |*- Parameterizations
- Reduced realism ¢ - High realism
Purpose: Purpose:

Fundamental Managt_ament
questions questions
Process-Oriented System-Oriented

Fig. 1.— Diagnostic and metagnostic versions of a mathematical model.

the realism is prohibitively reduced, in applying the model’s equations —which
have been calibrated with real field data —to an idealized system to which they
are not, actually, applicable, (iii) loss of accuracy and loss of pertinence to the
questions posed to the physicists by co-workers in other disciplines and managers
which were, probably, the initial motivations of the modelling enterprise.

Answer to these questions must be realistic and require the operation, on a
routine basis, of a system-oriented (as opposed to process-oriented) metagnostic
model.

Called upon to tackle a practical situation, a metagnostic model may not
ignore real field conditions (depths, coastlines, actual atmospheric forcing, ...).
Its aim however is to assess the consequences of particular events and provide
the marine nowcasts and forecasts which will assist interdisciplinary field studies,
planning and management. The model must be sound, expeditious and efficient
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but is not required to provide detailed information on the delicate machinery
subtending its parameterization scheme.

Advantages of a metagnostic model are obvious but its disadvantages should
not be ignored: the critical need of many—many more than for process stud-
ies—reliable data to calibrate, initiate and operate the model and, accordingly, its
unavoidable sensitivity to the quality as well as the quantity of the available data.
The realism of a metagnostic model may be paid—as a result of shortage of data
and limitations of computing facilities — by a reduction of the model’s definition
and precision. Finally, the tremendous amount of data produced by such a modetl
calls for an appropriate 3D visualization package.

In the present paper we will show two applications: one for the metagnostic
approach, and the second for the diagnostic approach. These two different ways
are summarized on figure 1.

2.— Methods and models.

The mathematical model on which rely the diagnostic and metagnostic
versions, is a general primitive equation model with turbulent closure scheme
based on the kinetic turbulent energy and an algebraic mixing length (depending
on the local stratification) approach (e.g. Nihoul, 1988; Nihoul et al., 1989).

The subsequent numerical resolution is prepared by a coordinate change
that is a generalization of the classical o-coordinate change (e.g. Cheng and
Sommerville, 1975; Deleersnijder, 1989). This coordinate change introduced by
Kasahara (1974) and recently revisited by Deleersnijder and Ruddick (1993) al-
lows for an easy transformation of the primitive equations towards a conservative
form.

It also enables the use of for energy budgets in the transformed space.
These budgets are similar to those found in Orlanski and Cox (1973), but in
our case, the definition of the mean current is @ priori not given (Beckers,
1992). One can indeed deduce evolution equations for mean kinetic energy,
eddy kinetic energy, mean barotropic potential energy, eddy barotropic potential
energy, mean available potential energy and eddy available potential energy, ail
energies being defined in Beckers (1992b). The corresponding energy transfers
can then be used to define the baroclinic instability (Orlanski, 1968) that will be
investigated in the second application.

Finally, concerning the numerical resolution method (Beckers, 1992b), the
partial differential equations are solved by a variant of the finite difference
technique: a finite volume method on the Arakawa C-grid allows indeed for
an efficient conservative computing. A constraining feature is the presence
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of the free surface. It has the advantage of enabling the model to deal with
mesoscale processes, but surface gravity waves impose a time step (Beckers and
Deleersnijder, 1993) that is small compared to the rest of the time scales involved.
In order to avoid a prohibitive computational cost, a mode-splitting technique
(e.g. Sheng et al., 1978; James, 1986; Blumberg and Herring, 1987; Killworth et
al., 1991) is implemented by integrating the 2D equations with the small time
step over several steps before integrating the 3D equations with a larger time
step.

3.— Applications.

In order toillustrate the system-oriented and process-oriented type of study,
two applications are representative.

3.1.— The General Circulation in the Western Mediterranean.

The GHER metagnostic model is presently being applied to the simulation
of a complete annual cycle, using the climatological forcing provided by May
(1982) and assimilating new data supplied by the joint application of objective
analysis and inverse modelling (Roussenov and Brasseur, 1989; Brasseur and
Brankart, 1993). A complete annual cycle in climatological conditions will
hopefully provide a much better set of initial conditions, on which realistic
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Fig. 2.— Surface currents in December, computed by the model.
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metagnostic and prognostic modelling can be based. The model will then be
run, on a routine basis, with boundary inputs supplied by a Meteorological
Forecasting Model operated at the French Meteorological Office, with a view
of exploiting the results, as a regular service in the scope of the EROS 2000
Project, to assist interdisciplinary field surveys, planning and management.

As a result of the excellent scope (i.e. the model’s dimension in state space),
the numerical grid is relatively coarse (81 X 47 X 14 grid points), but promising
results have already been obtained with this grid. For example, the surface
currents obtained for the month of December (figure 2) comply with the general
idea of the circulation in the Western Mediterranean Sea: we can see the two
anticyclonic gyres in the Alboran Sea, the generally cyclonic circulation in the
central basin and the well defined Liguro-Provengal current.

A more quantitative comparison with observations can be based on mass
fluxes through straits. As an example, figure 3 correlates the fluxes computed by
the model and the measurements of Astraldi ef al. (1990) in the Corsican Chan-
nel. The accordance between the two sources gives an idea of the potentialities
of a metagnostic model, at least if accurate boundary and initial conditions are
provided. The need of data is typical for metagnostic models, in opposition to
the process-oriented studies as the following one.
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3.2.— The Algerian Current Instabilities.

In the general circulation pattern, one generally states that the Atlantic
Water entering the strait of Gibraltar first exhibits an anticyclonic gyre in the
western Alboran Sea. In the eastern Alboran Sea, a second and more variable
anticyclonic gyre (Heburn and La Violette, 1990) leads to the Almeria-Oran
front (Tintoré et al., 1988). The fluctuations of the second gyre alter the
fresh water flow that emerges from this gyre. Due to the Coriolis force, this
creates a coastal current which is called the Algerian Current when he reaches
0° longitude. This Algerian Current is generally described as a narrow coastal
current of less the 60 km width (e.g. Perkins and Pistek, 1990) which separates
at the eastern Algerian coast. One branch flows then across the Sardaigna and
the Sicily strait, while the other one flows northward along the western coast of
Sardinia.

But it is well known (e.g. Millot et al., 1990), that the Algerian Current is
subjected to various instabilities (especially in Summer) generating gyres which
move eastward at a speed of a few kilometers per day. The anticyclones deviate
the mean flow northward, which could explain the northern Balearic front
(Millot, 1991). Afterward, the cyclones collapse, while the anticyclones grow to
reach 100 km of diameter before they separate from the mean flow and propagate
seaward.

The deviation from the nice relatively uniform coastal current has several
significant consequences. Trivially, the spreading of Atlantic Water to the north
modifies the hydrological situation, but more subtle interactions are possible
with the underlaying intermediate water that can be trapped at the bottom of
one of those anticyclones (Millot ez al., 1990). It is also clear that the Algerian
Current instabilities are of prime importance from an eco-hydrodynamic view.
Indeed, the instabilities exhibit strong vertical motions that can be detected on
satellite pictures (e.g. Arnone et al., 1990). In the Algerian Current, for example,
an upwelling is generally found upstream of the anticyclones (Martinez et al.,
1990).

In order to understand the evolution and effects of the Algerian Current,
the question of the instability mechanism naturally arises and can be challenged
by several methods.

A first insight in the instability mechanism can be achieved by using a
reduced analytical gravity model (with a single moving upper layer). Several
studies (e.g. Killworth and Stern, 1992; Paldor, 1982; Killworth, 1983; Paldor,
1983a, 1983b; Cushman-Roisin, 1985; Paldor and Ghil, 1990) show that criteria
of instability or stability depend strongly on the initial base current. Furthermore,
in the most simple case of a uniform coastal current, it has been shown that the
current is stable in the scope of a reduced gravity model (Beckers, 1992a; Beckers
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and Nihoul, 1992). This model doesn’t seem very appropriate for the explanation
of the Algerian Current instabilities.

It is thus tempting to look for another instability mechanism and turn
towards the possibility of having a second moving layer that allow for baroclinic
instabilities (e.g. Saltzman and Tang, 1975; Hart, 1979). The baroclinic instability
mechanism has been put forward by Millot ez al. (1990) to be responsible for
the Algerian current’s instabilities; this hypothesis has been supported by the
laboratory experiments of Griffiths and Linden (1981), while other laboratory
experiments (Chabert d’Hiéres et al., 1992) suggest shear layer instabilities at
the coast.

The aim of the present section is to prove that the instability of the Algerian
Current is most probably due to the baroclinic instability mechanism. For this
purpose, a numerical 3D primitive equation model is applied to a situation
comparable to the one used in the analytical reduced gravity model of Beckers
(1992a) and Beckers and Nihoul (1992). A uniform coastal surface current in a
periodic channel (figure 4) is perturbed and the evolution of this perturbation
computed by the model.

Figure 5 shows the surface currents exhibiting the propagating of wavelike
features along the front in a first stage. The amplitude of this feature increases
and leads to a detachment of the current from the coast where the wave has
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Fig. 5.— Evolution of the surface currents (days 30, 50 and 75).

its crest. This detachment allows for the development of an anticyclone at the
coast, while at the wave trough, a strong cyclone appears. In the late stage of the

instability, only the anticyclone grows, while the cyclone decays.
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In order to verify the baroclinic instability hypothesis, we use the energy
analysis of Beckers (1992a, 1993). To do so, we have to define a “mean” current.
In the periodic case with an initially zonal current, the use of a zonal mean is
indicated. Looking at the energy transfers, it can be shown that the condition
of baroclinic instability are satisfied. We have thus a transfer of available
potential energy towards the eddy kinetic energy. An interpretation of the
vertical velocities is then possible by assuming that transfers are locally similar to
mean transfers. One would then obtain an inequality that shows that an off-shore
water parcel moving towards the front, will be downwelled. Similarly, a lighter
particle moving from the coastal current towards the front will be upwelled. This
phenomenon of upwellings downstream of the wave troughs and downwellings
downstream of the wave-crest is the one shown on figure 6 and also observed in
the Gulf Stream and atmospheric jets (Newton, 1978).
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Fig. 6.— Down and upward motion during the baroclinic instabil-
ity. The colour of the trajectory indicates the local vertical velocity.

To connect this diagnostic (process-oriented) study with the system-oriented
one, we observe that, in a baroclinic instability, there is a transfer of eddy kinetic
energy towards mean kinetic energy. The paradigm of the constant horizontal
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eddy diffusivity is thus clearly inappropriate in a general circulation model.
The possibility of negative eddy diffusion coefficients (computed eventually by a
diagnostic model) should thus be included in the metagnostic model.

4.— Conclusion and perspectives.

On the few selected examples given above, one can see that the GHER
metagnostic model reproduces well the main trends of the general circulation.
More detailed process studies may be pursued with the model by investigating
localized areas with finer grid diagnostic submodels operating in parallel with
the basin metagnostic model; diagnostic studies providing useful information
to refine the mathematical representation of dominant processes, metagnostic
nowcasts and forecasts supplying a realistic overview of the system in which the
individual processes are immersed and improved boundary conditions for the
process studies.

The handicap of the metagnostic model remains however the complexity
imposed by its realism. The model is very demanding in initial and boundary
conditions and the qualitative and quantitative deficiency of reliable data may
severely reduce the model’s resolution and predictability.

A more thorough exploitation of the data—in particular, applying varia-
tional inverse methods to reconstruct complete data fields—and the operation
of the model in a preliminary simulation with climatological forcing to reshape
the initial conditions will hopefully bring significant improvements in this respect,
in the near future.
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Abstract.

The need for reliable management models of the marine resources is large. In this
paper, the problem of the mathematical modelling of ecosystems is approached mostly
from the point of view of the physical oceanographer.

Hydrodynamic phenomena in the range of 10°s to 107 s (the weather of the sea)
form the prescribed physical conditions in which ecosystems must develop. Sometimes,
these phenomena result in important constraints (advection of new material, high flushing
rate, vertical diffusion, ...) which must be taken into account as accurately as possible in
any modelling attempt of the ecosystem. A detailed three-dimensional, time-dependent
description of the currents and turbulence fields is thus prerequisite in such a case.

However, the complexity of mathematical models must be limited. Therefore, a
trade-off must be found between the complexity of, respectively, the biological and the
physical descriptions in agreement with the ultimate goals of the study.

A case study demonstrating the feasibility of ecosystem models combining complex
hydrodynamics and simple biology is described. Results of both the hydrodynamic and
biological sub-models of the North-Western European Continental Shelf (NWECS) are
included.
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1.— Introduction.

During the last decades, great concerns have been raised about the health
and the future of the world ecosystem. The development of our urban and
industrialized society has led to unexpected short term and long term environ-
mental problems at regional and larger scales (with long term problems usually
associated to large physical dimensions and short term issues being only of
local interest). In the field of oceanography, these problems have been studied
extensively to be understood and, eventually, solved.

The pollution by heavy metals like zinc, lead, titanium, cadmium, mercury, ...
has been identified as a serious problem affecting all the successive levels of the
trophic chain. The transport of these toxic matters, their dispersion and transfer
through the trophic chain with the probable accumulation of heavy metals in the
higher trophic levels is now studied extensively (e.g. Abdullah and Royle, 1972;
Balls, 1985; Dehairs et al., 1985; Ackroyd et al., 1986; Bouquegneau and Joiris,
1988).

The excessive riverine and aerial inputs of inorganic nutrients lead to drastic
modifications in the nutrients balance and seriously affect the equilibrium of the
classic food web. This results in the proliferation of toxic, or simply unwanted,
species well beyond acceptable bounds (e.g. Lancelot et al., 1987; Fraga et al.,
1988; Delgado et al., 1990; Lancelot, 1990). Such phenomena are often very
spectacular, like phaeocystis blooms, green tides and the accumulation of foam
on the beaches, and have also a very negative impact on tourism. It is therefore
economically relevant to determine the precise conditions likely to promote such
phenomena to set up an efficient prevention policy.

The best solution to address the problems reported here-above is undoubt-
edly brought by the mathematical modelling of the ecosystems. Numerous ecosys-
tem or water quality models, no matter how they are called, have been developed
around the world to answer specific environmental questions (e.g. Tett et al., 1986;
Stigebrandt and Wulf, 1987; Radford ez al, 1988; Fransz et al., 1991). Most of
them result from the work done by biologists trying to understand, often through
box-models, how the real ecosystem works. Many such initiatives have been
crowned with success. However, such models usually lack some important aspects
of the real natural systems like spatial variability and hydrodynamic forcing.
Therefore, both the possibility to compare the results with field measurements
and satellite pictures, and the predictive ability of the model are likely to suffer
from such shortcomings.

The purpose of this paper is to show why and how hydrodynamic models
should be combined with purely biological models to build reliable ecosystem
models when severe hydrodynamic constraints exist.
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2.— The common framework for biological and hydrodynamic
models.

It may seem surprising to include the description of hydrodynamic processes
in the study when addressing biological processes. However, as we will show,
important links and interactions exist between these two sectors.

Biological systems can be studied at different length scales, from individual
organisms to a whole population. However, most of the practical problems
arise at the level of the ecosystem and so mathematical models focus on those
time scales inherent of the ecosystem. This usually means periods of time from
10*s—-10% s, possibly narrowed to 10° s—107 s, which correspond to characteristic
cycles in the life of many pelagic and benthic populations (periods of diurnal, sea-
sonal and annual oscillations) and to the rhythm of human activities interplaying
with the marine system.

There are hydrodynamic processes in this range of time scales. These are
(Table 1) the mesoscale (typical time scale ¢, of a few hours), synopticscale
(t. = afewdays) and seasonalscale (¢, = afew weeks) processes which are
usually referred to as the weather of the sea. Therefore, these hydrodynamic
processes are likely to interact significantly with the biological phenomena. In
fact, motions at the time scale of the weather of the sea are resonant processes
with the biological dynamics and maintain a permanent strain on the ecosystem,
. through the advection process. This mechanism tends to impose to the ecosystem
the length scales of the synchronous physical mechanisms and is therefore often
called the ecohydrodynamic adjustment (Nihoul and Djenidi, 1991).

Not only do biological and hydrodynamic processes have similar time scales
and length scales, but also similar mathematical formulations. In fact, the
equations describing the evolution in space and time of the state variables
whether physical or biological, are all particular expressions of a unique basic
equation (figure 1). This equation sets forth that the variations in time of any
state variable at any given point, result from (i) local production-destruction
according to the proper dynamics of the variable, (ii) advection by the fluid (flow)
and (iii) diffusion by sub-window scale processes (flux).

There is thus a common framework for the development of ecosystem mod-
els combining hydrodynamic and biological processes in one single big model.
However, a major simplification can be introduced here if one notices that
biological processes are very often influenced by hydrodynamics while the reverse
is seldom true, especially at large spatial scale. Therefore the hydrodynamic
sub-model can be run prior to the simulation of the biological cycles. Indeed,
biology can only influence hydrodynamics through two ways: (i) the modifica-
tion of the bottom roughness, and hence friction, by the development of the
benthic population, (ii) the modification of the baroclinic circulation because of
modifications of the sea water temperature vertical structure arising from of a
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where y denotes the state variable, ¢ is the time, v the velocity vector, Q7 is the rate of
production-destruction of y, V is the three-dimensional nabla operator and é" is the turbulent
flux of y.

Fig. 1.— The general evolution equation of hydrodynamic and biological variables. Hy-
drodynamic influences on biological processes are listed under the corresponding terms.

biologically induced increase of the light extinction coefficient. These feedbacks
from biology to hydrodynamics can only be significant at small scales in very
particular situations (e.g. proliferation of mucilagine in the Adriatic Sea) and,
in general, the hydrodynamic conditions form a prescribed environment for
ecosystems. In the same way, the results of the hydrodynamic sub-model form
imposed constraints to apply to the biological sub-model. This allows the
separate and prior validation of the hydrodynamic sub-model and a considerable
reduction in the required computer resources.



42 E.JM. DELHEZ, G. LACROIX, G. MARTIN, J.C.J. NTHOUL and R.A. VARELA

3.— The optimum ecosystem model.

The introduction of the three-dimensional hydrodynamic processes in bio-
logical models, and hence of the horizontal and vertical dimensions, is a huge
theoretical benefit. However, its practical realization is far from obvious at this
time. Indeed, lumping together in a giant model] all the state-of-the-art in both
biological and physical modelling will not result in an optimum ecosystem model.
The reasons for such a remark are diverse.

First of all, it is clear that limited computer resources impose limitations
on the number of state variables. Even if processors speed and storage facilities
increase at an amazing rate, running complex coupled three-dimensional hydro-
dynamic and biological models involving as much as 40 state variables, as many
biological box models do, at each grid point will still remain a dream for some
time. Besides, there are also reliability and clarity constraints on the number of
state variables. A model with many state variables incorporates at least as many
different processes and interactions and involves a correspondingly large number
of parameters and boundary conditions which cannot be evaluated from existing
data bases without an inevitable margin of error. Because of the non-linear
biological dynamics, the precise determination of the resulting error bounds is
even often nearly impossible. On the other hand, the results of such a model,
because of its increased sophistication and fallibility, can become impossible to
be interpreted in terms of scientific diagnosis or management recommendations.

The bottom line is therefore that mathematical models must be simplified
views of the natural system with simplifications derived from the precise ob-
jectives of the study. The model must have an appropriately fine resolution in
physical and state space to describe adequately the system’s behaviour but, on
the other side, it must involve sufficiently few state variables for their evolution
equations to be amenable to analysis. The ecological model derived through this
approach appears as an optimum use of computer resources and accumulated
knowledge about the ecosystem. Tractability and reliability are thus the main
characteristics of this model.

The precise simplifications involved in the derivation of this optimum
ecosystem model concern not only the representation of the proper dynamics
of the biological system, but also the spatial and temporal resolutions and the
representation of the interactions of this system with other sectors of the state
space, like hydrodynamics, chemistry, economy ... In particular, hydrodynamic
influences can be included with variable levels of aggregation when the full
three-dimensional time-dependent description seems too complex, or irrelevant.
In biological box-models, total flow rates derived from measurements or from
the aggregation of the results of a hydrodynamic model can be included. In
1D vertically resolving models, the turbulent structure and the vertical profiles
of the horizontal advective inflows of nutrients can be further incorporated.



Development of Interdisciplinary Models of Ecosystems under Severe Hydrodynamic Constraints 43

Depth-mean horizontal currents at lateral boundaries and inside the domain
must be prescribed in depth-averaged, horizontally resolving, biological models.

As stated in a previous section, the relevance of any physical or biological
process must be appraised with respect to the goals of the investigation. Very
often, ecosystem models are designed to become real management tools of the
marine resources and/or anti-pollution warning systems. Such models should
thus be able to determine the influence of the anthropogenic disturbances on
the ecosystem. They should be fit for use in both diagnostic and prognostic
modes. They should help evaluating the consequences and the possible success
of any political decision designed to protect the environment prior to its real
application. For such a purpose, it is particularly crucial to track pollutant
patches and to be able to determine where the pollution is likely to develop,
which area will be mostly affected and how. The inclusion of an accurate
description of hydrodynamic processes is thus imperative.

On the other hand, biological models can be used as powerful research tools.
They are often the only way to study how the ecosystem really works. Indeed,
countless numerical experiments including simplifications, idealized scenarios
and extreme forcings, can be carried out to test hypothesis and to validate
or reject theories. In such a perspective, hydrodynamic processes seem less
important. However, even then, because of the largely non-linear dynamics of
ecosystems, a correct specification of the different fluxes, flushing rates and
vertical diffusion processes is compulsory to appropriately model the system’s
behaviour. So, for such a purpose too, a trade-off must be found between the
complexity of the real system and the necessary simplicity for the mode] to be
amenable to analysis.

4.— Hydrodynamic constraints.

All the hydrodynamic constrains applying to the biological state variables
are summarized in figure 1. To go into more details about these interactions, this
paragraph will be illustrated with references to the North-Western European
Continental Shelf.

The most obvious hydrodynamic constraint is the one produced by the
advection of the biological properties and/or variables by the mean fluid velocity.
In the same way that they are classified according to their origin and salinity,
water masses (Atlantic water, Coastal waters, Baltic water, ...) are characterized
by well-defined biological properties and nutrients concentrations (Lee, 1980).
The general motion of these water masses forced by the general circulation on
the NWECS determines thus the availability of nutrients, the off-shore influence
of river loads, the bio-geo-chemical exchanges (nutrients, organic matter, ...)
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between the different ecosystems of the shelf ... This advection constraint
is obviously part of the explanation of the large scale distribution of active
constituents like nitrate, phosphorus, silicate, phytoplankton cells, ...

Advection is also important at smaller scales. For instance, local gyres,
often produced by non-linear interactions of the irregular bathymetry and large
oscillating tidal currents, can sometimes be seen as biological spatial loops, with
successive trophic levels spread along the stream (Nihoul and Hecq, 1984).

So far, the stress has been put on horizontal advection. However, very -
important biological events are associated with vertical motions. Particular com-
binations of bathymetric features and currents, or more frequently, particu-
lar wind forcing can produce coastal upwellings, or upslopings (Deleersnijder,
1989), which pump bottom nutrient rich waters into the euphotic layer and make
thus nitrate, phosphorus, ... available for primary production. Wind induced
upwellings are usually not very persistent features. They last only a few days.
However, because of the huge primary production promoted by such a hydrody-
namic phenomenon, and because of the possible repetition of such events along
the year, upwellings are likely to account for a non negligible part in the total
primary production budget (Brockmann ef al., 1990). Other vertical motions are
associated with filaments. These hydrodynamic features were discovered very
recently and are therefore much less known and understood. However, vertical
velocities associated to such processes as high as 40 to 100 m day™! are now
reported (Haidvolgel et al., 1991; Pollard and Regnier, 1992). Therefore, if such
figures are confirmed, filaments would be of huge importance for biology.

In the previous paragraphs, advection was seen as a way to make nutrients
available in a well-defined area or to carry organic matter from one location to
another. However, apart from the movement itself, the hydrodynamic circulation
pattern is also important in determining the flushing rate of open or close areas.
The German Bight region, for instance, is well-known for its poor renewal of
water (Van Westernhagen and Detlefsen, 1983; Rachor, 1990). Such a situation
is known to be propitious to eutrophication problems (Cruzado, 1990). The
large amounts of nitrate and other nutrients discharged by the river Elbe can
promote a very high primary productivity which can, in turn, degenerate into
severe problems because of a large oxygen consumption by degradating organic
matter and a poor renewal of this oxygen. Tidally-induced gyres like the ones of
Barfleur, St Brieuc, ... can have similar effects by increasing the residence time
of pollutants and other constituents in restricted coastal areas. On the contrary,
in the Southern Bight of the North-Sea, such eutrophication problems do not
occur thanks to a small residence time of water masses, despite the high nitrate
supply by the rivers Rhine, Meuse and Scheldt. So, advection does not only move
away and disperse biological constituents leaving the dynamics of the ecosystem
unchanged (if one takes a frame of reference moving with the water mass) but
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also deeply influence the behaviour of the ecosystem. Hydrodynamic processes
modify indeed the concentration of the biological variables and, because of the
non-linearities of biological interactions, alter the rates of biological interactions.

Hydrodynamics can also influence biology through diffusion. The diffusion
term accounts for the mean effect of all sub-window scale processes, i.e. processes
not resolved by the velocity field, often with time-scales smaller than 10° s. The
general assumption about these motions is that they contribute to the general
spatial smoothing of the different properties. This occurs both horizontally and
vertically.

Many biological models already include the vertical eddy diffusion profile
as a control parameter (e.g. Wroblewski and O’Brien, 1976) or derived it from
measurements (e.g. Tett et al., 1986) or from a coupled 1D hydrodynamic model
of the mixed layer (e.g. Lacroix, 1992; Varela et al., 1992). The friction of tidal,
wind-induced and other currents on the bottom and the surface wind action
dissipate large amounts of energy which are then available for the vertical mixing
of the water column. This turbulence is further inhibited by stratification. The
actual vertical diffusive fluxes of matter result thus of a complex, and still not fully
understood, combination of parameters like the local depth, the strength of the
currents and of the wind field, the sharpness of the thermocline, the occurrence
of internal waves ... (Kullenberg, 1983). Nevertheless, hydrodynamic processes
control the rate of matter exchanges between the surface euphotic layer and
the bottom layer and the possible formation of a nutricline. For instance, the
rate at which nutrients, recycled in the bottom layer, can be made available in
the euphotic layer and hence the phytoplankton growth, depend on the strength
of the turbulent mixing, especially in open waters. This particular mechanism
and the ratio of nutrients release and phytoplankton growth rates determine the
formation of a deep-water chlorophyll maximum (DCM) and its location (Varela
et al., 1992). At some locations, the water column remains well-mixed all along
the year, because of strong tidal currents, and the exchange between bottom
sediments and the euphotic layer is always very effective. At some other locations,
a sharp summer thermocline can develop and inhibit vertical exchanges so that
surface and bottom layers remain uncoupled.

Horizontal diffusion also contributes to the flushing of marine areas. Very
often, horizontal diffusion reflects the anisotropy of the original hydrodynamic
processes. For instance, oscillating tidal currents result in an anisotropic hori-
zontal diffusion of the constituents with preferential diffusion directions along
the main axes of the tidal ellipse (Nihoul, 1972). The same situation occurs.
with the baroclinic instabilities of frontal structures (Simpson and James, 1986).
Fronts are well known as regions of enhanced primary production. This mainly
occurs because of frontal instabilities which inject nutrients rich waters from
the unstratified side into the optimum euphotic layer at the stratified side. The
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instabilities act thus like a one-dimensional diffusion perpendicular to the front,
while the main stream remains nearly parallel to the front.

Finally, the development of a biological model can also take benefit of the
simultaneous development or of the results of a three-dimensional, baroclinic,
turbulent closure, hydrodynamic model for the accurate representation of the
biological system’s proper dynamics. Among the results of hydrodynamic models,
some are indeed control parameters for the biological interactions. Temperature
controls many biological processes. Salinity is an important criterion for the
preferential proliferation of well-defined species. Turbidity determines the light
extinction coefficient and hence the depth of the euphotic layer. So, an indirect
effect can also be introduced at this stage as hydrodynamic features determine
the temperature distribution which, in turn, influences the ecosystem.

5.— A case study: the NWECS.

As explained before, ecosystems models can be designed by including either
many physical processes and a crude representation of the biological complexity,
or many biological variables and a coarse spatial and physical description, or any
reasonable trade-off. This section resolutely takes the part of complex physics
and more simple biology to emphasize the influence of physical processes on the
North-Western European Continental Shelf.

A very detailed description of hydrodynamic processes is provided by a
three-dimensional, baroclinic, turbulent closure, mathematical model of the
residual circulation on the North-Western European Continental Shelf (Delhez
and Martin, 1992; Martin and Delhez, 1992). This model is designed to study the
monthly-mean or seasonal circulation on the shelf, with a spatial discretization
of 10’ longitude x 10’ latitude and 10 vertical levels at each horizontal location.
It provides the three-dimensional description of the velocity, temperature and
salinity fields. Additional informations are brought through the residual free
surface elevation and the three-dimensional turbulent kinetic energy fields. The
model takes into account all the possible forcing of the residual circulation on
the NWECS, i.e. the wind forcing, the exchanges with the Atlantic Ocean, the
mean effect of the semi-diurnal lunar tide M, (the dominant tidal component on
the NWECS, with a period of 12h25") the baroclinic forcing and the main river
discharges. This model was run in typical summer and winter conditions to get
summer (figure 2) and winter three-dimensional velocity fields, and turbulence
conditions. Seasonal variations were then computed by fitting a sinusoidal curve
between these data. In the same way, incident solar radiations were assumed
to vary sinusoidally along the year with the peak value at the summer solstice.
The diurnal cycle was not included. No spatial variation of this light input was
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Fig. 2.— Depth-mean summer residual circulation on the NWECS
computed with a 3D baroclinic model (Delhez and Martin, 1992).

introduced because of the lack of data about clouds cover above marine areas
and because the different phytoplankton species present around the shelf were
supposed equally adapted to their local light conditions. These annual cycles
determine thus the prescribed physical conditions in which biological activity has
to take place within the model.

The biological description must be simple to be included in a three-
dimensional time-dependerit hydrodynamic framework. A classic food web is as-
sumed (figure 3). It involves one inorganic nutrient (nitrogen without distinction
between nitrate, nitrite or ammonium), a phytoplankton variable, a zooplankton
variable and the detritus. All the variables are expressed in nitrogen unit. The
biological processes included are the light and food limited (product law) phy-
toplankton growth, the grazing by zooplankton, the zooplankton excretion and
production of fecal pellets, the phytoplankton and zooplankton mortality and the
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Fig. 3.— Schematic representation of the nitrogen cycle of the biological sub-model.

pelagic remineralization of the detritus. Phytoplankton and detritus are assumed
to sink at constant vertical velocities. The subsequent benthic remineralization
is not dynamically modelled but supposed instantaneous. The remineralized
nitrogen is then injected in the bottom finite volume and further dispersed by
currents and vertical diffusion. 'All these interactions are parameterized with
first order laws or classic Michaelis-Menten-Monod formulations except for the
boundary condition at the top of the food chain: zooplankton mortality follows a
second order law. All the parameters involved in these formulations are adjusted
in a one-dimensional, vertically resolving version of the full 3D ecosystem model.
The small number of these parameters should allow their explicit determination
with available field data. For this feasibility experiment, however, they were only
tuned to get qualitatively satisfactory seasonal variations.

The first simulations are designed to test the feasibility of such a model and
its potential achievements. Initial winter conditions are issued from published
maps (Brockmann et al., 1990) supplemented with qualitative data (Lee, 1980).
For instance, the salinity field provided by the hydrodynamic model is used to
identify high salinity Atlantic waters and fresher river plumes. Characteristic
inorganic nutrients concentrations are then associated to these masses. Initial
phytoplankton and zooplankton distributions are also derived from published
maps and/or are assumed proportional to the initial local nitrogen concentration.
No detritus is present at the beginning of the simulation.
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Fig. 4.— 3D view of the mid july phytoplankton concentration (pgat N171) computed with the model.

Results exhibit a large sensitivity to initial conditions, especially in off-shore
areas which undergo less important forcings than coastal systems. In fact, a fine
analysis of these results has still to be carried out, but reasonable agreements
can already be stressed. At first, the annual cycle seems well represented in
many parts of the shelf, with a satisfactory evaluation of the bloom period. This
kind of consideration, if confirmed, is rather promising for the application of
biologically simple models to large spatial domains. It is indeed not obvious
that a single simple biological model involving few parameters can be used
to study the numerous different ecosystems living on the NWECS under a
large range of physical and nutrients availability conditions. The reason for
the observed satisfactory behaviour could be that the large aggregation of the
plentiful phytoplankton species into very few compartments probably leads to
simpler dynamics and laws than for the different species taken separately.

For what regards the purpose of this paper, figures 4 and 5 clearly display
the importance of physical processes and spatial variations. They represent
respectively the three-dimensional distribution of phytoplankton in central and
southern North-Sea in mid July and the bottom concentration of detritus at the
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Fig. 5.— Bottom concentration (ugatN ™) of the mid july detritus computed with the model.

same time. High phytoplankton and detritus concentrations are found at the
mouth of the main rivers because of their high nutrient supply and of smaller
depths. The same reasons explain the earlier bloom in those regions. This remark
applies to all the rivers of the NWECS to various degrees. The effect of a river
is indeed not directly proportional to its mean flow rate or to its nutrient supply.
For instance, the influence of the Rhine, Meuse and Scheldt is largely soften by
the strong mixing and flushing along this part of the continental coast. On the
other hand, the very modest river Humber, on the English side, can promote a
high local phytoplankton maximum because of the weakness of the horizontal
exchanges around the river mouth. In the German Bight, both large nutrient
inputs and small renewal of the water account for a (too) large phytoplanktonic
development.
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Because of larger riverine nutrients supplies, primary production is also
larger on the French side of the English Channel than on the English side.
This effect is further enhanced by the existence along the French coast of the
so-called “fleuve cOtier” (coastal river) which prevents French coastal waters
from spreading in the transverse direction of the Channel.

In the centre of figure 4, a phytoplankton maximum can be seen over the
Dogger Bank. This well-known feature {e.g. Brockmann et al., 1990) is produced
by the shallowness of this area and the stratification of the neighbouring waters
which ensure that phytoplankton cells remain in the euphotic layer (see the
foreground of figure 4).

6.— Conclusions.

The mathematical modelling of ecosystems will certainly become the definite
management tool of marine resources. However, to reach this goal, modellers
will have to find a compromise between biological and physical complexity in a
real interdisciplinary dialogue.

The application described in this paper demonstrates the feasibility of
ecosystem models based on simple biology and complex physics. It shows that
the hydrodynamic forcing induces three-dimensional constraints to the biological
populations. Results also show that the simplification of horizontal homogeneity
leading to one-dimensional vertically resolving biological models is a very poor
representation of the reality in this case study.

However, at this time, it is still very difficult to answer the important question
of the optimum complexity of ecological models. Nevertheless, it seems clear
that, beside the number of biological state variables, the number of biological
processes, the number of control parameters, the number of basic inorganic
nutrients, the number of levels of the food chain, the number of compartments
per level, the number of loops in the food web ... the accuracy of the description
of hydrodynamic phenomena is an important point in the definition of the
complexity of an ecosystem model.
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Abstract.

The Research Unit Marine and Coastal Geomorphology of the University of Ghent
has been involved for 15 years in research projects dealing with the genesis, the present-
day morphodynamics and sediment dynamics and the maintenance mechanisms of sand-
banks. Such a research has, in addition to the scientific value, several applications in the
field of offshore engineering, management of natural resources, coastal protection and
environment policy, which are discussed in the present paper.

1.— Introduction.

Complex hydrodynamic processes in which tidal currents and meteo-marine
conditions play the principal roles, are responsible for a continuous evolution
of the seabottom topography. The study of these short and medium term
changes and of the factors causing these modifications is the field of the marine
morphodynamics. The sediment dynamics concern the study of the movement of
surficial sediments and the analysis of the consequences of these displacements.

Research on morphodynamics and sediment processes has a fundamental
. significance in environmental studies evaluating for example the effects of waste
disposal into the sea and of aggregate extraction. At the same time, all major
engineering constructions in the offshore are preceded by a detailed cartography
of the seafloor coupled to a morphodynamic evaluation of the bedforms. The
practical interest of such a research will be demonstrated in this paper with the
help of some examples.
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2.— Dynamics of large dunes.
2.1.—- Practical importance.

A morphodynamic analysis of large bedforms is of vital importance in the
planning of proposed cable and pipeline routes. The Zeepipe transportation
system is the longest (1,100 km) and largest diameter (1.20 m) system laid
in the North Sea and connects the Norwegian Troll and Sleipner gas fields
to the harbour of Zeebrugge. During construction no major problems were
encountered between the gas fields and the area off Texel where the pipe was
laid on the existing seafloor. However the presence of nearly 600 large dunes
was detected near the border with the Belgian continental platform. Large dunes
present a problem for construction of oil and gas pipes as they can cause over-
stressing and freespanning with subsequent stability and safety repercussions.
Pre-sweeping (flattening by dredging) of the large dunes was carried out along
the planned route (Hartsuiker, 1992). A number of questions however remains,
such as, will the large dunes grow back to their original height, and if this is
the case, with what speed. At the same time, will the bedforms be subject to
lateral migrations and how fast will they move. These questions can only be
answered by a detailed analysis of the seafloor topography over a long time
period. Time-series of recordings are in this case an essential tool to unravel
the behaviour of large sand dunes.

2.2.— The large dunes on the Middelkerke Bank.
2.2.1.- Environmental setting.

A sediment dynamic study of bedforms is only possible if all geometric
characteristics of the seafloor features can be carefully mapped and analysed.
Such an analysis of the geographical distribution and characteristics of the
bedforms on and near a tidal sandbank was performed on the Middelkerke
Bank, southern North Sea (figure 1). This particular research project was
partly financed by the European Commission in the framework of its MAST
(Marine Science and Technology) programme and is known under its acronym
RESECUSED (Relationship between Seafloor Currents and Sediment Mobility
in the Southern North Sea; MAST contract 25-C) [Lanckneus et al., 1991,
De Moor et al., 1993].

The Middelkerke Bank has a length of 12 km, a mean width of 1.5 km and
an elevation above the seabottom varying from 15 m in the southwest to 8 m in
the northeast. The bank’s axis has a SW—NE orientation and runs obliquely to
the coast line.

The hydrodynamics around the Middelkerke Bank are characterised by
semi-diurnal tides with neap tidal ranges reaching only 65% of the spring tidal
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ranges. The mean tidal range near the coast is about 4.5 m. The average tidal
movement corresponds to an elongated current ellipse. Peak flood and ebb cur-
rents are respectively directed towards the northeast and to the southwest. The
velocity of the surface peak currents attains values of 1 m/s (Van Cauwenberghe,
1992).

2.2.2.— Cartography of the large dunes.

A detailed analysis of the bedforms on the bank and adjacent channels
was carried out in May 1990 using a Deso XX echosounder and a Klein two-
channel analog side-scan sonar recorder coupled with a high resolution 500 kHz
transducer for the realisation of sonographs. Track lines were spaced such as to
obtain complete sonar coverage of the entire bank for the purpose of attaining
a sonograph mosaic. The side-scan sonar recordings were carried out with a
maximum ship velocity of 4 Kts. All bedforms were mapped on a scale of 1/5,000.

The crest and the leeside troughs of the large dunes were mapped; asymme-
tries and heights were determined (figure 2). The large dunes occur on the flanks
and summit of the bank and are completely absent in the two adjacent swales.

2.2.3.—- Geometric characteristics.

The large dunes are not only mapped, but all their geometric characteristics
are parameterized after which they are presented in a graphical way. Correlations
between parameters are as well calculated and the results are confronted with
results from theoretical equations (Lanckneus and De Moor, 1993).

The large dunes have a length of several hundreds of metres, a width of
several tens of metres, a maximal height of 4.50 metres and a wavelength varying
between 50 and 300 metres. The large dunes are straight to sinuous and their
crests have an uniform orientation which is slightly oblique to the bank axis.

The slope of the large dunes is an important factor which affects directly the
stability of man-made constructions. Figure 3 represents the angles of the steep
slopes of each of the 95 dunes of the bank. Only one measurement per dune
is retained corresponding to the value of the maximum observed height. In this
specific case, angles are low and range between 1° and 10°, the most common
value being 2° to 3°. Present-day large dunes are known to present slopes with
small angles, but values of 10° are commonly found (McCave 1985). Berné
(Berné et al., 1989) even mentions values of 30° to 35° which were measured
in several very large dune fields of the continental shelf around France.

The recordings allowed as well a detailed analysis of the asymmetry of the
dunes (figure 2). All large dunes on both bank ends have their steep slopes
dipping towards the northeast. The central area of the bank is characterised by
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large dunes with steep slopes dipping in opposite directions on both bank flanks
towards the bank axis. Two areas with large dunes dipping toward the southwest
are found between the central area and the two bank ends. Symmetric features
occur especially on both bank flanks where large dunes are still relatively small.
The asymmetry of one single large dune may invert along its course. Branching
of crest lines was observed in several occasions.

The asymmetry of a large dune is linked to the long term hydrodynamic
environment and in many cases this asymmetry can be considered as permanent
(Dalrymple, 1984). This “permanent” character of asymmetry may explain
the fact that few authors comment on medium-term reversal of asymmetry of
large dunes. Figure 4 presents some corrected bathymetric profiles across the
Middelkerke Bank along the same reference line (red Decca line HOO) recorded
in the period November 1987 to March 1992. Several changes in asymmetry
can clearly be observed. Furthermore, it can be deduced that some large dunes
reverse their asymmetry in a time span of a single month (between 22/02/1988 and
21/03/1988). Moreover, individual large dunes can disappear completely as it can
be observed on 22/02/1988 and 23/03/1990. The bank however always seems to
recover from such abrupt changes and to restore itself to a specific cross-profile,
in this case characterised by four major large dunes.
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2.3.— Displacement of large dunes on the northern Kwintebank.

Analysis of the displacement of large dunes has been carried out since five
years on the northern Kwintebank (De Moor, 1985) [figure 1] a bank located
westward of the Middelkerke Bank. Two different techniques have been used
in this aspect. First, side-scan sonar recordings were made along tracks 141 m
apart allowing a complete sonograph coverage of an area of 5,500 m by 1,500 m.
Position of the crest lines and of the leeside troughs, the height of the crests
and the asymmetry of the large dunes were drawn on maps of a scale of 1/5,000.
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Such maps representing the position of the large dunes on different moments can
be superposed allowing a first evaluation of the crest’s displacements. Figure 5
displays for example the net movement of the large dune’s crests in the period
between February 1989 and February 1991. The changes the large dunes suffered
in this two-year period are minor and consist of a shifting of the crest lines
towards the west of the order of some tens of metres. In the western part of the
study area a new large dune (no. 7) appeared with a recorded maximum height
of 2.6 m. The length of the northern extremities of two large dunes (no. 6 and 8)
increased several hundreds of metres into the western swale. The height of the
large dunes increased in a general way with a mean value of 0.5 m.

Furthermore, bathymetric profiling was carried out on several occasions
along a number of reference lines. As positioning and depth data were digitally
stored twice per second, it was possible to deduce exactly the position of the crest
of the large dunes along the sailed track lines.

This technique does not allow a cartographic representation of the crest
lines as only intersections between the large dune’s crests and the sailed refer-
ence line are obtained. The method is however less time-consuming as registra-
tions can be carried out at 10 Kts and processing is mainly done by the computer.

Figure 6 presents a depth profile along the reference line HOO across the
northern Kwintebank sailed on 4 March 1992.

Distance (m)
LI 50 0 SO 20 /2600 300 A 30
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Fig. 6.— Corrected depth profile along the reference line rHO0 across the northern Kwinte-
bank recorded on 4 March 1992. The position of this profile can be visualized on figure 8.

Subsequent profiles were obtained on 5 May 1992, 9 September 1992 and
23 February 1993. The exact position of the crests along the reference tracks were
calculated and plotted on a digitised crest line map of the Kwintebank which
was obtained with the help of a set of side-scan sonar recordings. These data
make it possible to deduce the displacements of the large dune’s crests which
are represented in table 1.

The information of table 1 shows that the large dunes are subject to oscil-
lations in direction of both steep and stoss slopes. The values of displacement
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Table 1

Displacement of large dune’s crest lines based on echosounding
recordings carried out on 04/03/92, 05/05/92, 09/09/92 and 23/02/93

Displacement of crest | Displacement of crest | Displacement of crest
between 04/03/92 between 05/05/92 between 09/09/92
and 05/05/92 and 09/09/92 and 23/02/93

Large dune n® 1 35mto W 10 m to W 30mto E
Large dune n° 2 25mto W 20m to W 25mto E
Large dune n° 3 20m to W 25mtoW 25mto E
Large dune n° 4 - - -

Large dune n® 5 20mto W 15mtoW 25mto E
Mean value 25mtoW 17 m to W 25mto E

* Values for large dune n® 4 could not be calculated as the large dune disappeared after the registration of 4 March
1992.

are low and after 2 years the large dunes returned more or less to the same
position they initially had. Interesting to note is that along this reference line, the
asymmetry of the large bedforms remained unchanged which means that several
large dunes moved in the direction of their gentle slope, while keeping their
original asymmetry (Lanckneus and De Moor, 1991).

3.— Impact of aggregate extraction.
3.1.— Practical importance.

Sand and gravel have been exploited in the past decades mainly on land.
A continuous increase of the demand together with a growing environmental
protection policy are responsible for the fact that in Belgium, like in many
other countries, an interest grew up for the exploitation of the continental shelf.
Extraction of marine aggregates on the Belgian continental platform started in
1979. In the first 10 years, exploitation was limited to 0.5 million m> a year.
This quantity doubled however from 1989 on and extraction in 1991 reached the
figure of 1.4 million m* (Pichot and Lauwaert, 1993a). Sand is used principally
for the building industry, construction of roads and for beach nourishment. The
exact impact of the extraction of marine aggregates on the environment is still a
matter of debate. However, several studies demonstrate clearly that an effective
management of these valuable natural resources is an absolute necessity.

Harris et al. (1990) mentions the case of the dredging activities on a section
of the Middle Banks, Queensland, Australia, where 14 million tons of sand were
dredged in 1983 for the construction of Brisbane Airport. Survey work in 1989
indicated that the bank, which had been dredged to 17 m, had been completely
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rebuilt. The question which can be asked is of course, like Harris states it: “where
did the sand come from?” It has been suggested, based on studies of sandbanks in
other areas, that there exists a balance in sand flux between offshore sandbanks
and the coastline (Pattiaratchi, 1986). A fact is that the shoreline of Moreton
island, in front of the Middle Bank, has been shown to undergo erosion, to
supply, possibly the dredged bank section, although no definite evidence was
found to corroborate this hypothesis.

Sutter et al. (1989) illustrated the need to determine optimum dredging
configurations if deleterious effects of utilisation of offshore sand are to be
minimised. A preliminary assessment of the consequences of using sand from
a large shore-parallel feature for beach nourishment on the coast of Louisiana
indicated that the shoal serves to attenuate storm waves. Removal of this feature
would result in increased erosion of the adjacent shoreline.

Migniot and Viguier (1980) emphasise as well the need for respecting
precise dredging conditions of sand in the offshore if damaging consequences of
these extractions on the coast line are to be avoided. Studies in flumes and wave
tanks point out that in areas with severe waves extraction has to be carried out
at a minimum depth of 20 m under the lowest low water level to obtain negligible
sand movements on gently sloping bottoms.

Bruun (1964) studied the impact of sand extraction on the beach and
stressed the fact that removal of bottom material in the nearshore and offshore
will interfere with the stability of the beach and sea bottom.

3.2.— The case of the Kwintebank.

Sand is extracted by private companies on the Kwintebank, Buiten Ratel and
Oost Dyck (figure 1). More than 70% of the sand is exploited on the Kwintebank
(De Moor and Lanckneus, 1991) which can be explained by the fact that the
characteristics of the sand on the northern part of this bank suit the best the
official prevailing standards for the use of sand in public works. As the most
important part of the exploitation is carried out in a specific section of a single
bank, questions arise concerning the stability of the seafloor in this part and the
possible relationship with coastal erosion phenomena. The Flemish Banks play
after all an important role in the protection of the coast as the energy of the
waves is weakened by their presence. A lowering of the bank top would without
doubt lead to stronger erosion of the beach area.

The evolution of the bank volume of the Flemish Banks has been monitored
since more than a decade in order to study the morphological and sedimentolog-
ical impact of the sand extraction.
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3.2.1.- Methodology.

Volumetric monitoring of the bank volume (De Moor et al., 1989) is carried
out through bathymetric registrations, recorded along a number of reference
tracks situated across the bank and sailed three to five times a year. After
corrections for tidal movements and variations in ship’s velocity and heading,
net depth profiles are plotted in relation to a zero level. Different profiles sailed
along the same reference track can then be compared. The numeric processing
of the depth data comprises the calculation of unit volumes along the reference
tracks which are delimited by the bank profile and by a reference level which can
be situated at intervals of 2.5 m beneath the zero reference level. Examples of
such unit volumes are the top slice volume (defined at the bottom by the highest
reference plane intersecting the bank) and the total bank volume (defined at the
bottom by the lowest reference plane intersecting the bank above the highest
base concavity) [figure 7].

Reference surface
Banktop volume . -zsim
\ -7.5
/ \ -10.0
/ \ -12.5
// N 150
— -17.5
Reference surface
-2.5m
Total \\\\\\\\\\\\\\ 57’2
bankvolume  AMMMMNN -10.0
AMLGMIOTb G € 2.5
QNN 150
. -17.5

Fig. 7.— Definition of the bank top volume and the total bank volume

All calculated values can be expressed in absolute values (m*/m/year) and in
relative values (%/year). These relative values are obtained by normalising the
absolute values in relation to a reference unit volume. After having sailed several
times a reference track, a time-series of unit volumes is obtained on which a
regression analysis is applied. Results of this analysis allows to deduce the present
volumetric trend which can be towards erosion, accumulation or stability.
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3.2.2.— Results.

Bank top volume.

Analysis of the relative trend of the bank top volume (figure 8a) shows
clearly that the northern part of the bank is subject to a sediment loss which
amounts up to 10%. This zone corresponds to the area in which aggregate
extraction is carried out intensively. South of this area, a section exists with
relative high gains. The central and southern part of the bank are characterised
by areas of relative stability alternating with areas of light sediment loss. A
precise correlation study between exploited sand and sediment loss is however
not possible as precise data concerning the exact place and amount of extracted
sediment lack.

It is interesting to mention in this respect that the impact of sand extraction
on the erosion energy near and on the Flemish Banks was studied with the help
of hydrodynamical models (Pichot and Lauwaert, 1993b). Results of a simulation
taking into account a 3 year period of sand extraction, proved that the erosion
energy would increase with 1 to 2% on the northern part of the Kwintebank.

Total bank volume.

The significance of the above mentioned sediment losses in function of the
total sand reserve can be appreciated on figure 8b. The general trend of the
total bank volume points to a tendency of stability as the mean annual volumetric
change ranges for nearly the entire bank between —1% and +1% . The severe
sediment loss of the top volume in the northern part of the bank is however still
reflected in the total bank trend which indicates in this section a weak decrease
in volume (up to —2%). Similarly an area of light accumulation is found in the
central part of the bank.

4.— Fluxes of sand.

If the total bank volume remains more or less stable in spite of a high rate
of extraction, it is clear that a maintenance mechanism has to exist which is
responsible for a sediment supply towards the bank top. Such a mechanism was
in a similar way responsible for the rebuilding of the Middle Banks, as it was
mentioned in a former paragraph.

An analysis of the residual transport paths along which net sediment fluxes
occur can be performed with several techniques (Lanckneus et al., 1992a).
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4.1.—- Methodology.

Cartography of these paths can be based on the study of the geometric char-
acteristics of bedforms such as large (Caston, 1972) and small dunes (McCave
and Langhorne, 1982). Former studies on the Flemish Banks based on sono-
graphs and current meter results (Lanckneus et al., 1992a) showed that only the
small dunes are oriented perpendicular to the direction of the peak currents.

As the direction of the net sediment displacement generally corresponds to
that of the more intense current (Johnson et al., 1981), residual transport path
research on the Flemish Banks is always based on small dunes (Lanckneus et al.,
1989). Mapping the bedforms on the Flemish Banks is carried out several times
a year with the help of side-scan sonar equipment.

4.2.— Results.

Sonographs make it possible to visualise the sediment fluxes on the sand-
banks. The general model of these transport paths implies a sediment supply from
both adjacent swales towards the bank top in opposite directions (figure 9). The
western flank of the Kwintebank receives sand from the southwest transported by
the peak flood current. The residual transport on the eastern flank is commanded
by the peak ebb current from the northeast.

The sediment contributions from both swales can however vary significantly
through time and time-series of sonographs proved that the dominant sediment
supply can come either from the southwest or from the northeast (Lanckneus et
al., 1992b).

This supply mechanism is responsible for the maintenance of the bank
and has the effect that the bank regenerates after erosional phases caused by
heavy storms or sand extraction. The origin of the sediment and the possible
morphological evolution of the source area remain however unknown. These
questions arise the problem of the origin of the intensive beach erosion which
ravages some sections of the Belgian coast. Data lack however in this stage to
associate coastal erosion phenomena to maintenance mechanisms of sandbanks.
These questions will be tackled in the framework of a new research project which
will emphasise on the analysis of sediment interactions between beach, nearshore
and offshore.
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Fig. 9.— Directions of residual sand transport on and near the
Kwintebank based on sonographs recorded in February 1991.

5.— Conclusions.

Extraction of marine resources such as aggregates will without doubt in-
crease in future times due to a growing environmental protection policy on
land. It is therefore an absolute necessity to monitor carefully the areas where
exploitation is being carried out in order to maintain a sustainable extraction rate
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of these valuable resources. The major lack in our knowledge nowadays concerns
the exact location of the sites where extraction of offshore sand is carried out.
However, installation in a near future of a black box aboard the dredgers, which
will record the ship’s position and the volume of the extracted sediment, will
without doubt be a major improvement.

At the same time the fluxes of sand responsible for the maintenance mech-
anism of the sandbanks have to be analysed on a larger scale. Mapping the sedi-
ment transport paths by acoustic teledetection techniques or by sedimentological
approaches has to be carried out towards the nearshore. The establishment of the
exact relationship between coastal erosion phenomena and offshore processes
will be a great challenge for future years.

Finally the evolution of bedforms such as large dunes has to be analysed on
a time-scale of various years. Emphasis will be put in future research on the link
between prevailing meteo-marine conditions and the migrational trends of large
bedforms.
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The Use of the McLaren Model
for the Determination of Residual Transport Directions
on the Gootebank, Southern North Sea
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Research Unit Marine and Coastal Geomorphology, University Ghent

Abstract.

Sixty samples were collected on the Gootebank to assess the application of the
McLaren sediment transport model on a tidal sandbank environment. Residual sediment
transport directions were deduced and compared with the results of a detailed bedform
analysis obtained by side-scan sonar recordings. Results show that when sediments
become finer and better sorted, the corresponding skewness becomes more positive which
is in contradiction with the sediment transfer function of McLaren and Bowles (1985).
Comparison of the directions of residual sediment transport deduced from bedform
analysis and from the sediment trend analysis shows that a good similarity is reached in
the adjacent swales and that an offset of 90° exists on the bank. The transversal grain-size
differentiation is explained by the formation of a lag deposit induced by an upslope
increase in maximum current speed from the swale to the bank crest.

1.— Introduction.

Several techniques have been developed to study the residual currents and
the residual sediment transport (Lanckneus et al., 1992). Bedforms, especially
their asymmetry, can be used to determine the residual direction of bedload
transport. On such ground Johnson and Baldwin (1986) drew dominant sand
transport paths on the Northwest European Shelf. They advance two directions
of residual sand movement off the Belgian coast; a northeastward transport in a
narrow coastal section and a southwestward transport more offshore.

Recent developments in sedimentology unfolded the possibility of the use
of variations in the areal pattern of grain-size parameters for the determination
of residual sediment transport paths (McLaren, 1981; McLaren and Bowles,
1985). The latter advance that in a downstream direction, sandy sediments
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become either finer, better sorted and more negatively skewed (“case B trans-
port”) or coarser, better sorted and more positively skewed (“case C transport™).
McLaren’s model has been applied chiefly in coastal, fluviatile and lacustrine
environments. Published studies on the applicability of the McLaren model in a
tidal shelf environment where currents are continuously changing in direction
and velocity are still rare. The Research Unit Marine and Coastal Geomor-
phology of the University Ghent has been critically analysing the possibilities
of this technique on several tidal banks (Lanckneus ez al., 1992) of the Belgian
continental platform. The present paper presents the results of a study carried
out on one of these banks, the Gootebank which has been the object of a scientific
monitoring programme for several years as the bank is subject to aggregate
extraction.

2.— Environmental setting.

The Gootebank is a shelf sand bank located on the Belgian continental
platform (figure 1). The bank belongs to the Zeeland Ridges, a group of banks
whose orientation is parallel to the coastline and which are mainly located in
Dutch territorial waters. The Gootebank has a length of 15 km and a maximum
width of 2 km. It shows a relative elevation above the seafloor of 6 m at the
ends and up to 10 m at the centre which corresponds with a low water depth
of 12 m. Its height is, in comparison with the Flemish Banks, less pronounced
although they occur at approximate similar water depths. The topography of the
bank is not very explicit, but in general, it has very mild slopes to the NW and
a more steeper slope to the SE. According to Houbolt (1968) and to Laban and
Schirittenhelm (1981), the Zeeland Ridges are originated by a sand accumulation
around small pre-existing sediment bodies.

The hydrodynamics around the Gootebank are characterised by semi-
diurnal tides of megatidal range which differ considerably between neap and
spring tide. The mean tidal range near the coast, situated at about 22 km reaches
4.5 m. The average tidal movement corresponds to an elongated current ellipse.
The general directions of the flood peak and ebb peak currents are approximately
from southwest to northeast and from northeast to southwest respectively.
Information from a nearby current meter indicates a slightly stronger ebb peak
current which amounts up to 1 m/s (Van Cauwenberghe, 1992).
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3.— Acquisition of field data.

On the 9th and 10th of June 1992 sixty bottom samples were collected on the
central part of the Gootebank using a Van Veen bottom sampler with an average
spacing of 600 m (figure 2). This grab sampler has a penetration of more or less
10 cm in the sea bottom and does not allow the sampling of individual laminae of
sediment. This is however not a disadvantage as the use of a more global sample
of the superficial sediment is more adequate for sediment trend interpretations
on a regional scale (McLaren, 1981) and certainly on a longer term.

The samples, consisting of & 2 kg of sediment, were dried at room temper-
ature. A small representative sample of 200 g was separated with the help of a
sample splitter. Fractions coarser than 4 mm and finer than 50 mm were separated
respectively by dry and wet sieving. Fines have an average value of 1% of the
total sample. Sediments were decalcified by acid dissolution after which the sand
fraction was further analysed by dry sieving. The grain-size analysis can be carried
out on the natural as on the decalcified sample. Decalcification was carried out
to improve results in the sediment trend analysis. Sand consists indeed of quartz
particles and shell fragments. Both types of grains have a different density and
a different morphology as the shell fragments present mostly a flat shape quite
different from the rounded quartz grains. This will cause the two types of particles
to react in a different way to the sorting processes which act upon them. It is
therefore preferable to work exclusively with quartz grains as shell fragments
could bias the grain-size parameters. The following grain-size parameters were
calculated according to Folk and Ward (1957):

— Mean Size
_ P16+ ds0 + Pa4

M 3

— Standard deviation:

Psa — P16 | Pos — Ps
& 1766

g =

— Skewness:

16 + Pss — 2050 ¢s + bos — 2650
2(¢sa — ¢16) 2(¢os — ¢s)
The position of the samples and the values of the above mentioned grain-size
parameters are presented in table 1.

Sk =

The next day geosonic survey operations were carried out on the same site.
A Deso XX echosounder was used for bathymetric recordings and sonographs
were realised with a Klein digital dual channel side-scan sonar recorder coupled
with a 500 kHz transducer. During these operations a slant range of 75 m was
maintained. Navigation and positioning were performed by the Syledis system
with a geographical position accuracy of 5 m. The recordings were made along
tracks 141 m apart (figure 3) which allowed a coverage of an area of 3 km?. The
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Fig. 2.— Location of sampled area (a) and of samples taken on the central Gootebank in June 1992 (b)
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Table 1

Position and grain-size parameters of the decalcified samples of the
central part of the Gootebank taken on the 9th and 10th of June 1992

Position Position Mean Sorting
Sample Skewness
Lat. Long. ¢ ¢

1 5128 06.88 02 51 43.97 2.07 2.14 0.451

2 5127 51.60 02 52 06.23 1.60 0.39 0.057

3 512736.20 02 52 16.61 1.90 0.29 0.230

4 512718.78 02 52 31.65 1.82 0.35 0.078

5 5127 04.29 02 52 53.60 1.53 0.50 —0.091

6 51264542 02 53 04.41 1.92 0.43 0.175

7 5126 42.48 02 52 52.33 1.92 0.44 0.102

8 512701.82 02 5234.32 1.22 0.69 0.069

9 512715.12 02 5215.41 1.79 0.30 0.112
10 51273275 02 52 02.20 1.94 0.28 0.240
11 5127 48.70 02 51 45.47 1.63 0.68 0.250
12 5128 03.84 02 51 13.14 1.65 0.61 0.005
13 5128 00.43 02 5118.12 1.59 0.55 0.061
14 5127 41.38 02 51 41.66 1.28 0.69 —0.290
15 5127 23.49 02 51 51.09 1.92 0.31 0.140
16 5127 08.68 02 52 07.27 1.70 0.34 0.030
17 5126 48.34 02 52'25.11 1.97 0.34 0.240
18 5126 37.49 02 52 34.31 1.93 0.38 0.202
19 5126 29.55 02 52 27.01 1.91 0.42 0.070
20 51 26 48.50 02 52 08.23 1.89 0.40 0.150
21 5127 00.99 02 52 01.77 1.86 0.40 0.004
22 5127 19.94 02 51 40.17 1.82 0.40 —0.075
23 5127 38.71 02 5121.32 1.62 0.43 —0.003
24 51275542 02 51 07.30 1.67 0.59 0.018
25 5127 51.48 02 50 47.36 1.44 0.55 0.046
26 512732.19 02 51 09.83 1.82 0.38 0.097
27 5127 16.85 02 51 27.26 1.80 0.40 —0.084
28 5127 00.69 02 51 43.41 1.83 0.39 —0.017
29 5126 44.56 02 51 59.77 1.93 0.33 0.250
30 5126 27.75 02 52 19.91 1.94 0.42 0.101
31 5126 24.71 02 52 04.96 1.99 0.75 0.003
32 51 26 40.51 02 51 51.84 1.88 0.38 0.159
33 5126 57.00 02 5131.28 1.86 0.41 —0.051
34 5127 14.10 02 51 15.10 1.88 0.35 0.034
35 5127 29.47 02 50 57.85 1.73 0.46 0.124
36 5127 45.01 02 50 43.34 1.54 0.64 0.014
37 5127 37.90 02 50 26.85 1.76 0.68 0.014
38 512723.42 02 50 47.62 1.80 0.33 . 0.113
39 512707.42 02 51 01.28 1.82 0.36 —0.032
40 5126 52.38 02 51 24.32 1.69 0.54 —0.226
41 5126 34.34 02 51 37.51 1.84 0.42 0.187
42 5126 17.96 02 51 52.23 2.02 0.52 0.263
43 512612.23 02,51 39.01 2.29 2.66 0.586
4 512628.27 02 51 20.44 1.83 0.40 0.141
45 51 26 46.86 02 51 05.63 1.80 0.40 0.018
46 512703.19 02 50 52.06 1.53 0.48 —0.157
47 5127 20.05 02 50 33.27 1.63 0.40 0.072
48 5127 37.04 02 50 18.95 2.01 0.53 0.120
49 512728.19 02 50 04.28 2.04 0.77 0.232
50 512712.95 02 50 21.26 1.01 0.98 —0.461
51 5126 56.61 02 50 37.66 1.58 0.40 —-0.122
52 5126 41.63 02 50 54.19 1.67 0.51 —0.099
53 512625.47 02 51 10.16 1.90 0.38 0.176
54 5126 09.57 02 51 26.87 1.60 0.39 0.028
55 5126 00.07 02 51 09.24 1.84 0.56 0.140
56 5126 20.27 02 51 01.51 1.86 0.48 0.185
57 51 26 34.38 02 50 40.11 1.58 0.45 —0.012
58 5126 52.56 02 50 23.30 1.71 0.35 —0.036
59 5127 10.10 02 50 07.47 1.76 0.75 —0.342
60 512726.83 02 49 52.88 1.92 0.54 0.013
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Fig. 3.— Sailed tracks across the central Gootebank

sonographs were processed according to Flemming (1976) and a bedform map
was drawn on a scale of 1/5,000 (De Moor and Lanckneus, 1988).
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4.— Residual sediment transport directions by bedform analysis.
4.1.— Bedforms.

The central section of the Gootebank, selected for this study, is completely
covered with flow transverse bedforms, which can be classified as very large,
large, medium and small dunes according to Ashley (1990).

The large to very large dunes (both defined hereafter as large dunes)
[figure 4] occur on both flanks and summit of the bank and are absent in the
northern and southern swales. They display a good lateral continuity and the
large ones are traceable from one flank of the bank to the other over a distance
of 2.3 km. The large dunes have a strike of N 50° W which locate them slightly
oblique to the bank’s axis. They have a height ranging from 0.5 m to 5.40 m and
a wavelength varying between 25 and 300 m. All large dunes have a pronounced
cross-sectional profile. In most cases they have their steep slope dipping towards
the southwest, although along some sections steep slopes point to the opposite
direction.

Small to medium dunes (defined hereafter as small dunes) cover the flanks
and summit of the bank. They superpose both flanks of all large dunes. They are
2-dimensional and present a wavelength ranging from 1 to 10 m. The small dunes
occurring on the northern bank flank have as a general rule a shorter wavelength
than the remaining ones. All small dunes have a strike of approximately N 30° W.
This means that they are completely perpendicular to the bank and that they are
oriented at an oblique angle to the large dunes with a clockwise angle offset
of 20°. The same offset value was found on the Kwintebank, a bank situated
8 km to the southwest, although its flow transverse bedforms present different
orientations than on the Gootebank. The steep slopes of all detected small dunes
are dipping towards the southwest which is the direction of the peak ebb current.

4.2.— Residual sediment dynamics.

Most sediment dynamic studies carried out in the Southern North Sea
agree that in the coastal section of the Belgian coast residual sand movement
is to the northeast. Although this movement may be correct on a regional
scale, much more complex movements occur near sandbanks (De Moor, 1985).
Several models have been proposed to explain the near-bed currents and the
related sediment movements which would be responsible for the formation and
maintenance of linear sand banks on continental shelves. Pattiaratchi and Collins
(1987) provide an overview of these models.

Residual transport paths can be deduced from the strike and the steep slope
direction either from large dunes (Caston, 1972) or from small dunes (McCave
& Langhorne, 1982; Lanckneus et al., 1989). As the direction of the net sediment
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displacement generally corresponds to that of the more intense current (Johnson
et al., 1981), directions of flood peak and ebb peak currents were compared
with the characteristics of the bedforms, using information from a current meter
positioned on an adjacent sandbank, the Kwintebank (Lanckneus et al., 1992).
These data show clearly that the peak currents are completely perpendicular to
the small dunes. Small dunes are therefore used to derive the directions of the

residual sediment transport (figure 5).
7
20m”” ﬁ\%K\\

GOOTEBANK

2‘|50'

=g direction of residual sediment transport deduced from the small dunes

Fig. 5.— Directions of residual sediment transport deduced from strike and asymmetry of small dunes
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5.— Residual transport directions by sediment trend analysis.
5.1.— The McLaren Model.

McLaren and Bowles (1985) elaborated a statistical approach to determine
the sediment transport directions along a line by examining the sedimentological
parameters of all possible pairs of samples on a sample line. This line-by-line
approach is however difficult to use in the case of samples taken in a grid if no
information about the directions of the residual transport is available. In this
case it is impossible to know the direction along which pairs of samples have to
be examined.

Therefore, a two-dimensional approach, as the one proposed by Gao and
Collins (1990) can be used to reduce the bias implied in the selection of the
sampling tracks. The first step in this procedure is to compare coarseness, sorting
and skewness of each sample with the same parameters of its eight neighbouring
samples and to draw a unit length vector for each direction corresponding to a
specific defined transport trend. Several types of transport trends can occur and
some discrepancy seems to exist between theory and field data.

5.2.— Types of transport trends.

McLaren suggested in 1981 that if sediments in transport undergo selective
deposition, the resultant deposit can either be finer (case IIIA) or coarser
(case I11 B) than the source, but the sorting will always be better and the skewness
more positive. Both transport trends are illustrated by McLaren by means of
several data-sets. :

McLaren and Bowles however introduced in 1985 a sediment transfer
function which defines the relative probability that a grain within each particular
class interval will be eroded and transported. The introduction of these function
demonstrates that, according to the authors, when sediments become finer, the
skewness must become more negative (case B). At the same time, the transport
trend III B (coarser, better sorted, more positive skewness) is redefined as the
case C trend.

Harris et al. (1990) studied the regeneration of a section of Middle Banks,
Moreton Bay, Queensland, which was severely dredged to provide sand for the
construction of Brisbane Airport. The McLaren model was used to investigate
the sources of the sand and the directions of the residual sand transport. Harris
mentions in several cases a decrease of mean grain-size with corresponding
more positive skewness. Following the ideas of McLaren, he attributes this
“erroneous” trend to the fact that the samples are not fully representative of
the different environments.
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The existence of transport trends was studied in detail on another tidal
sandbank of the Belgian continental platform, the Kwintebank by Lanckneus
et al. (1992). These authors found that neither case B nor case C trends occur
dominantly on the northern section of the bank where, on the contrary, directions
along which sediments become finer, better sorted and more positively skewed
(case III A) prevail. The residual transport directions derived from this trend
were compared with the transport directions deduced from the geometric char-
acteristics of bedforms mapped with the help of sonographs. A good similarity
between the results of the two methods was obtained and the sediment trend
analysis proved its capability to distinguish between the flood and ebb dominated
areas.

So it seems that a contradiction exists between the transport trends derived
from more theoretical considerations and the one actually found on tidal sand-
banks. New results on another sandbank of the Belgian continental platform, the
Gootebank, will be used to study the existing types of transport trends.

5.3.— 2D sediment trend analysis on the Gootebank.

All publications agree to the fact that sediments, undergoing selective
deposition, can either be finer or coarser and that they seldom become more
poorly sorted (McLaren and Bowles, 1985).

So, in theory, compared to sample 1, sample 2 can theoretically be
(1) finer (F), better sorted (B) and more positively skewed (+);
(2) E B and more negatively skewed (—);
(3) coarser (C), B, + and
(4)C, B, —. :

Let us now examine which of these trends occur on the Gootebank and in
which percentage. Table 2 presents the number of occurrence of each of the four
here above defined sediment transport trends between each sample and its eight
neighbouring samples.

Table 2

Number of occurrence of each of the four considered sediment transport trends

Transport trend EB,+ | EB,- [ CB,+ | C,B, -

No of pairs of samples producing

a specific transport trend 115 15 2 39

No of pairs of samples expressed

in % 59.3% 7.7 % 12.9 % 20.1 %
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It is clear once more, that the transport trend F, B, + is dominant and that
the F, B, — transport trend is insignificant. The abundance of E, B, + cases points
to the fact that when samples become finer and better sorted, the corresponding
skewness can become more positive. We take in our sediment trend analysis only
into account the transport type F, B, + as it is the most wide-spread trend.
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Fig. 6.— Unit length vectors for each F, B, + (finer, better sorted, more positively skewed) trend

We already mentioned that, in order to realise a 2D sediment trend analysis,
unit length vectors have to be drawn for each direction corresponding to the
prevailing transport trend, which in this case is the F, B, + trend. Figure 6 displays
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—= transport vector obtained by summing the individual F, B, + transport vectors

Fig. 7.— Result vector obtained by summing all unit length vectors in each point

all length vectors, corresponding to the F, B, + trend which can be drawn between
each point and its eight neighbouring samples.

The direction of the vector points towards the sample with the best sorting.
All unit length vectors occurring in each single point are then summed by
vectorial computation so that only a single direction vector is left for each
sampling site (figure 7). If only one length vector is present in a sampling point,
the direction of the original vector is retained.

To easy the computations a full menu driven DOS environment programme
was designed to calculate the result vector of up to eight user defined vectors.
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All entered vector data are stored into a special designed database file. This
structure gives the user the freedom to add records to the file or to modify a
record already entered. After data entry the result vector is calculated and its
length and direction is stored in a record field. Output of the programme can
be alpha-numeric and consists in this case of the sample number, the length
and the direction of the result vector. A DXF-file (4utoCad Data eXchange
Format), can also be created allowing a graphical representation of both the
initial and the result vectors. As the Easting and the Northing are available for
each measurement, the points can be precisely located, and superposed on a

digital bathymetric map.
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Fig. 8.— Smoothing operation carried out on the vectors displayed in figure 7
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Finally, a smoothing operation is performed to reduce “noise” in the
data by averaging the directions of the vectors of each sampling point and its
neighbouring points (figure 8).

The results of the trend analysis suggest that:

(1) sediment transport on the bank occurs perpendicular to the bank’s axis from
north to south;

(2) inthe southern swale sediments move residually parallel to the bank from NE
to SW.

6.— Conclusions — Confrontation with the sonograph results.

The results of a sediment trend analysis on a tidal sandbank has been com-
pared to the findings of a bedform analysis based on sonograph interpretation. In
a 24 hour period a total of 60 bottom samples were collected on a central section
of the Gootebank followed by side-scan sonar registrations in mosaic form of
the sampled area. Grain-size parameters were calculated and a bedform map
was drawn. Residual sediment transport directions from both the sediment trend
analysis and the bedform analysis were deduced. Similarities and dissimilarities
between both methods can be resumed as follows (figure 9).

In the southern swale the small dunes indicate a clear residual sand move-
ment towards the SW, which is in good agreement with the results from the
trend analysis. On the bank itself however, the small dunes suggest a from NE
to SW transport which is almost perpendicular to the movement derived from
the McLaren model. It is striking that similar results were obtained on the
Kwintebank (Lanckneus et al. 1992) where a good similarity between the two
methods was reached in the adjacent swales and an offset of 90° was found on
the bank itself.

How can these phenomena be explained? It is rational to accept that
the flow transverse bedforms (as the name itself says) have their orientation
more or less transversal to the dominant currents. But in this case, why do
the expected variations in the areal pattern of the grain-size parameters not
occur in a similar way? First, we have to consider the fact that those variations
in the direction of the bank’s axis exist. Former sedimentological studies on
adjacent banks like the Kwintebank (Lanckneus, 1989) and the Middelkerke
Bank (Lanckneus ez al., 1991), show clearly that grain-size variations are found in
the direction of the bank’s axis (coarsening towards the northern bank end) and
transversal to the bank (coarser sand on the western bank flank). When sampling
operations are however restricted to a section of the bank, it is normal that the
longitudinal grain-size variations, as they are spread over the entire length of
the bank, are masked by the more marked transversal grain-size differentiation.
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Fig. 9.— Comparison between residual transport directions deduced from -
the modified McLaren model and from the analysis of small dunes

Nevertheless, an additional process has to be introduced to explain the similarity
of the results obtained in the swales with the two above mentioned methods and
the offset of 90° found on the bank itself. As it is well known, tidal currents
change continuously in direction and velocity. The bottom velocity on a specific
moment of the tidal cycle is however not identical on the entire bank flank as
there is a clear upslope increase in current speed from the swale to the crest
(De Moor et al., 1993). This simultaneous existence of different current velocities
is responsible for the formation of a lag deposit on the western flank of the bank
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where coarse sediments occur which become finer over the bank top towards
the eastern bank flank. This effect does not exist in the swales where a constant
depth prevails, which explains the similarity of results, obtained with the bedform
analysis and the sediment trend analysis.

We can note as well that the offset between the directions of residual
sediment transport deduced from the sediment trend analysis and from the
bedform analysis is smaller (70°) if large dunes are considered instead of small
dunes. Former research however (Lanckneus and De Moor, 1993) gave clear
evidence to the fact that large dunes are not suited for the definition of residual
sediment transport paths.

Discrepancy of the results obtained on the sandbank between the sediment
trend analysis and the bedform analysis shows clearly that the definition of
residual transport paths in a tidal environment has to be carried out cautiously.
In order to gain a deeper insight in the existing sedimentological processes, new
techniques will be used in future research including the use of high resolution
flow models and hydrodynamic measurements with the help of current meters
and instrumentation platforms.
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" Eocene Siliciclastic Continental Shelf Sedimentation
in the Southern Bight North Sea, Belgium

Patric JACOBS and Erwin SEVENS
University of Gent, Renard Centre of Marine Geology

Abstract.

Eocene sedimentation in the Southern Bight of the intracratonic North Sea Basin is
determined by its ramp margin setting. Lithofacies analysis of siliciclastic shallow marine
sediments enables reconstruction of sedimentation model in relation to relative sea level
changes.

Two major sedimentary cycles composed of sequences of metric to decametric thick-
ness can be discerned. The lower transgressive/regressive cycle evidences 3 sedimentary
environments. Lowermost Eocene sediment units are mainly clayey, display an overall
fining upward trend and are deposited on a mud shelf. A delta prograding out on the
continental shelf deposits middle to upper Lower Eocene units, gradually becoming more
sandy. Middle Eocene sediments are mainly sandy, contain calcarenite horizons, coarsen
upward and are predominantly of tidal and lagoonal origin.

The upper cycle is composed of only 2 sedimentary environments. Lower Upper
Eocene sediment packages consist of a succession of 4 gradually fining upward sandy to
clayey sediment units of distal (pro)delta origin, while the Uppermost Eocene has a more
sandy character and is of tidal sand flat origin.

The general sedimentation model is that of an advancing and retreating mainly deltaic
sedimentation system, consisting of onlapping and shallowing upward sediment units,
gradually infilling the Southern Bight of the North Sea Basin due to constant sediment
supply of southern origin.

1.— Introduction.

Tertiary sedimentation in the shallow Southern Bight of the intracratonic
North Sea Basin occurs within a ramp margin shelf setting. As shown in figure 1,
siliciclastic shallow marine beds gently dip to the NNE (less than 0.5 %) in a series
of onlapping parallel WNW-ESE orientated units, with an outcrop pattern
related to the Tertiary topography modelled by Quaternary erosion.
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The Eocene stratigraphy of onshore northwestern Belgium has been es-
tablished by Rutot (1882, 1883), Mourlon (1888), Leriche (1912, 1922) and
more recently by Gulinck (1965, 1969a, 1969b), while the lithostratigraphy of
the Upper Eocene and of the transitional layers between the Eocene and the
Oligocene has been revised by Jacobs (1975). The Palaeogene lithostratigraphy
(Table 1) was summarized by Maréchal and Laga (1988) based on contributions
by different authors.

In order to study the offshore Lower Eocene to Lower Oligocene seis-
mostratigraphic units observed by De Batist (1989) on high resolution seismic
reflection lines in the Southern Bight, four cored borings (figure 3) were drilled
by the Belgian Geological Survey in front of the Belgian Coast (figure 2). These
borings cut through a 200 m thick series of Eocene marine sediment units (fig-
ure 4), roughly forming a SW—-NE/S—N dip section. Sedimentary facies analysis,
grain size trends and sediment genetic interpretation of the GR1, SWB, SEWB
and VRI1 borings were used to reconstruct the sedimentation model. As no
biostratigraphic study has been undertaken yet, age control had to rely on data
(King, 1990; Steurbaut, 1990) obtained from correlatable sediment series in
nearby onshore cored borings (11E/138 and 22W/276) [figure 3].

3.- Lithostratigraphy.
3.1.- Kortrijk Formation.

In the GR1 boring (figure 5) a stacked pattern of fining upward sediment
units 1 to 4, each 5 to 10 m thick of the Kortrijk Fm of Early Eocene age forms
a 35 m thick massive grey green clay, with some thin silt laminae and fine sand
nests. Jarosite and pyrite concretions occur, sometimes with a fossil as nucleus. A
5 cm thick disturbed black clay layer with a high organic content marks an anoxic
event representing a condensed section (Van Bavinchove, 1993), while horizontal
layering reflects changes in organic material content. The bioturbated horizon
in unit 3 represents a hiatus. Fine sandy layers are sometimes sideritized. In the
VR1 boring (figure 12), the massive clay unit 4 is bioturbated (mostly chondrites)
and covered by an 8 m thick bioturbated sandy clay with thick sand lenses (unit 5).
Correlation is however based on geometrical arguments and thus still uncertain
by lack of marker horizons.

Units 1 to 4 of transgressive character are deposited on an offshore mud-
shelf, in the quiet setting of a deepening shelf characterized by very low sediment
accumulation rates of about 1.5 ¢m/1,000 years (Jacobs and Sevens, 1988), and
practically completely below storm wave base. The thin silt laminae and fine sand
solitary migrating ripples indicate sporadically higher energy conditions which
rework and redeposit sediment, indicating the rate of sea level rise slows down.
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Fig. 3.— Lithologs of the four offshore cored holes and of two onshore borings of the Belgian Geological Survey (11E/138

and 22W/276) with lower boundary surface of the clayey Kortrijk Formation base (a), upper boundary surface of the clayey
Kortemark Member top (b) and lower boundary surface of the clayey Asse Member base (c). Insert shows location of borings.
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Fig. 4.~ Composite lithologs of all 4 borings with correlation of
litho units and indication of sequence stratigraphical character.

The basin shallows as displayed by the deposition of unit 5 in the VR1 boring (fig-
ure 12), a coarsening upward, bioturbated grey sandy clay containing thickening
upward sand lenses with graded bedding. In the more distal located SWB boring
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Legend
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[figure 6] (Jacobs ez al., 1990) the 6 m thick basal unit 5 is composed of a lenticular
clay with burrows at the top and with centimetric fining upward silty sand laminae
(figure 7), indicating the offshore mudshelf to come under heavy storm influence.



Patric JACOBS and Erwin SEVENS

104

. ‘ Jiayspnu

ISL _ _auoysffo
E|F
2ouaNful wi01s g N.
43pun Jjayspmu =
LSH P 5| F
—os°0s S
IST Yy __
2ousnbasered -l
ISL ]
- — g
sousnbasered xayduiod vyap 3
LSL =
1SH ya
— os €S \ =
5
181 ,mu
uof vijap g =
- - — - =]
=
=
_ _ ol
Aays 2
prw 210ysffo 3 =
=]
W a
® o]
ISL g 2
s =
ouanyfur
xa)dwoo prjap
@
- - — @
2
S|poys pus o]
ISH pup s pnud =
1Du008D] Yiim m
xapdwo> viap
— 05°6b dS
ouantfur aom M
Uapun sjpoyspuos| -
181 1opugns : o
pup Jopud | m
Y |
— 0s°8% €S -
- B - [ N
vouanbosered gy I = : 0 oT| 8 W g m
1S1 pasuanyfui 2a0m S , L = s m 26
s '
KydeiSuens spuon JUIWUOTAUSD oot 08 09 Or 0T . s o-&: quwew/wioj[dnos3) O
9ouanbas 37[S ureId euonisodap % yStam - yd -[nwmnd Soroqrp (wury pdop| AydesSuensoyy

[eM gMS



Eocene Siliciclastic Continental Shelf Sedimentation in the Southern Bight 105

On opposite page:
Fig. 6.— Detailed litholog with lithostratigraphy, sediment genetical and sequence stratigraphical
interpretation of the SWB boring.

Fig. 7.— SWB boring 57m36: centimetric fin-
ing upward storm deposited silty sand laminae.

3.2.— Tielt Formation.

The Kortrijk Formation is overlain in the SWB boring by a sharp-based
8 m thick grey green bioturbated silty clay, containing thick sand laminae and
burrows. This unit 6 is represented in boring VR1 by a 14 m thick grey clay
with two centimetric yellowish clay lenses (consisting of bothroid and phramboid
siderite), towards the top passing into a strongly bioturbated fine sandy clay
due to an increasing number of thickening upward sand lenses. A sharp contact
separates it from a glauconitic fine sand, with low angle cross bedding at the
base in boring SWB. The thickness in the VR1 boring increases dramatically
from 6 to 12 m, where this unit 7 shows fine laminations, ripples and flaser
lamination (mud drapes), and contains bioturbations, dispersed shell clasts and
local silica cementations. Sedimentation is here characterized by a deltaic regime:
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the massive fine sand unit with low angle cross bedding is deposited on a delta
front, and passes into a sedimentation near a delta front as indicated by the
3 m thick alternation of horizontal laminated fine sand and strongly bioturbated
clayey fine sand (unit 8, only present in boring SWB).

Fig. 8.— SWB boring 23 m 70-90: grey green silty clay top with large
horizontal and vertical burrows and with an overall bioturbated clay matrix.

3.3.—- Gent Formation.

The rapid transition to an 11 m thick lenticular silty clay (unit 9 in the
SWB boring) indicates the retreat of the delta and the consequent redeepening
of the basin towards an offshore mudshelf.

These muds with sand filled burrows at the top (figure 8) are abruptly
overlain by an upward coarsening regressive sand (units 10 to 15). The lowermost
3 m of this sand (unit 10) is fine-grained, muddy and bioturbated. The overlying
sand exhibits low angle cross bedding (unit 11) and rhythmic interlayered
bedding (unit 12) [figure 9] topped by a strongly bioturbated lenticular clay with
clay clasts. This middle portion is interpreted as deposition on a delta plain in
lagoonal mud flats and sand shoals with sporadic wave influence.
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Fig. 9.— SWB boring 18m61: sand with rhythmic inter-
layered bedding sharply topped by a grey green lenticular clay.

In the SWB boring units 13 and 14 form a 6 m thick sediment package
consisting of green glauconitic fine sand. The lowermost 2 m show low angle
parallel lamination (unit 13) with a brown clayey matrix and wood fragments (pe-
dogenesis?). Deposition took place on intertidal to supratidal wave influenced
sand shoals, with vegetation in the proximity. Due to lateral facies variations
unit 14 is represented in boring VR1 by 3 coarsening upward sequences, in total
5 m thick, each composed of grey clay (sometimes with an erosive base) gradually
passing into strongly bioturbated fine sand and at the top green glauconitic fine
sand with parallel lJamination and local cementations.

3.4.—~ Aalter Formation.

The Aalter Formation shows vertically and laterally the gréatest facies
diversity, reflecting highly varying sedimentary environments. All sediments are
from base to top of Middle Eocene age (Jacobs et al., 1990).

Unit 15 (SWB boring) is a sharp based 2 m thick fine sand with clay laminae,
local silica cementations and bioturbated coarse interlayered bedding transition-
ing into rhythmic interlayered bedding with decreasing bioturbation. The top
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(represented by unit 16, but incomplete in boring SWB) shows parallel lamina-
tion. Deposition might therefore have taken place in a subtidal environment,
wave influenced at the top. In northeastern direction (boring VR1) unit 15
consists of 2 sequences of bioturbated grey clay, coarsening upward into grey
green glauconitic fine sand with some clay, strongly bioturbated and locally silica
cemented; the first sequence has an erosive base. Here the complete unit 16
reaches more than 6 m thickness, is also composed of grey green bioturbated
glauconitic fine sand with millimetric clay lenses and local cementations, but
contains shell fragments at the base and large specimen of the bivalve Cardita
planicosta at the top, normally absent in the strongly bioturbated glauconitic
medium fine sands of the SEWB boring. The 10 m thick basal but incomplete
part of unit 16 (figure 10) starts with a thin fining upward sequence at the base,
gradually coarsens upward, contains also local silica cementations, but displays
vertical burrows (figure 11) which depart from erosion surfaces and penetrate
into parallel laminated fine sands. The basal sediments in this succession are
deposited in subtidal gullies, the top sediments in a mixed intertidal flat environ-
ment.

Fig. 11.- SEWB boring 36 m 50: vertical burrow departing from
a reactivation surface; varying degree of bioturbation is caused
by alternating periods of slack water and current activity.
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In the SEWB boring no sharp boundary can be observed between units 16
and 17, which consists of a glauconitic fine sand, 5 m thick. The flaser lamination
obliterated by bioturbation points towards the submarine facies of a coastal
barrier, of which the laminated sand was deposited in shallow water and the clay
layers in deeper water. More to the northeast (VR1 boring) unit 17 becomes
somewhat thicker and more clayey, and is characterized by an irregular but sharp
lower boundary with clay clasts and burrows backfilled with sand. This lenticular
grey green sandy to silty clay is fossiliferous, bioturbated and contains millimetric
as well as metric lenses affected by bioturbation and small scale faulting.

Like most of the Aalter Formation sediments in the northeastern part of
the study area, the base of unit 18 has an erosional character with burrows
backfilled with sand, in contrast to the gradual transition in boring SEWB.
This 10 to 12 m thick grey green glauconitic fine sands to clayey sands with
some centimetric clay layers, and displaying flaser lamination and bioturbations,
are interpreted as storm deposits in a lagoonal environment. The abundant
shells (mainly gastropods like Turritella but also Cardita planicosta) sometimes
reworked and concentrated in coquinas indicate the position of the chenier itself.

The sharp basal contact of the overlying 3 m thick glauconitic fine sands
(unit 19, SEWB boring) suggests erosion and incision due to very high energy
conditions, while the hummocky cross stratification, the basal mud drapes and
low angle cross bedding with mud drapes of this fine sands with clay clasts
on erosive contacts represents repeated channel incision and infill with lateral
migration. The glauconitic clayey fine sand facies with intensive bioturbation
on top can be related to backstepping of the shoreline. The slightly coarsening
upward 4 m thick slightly clayey glauconitic fine sands of unit 20 are interpreted
as a lagoonal sedimentation, because of faintly visible horizontal burrows and
uniformly dispersed shells due to complete sediment reworking.

3.5.— Maldegem Formation.

The Maldegem Formation of Upper Eocene age shows an overall fining
upward trend from unit 21 to 27 and is only present in the VR1 boring (figure 12),
as this is situated in the nottheastern part of the study area. The succession begins
with glauconitic slightly clayey sands, 7 m thick, slightly fining upward, with clay
coated burrows, bioturbations, 2 calcarenite horizons, weathered shell fragments
and a sharp but irregular top (unit 21).

It is overlain by 3 stacked fining upward cycles (units 22—23, 24-25 and 26—
27), each about 10 m thick. All depart from erosion surfaces with sandfilled bur-
rows (figure 13, top of unit 23) and are completely bioturbated. The lowermost
unit 22 starts with a highly glauconitic clayey sand, covered by an alternation of
clayey sands and sandy clay with bioturbations (mostly chondrites) and burrows



Eocene Siliciclastic Continental Shelf Sedimentation in the Southern Bight 111
lithostratigraphy | depth (inm)  litholog sequence lithostratigraphy _|depth (inm)  litholog sequence
B fremy litho units wn mwe p “stratigraphy i units [ stratigraphy
1-8.80 10] D D D ' © S
2 5 5 §
“ ‘ LST
2 30 parasequence
=
8 o 13004
= HST
Sl |z2|® L15] _ TST parasequence
S1Elgle 29"~ o
°lE|a|é “
[17.40+
z [ a @l - 5
z LST | Olelg|2
g 28 | panascquence o|£(2|8
L7854 N SB 39.5 — = N <
a
g -
= _ HST s HST
£l27 . parasequence
2
° ST
——29.00~‘
€ |30 ]
] . e £
gl26 z
£ £ parasequence
F2 L .50 f— SB 405 —] =
N ’
: 10654, TST parascquence]
w £ H
S 5| 2|8
ol 55?25 ust ilglk LST
MEIEIE — M —
M3l ER 12 b—SB 485
o K G}
HERE
[}
A f—F45.00
=) 5
324 T
53
——T148.60 {— SB 42.5 —
— 7
g LST
23 =
3 HST
£ N
=3
=
z
I 4 .
b4 [
323 Sl s oo
s k3
: I : HST
@ E
Ol g | g |—tem 2 2
olslsal ! a E| 6
m| 2| 3| 22 . — TST -
AR parasequence S
MEIE IR M
«a —Ff 7358 —
: ! TST
= E N TST
g 2L ] panasequence 148 f— sB so.s—
ks [ Leell e 3¢ 5
! R X " (<] — —
! 1580180067676 o6 _—sB u 5 HST
2| s
HE
HIE
2|3
- 156
VR1 well !

Fig. 12.— Detailed litholog with lithostratigraphy, sediment geneti-
cal and sequence stratigraphical interpretation of the VR1 boring.

which fine upward into clayey sands and silty clay, moderately glauconitic. After
major erosion and a hiatus favouring glauconite formation, unit 22 is deposited in
a prodeltaic low energy environment of a shelf sea. A blue grey bioturbated clay
(unit 23) with millimetric fine burrows filled with sand or with organic rich clay,
contains pyrite concretions, pyritized sand spots, small scale faults, and progres-
sively fining and thinning upward sand laminae is deposited in a somewhat deeper
part of the continental shelf. A transitional zone with a coarsening upward silty
clay to sandy clay, covered at the top by a blue green massive clay with pyritized
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Fig. 13.- VR1 boring 48 m 60: bioturbated blue
green clay with centimetric burrows at the top.

sand spots and millimetric burrows suggests prodeltaic deposition in a nearshore
continental shelf environment, followed by a marked deepening.

Departing from a burrowed lower boundary, the middle cycle (unit 24)
consists of moderately clayey sands with coarse interlayered and flaser bedding
(figure 14), fining upward into a strongly bioturbated blue green clay, with
sporadical pyritized sand spots, organic rich laminae and millimetric fine burrows
backfilled with clayey sand. After a period of renewed erosion, relatively higher
energy conditions alternated with relatively low energy conditions characterized
by slow sedimentation rates of a deepening deltaic setting.

The third cycle (unit 26) is composed of strongly bioturbated clayey sands
passing into a silty clay, covered by grey green glauconitic slightly clayey sands
with flaser lamination and clay filled burrows. On top of a 50 cm thick alternation
of sandy clay and clayey sands, a silty clay to blue green massive clay, strongly
bioturbated (mostly chondrites) with large pyritized sand spots and nodules is
deposited. Outside the study area thin peat detritus layers have been recorded in
the top of this unit 27 (Gulinck, 1969a; Jacobs, 1975). The nearshore continental
shelf sedimentation, reinstalled after a third erosion phase, deepens towards
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rnig

Fig. 14.— VR1 boring 48 m 25--55: medium fine sand, strongly
bioturbated, with coarse interlayering and flaser lamination.

a continental shelf sea sedimentation, characterized by the deposition of a
prodeltaic massive clay.

3.6.— Zelzate Formation.

The terminal Eocene succession in boring VR1 starts with 4 m of glauconitic
clayey fine sands, with a mottled texture and locally containing carbonized plant
remains; it is moderately to strongly bioturbated and has a burrowed lower
boundary. This unit 28 is deposited in a mixed intertidal flat environment with
rhythmic high energy conditions, after a major erosion phase. The alternations of
fine sandy clay and mottled clayey fine sands, strongly bioturbated and containing
chondrites, are interpreted as washover deposits in a lagoon protected by the
presence of a (probably sandy) barrier. Sedimentation in the lagoon itself is
characterized by a blue green silty clay coarsening upward into glauconitic
slightly clayey fine sands. This 4 m thick unit 29 is topped by grey green
glauconitic slightly clayey fine sands with a mottled texture, moderately to
strongly bioturbated and containing few shell grit at the base, as the lagoon
transitions into an intertidal flat. Unit 30 is incomplete in the VR1 boring.
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4.— Sedimentation Model.

Facies analysis and stratal patterns allow reconstruction of the evolution
with time of the depositional environment (figure 15) of the siliciclastic sedi-
mentary system in the Southern Bight in relation to relative sea level changes.

Stage 1.

During Earliest Eocene times, distal Kortrijk Formation sediments were
deposited on an open offshore mud shelf. The black clay layer with high organic
content indicates restricted basin conditions in the Southern Bight of the North
Sea at the moment the uplift of the Artois-Weald axis accelerated causing the
separation of the Southern Bight from the opening North Atlantic (Ziegler,
1982). Restricted (or even absent) water circulation causes stratification, and
consequent oxygen depletion in the bottom water layers (anoxic or suboxic
conditions). The black layer representing a condensed section corresponds to
a maximum flooding event in the basin. As the overlying top of unit 1 is slightly
coarsening upward, the anoxia is brooken up due to a change in water circulation
pattern, probably because of the reinforcement or the installation of a southward
longshore current system east of the British Isles oxygeneting the Southern Bight
bottom waters as relative sea level slowly lowers.

Because of their overall fining upward pattern, the first 4 litho units form
stacked transgressive (para)sequences indicating a constantly rising relative
sea level, but with sediment supply balancing subsidence thus creating stable
shoreline positions. This succession is topped by a regressive unit 5 where the
offshore mud shelf comes under storm influence as the rate of sea level rise slows
down with time.

Stage 2.

In middle to late Early Eocene times, global lowering of relative sea level
forced deposition of a delta complex (unit 6) in a more proximal position closer
to the coast, as indicated by shoreline progradation. The relative sea level drop
must have been considerable as indicated by characteristic sharp based “blocky
sands” of the following sequence, as units 7 and 8 represent the progradation of
a new delta front. The temporal reinstallation of the offshore mud shelf during a
limited period of locally greater water depths (basal part of unit 9) points towards
a short sea level rise forcing the delta to retreat (forced regression), but the delta
sedimentation (with lagoonal mud flats and sand shoals) is restaured already as
sea level starts to lower again, depositing the regressive top portion of unit 9 and
units 10 to 12 of the prograding delta.
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STAGE 4

Fig. 15.— Evolution in time and space of the siliciclastic sedimentary system in the Southern Bight
of the North Sea during the Eocene. Arrows indicate North (1) and main current direction (2).

Stage 2 sedimentation is characterized by deltas prograding onto the shelf,
fed by a fossil proto-Rhine-Meuse-Scheldt fluvial drainage system, with a south-
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ern sediment supply caused by the Alpine uplift of the hinterland as indicated by
heavy-mineral provenance studies (Jacobs, in press). At the end of Early Eocene
times (units 13 and 14) tidal influence became prominent with deposition of
wave influenced subtidal sand shoals after further lowering of relative sea level,
resulting in loss of accomodation space.

Stage 3.

In Middle Eocene times sedimentation shifts even closer to the coast
towards its most proximal position, indicating higher energy conditions. Higher
wave energy and longshore currents build up a series of barriers protecting a
lagoon with estuaries and tidal flats. Large coarse sediment supply and loss of
accomodation space due to further relative sea level lowering were responsible
for the deposition of wave influenced subtidal and intertidal sediments with
subtidal gullies and mixed intertidal flats (units 15 and 16), and the outbuilding of
submarine coastal barriers (unit 17) protecting a lagoon (units 18 and 20) open
to the sea (storm deposits), giving rise to stacked (para)sequences indicating
shallowing of the basin and constant shoreline regression by excess of sediment

supply.

Stage 4.

Late Eocene sedimentation of the 4 predominantly fining upward clayey lay-
ers takes place on a nearshore continental shelf progressively deepening towards
a continental sea. Relative sea level rise is prominent but stepwise as indicated by
the 4 basal erosional surfaces which represent consequent transgressive surfaces
of stacked (para)sequences. Aggradation produces rather thick (on a scale of a
few to ten meters) sedimentary sequences with a regular geometric architecture,
regionally correlatable and predicting very gentle intrabasinal relief.

In comparison to the sediments of Stage 3, the units 21 to 27 are deposited in
greater water depths under less energetic conditions. After the relative sea level
drop terminating the deposition of unit 20, sea level must have risen considerably
as much finer grained transgressive sediments are deposited. Unit 21 marks the
onset of a new depositional regime of distal deltaic character that is fully installed
with the deposition of 3 stacked cycles (units 22 to 27), each induced by a sea
level rise but separated by a discrete relative sea level drop.

Stage 5.

A new relative sea level drop exposes part of the upper shelf and is
responsible for the development of the thin detrital peat layers and the burrows
backfilled with peaty sand in the top of unit 27. Terminal Eocene units 28
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to 30 constitute stacked (para)sequences as the intertidal sand flat and lagoonal
sedimentation is reinstalled in slightly shallower water conditions in comparison
to Stage 4 as indicated by its more sandy sediment character.

5.— Conclusion.

Facies analysis and stratal patterns of Eocene siliciclastic shallow marine
sediments in the Southern Bight of the North Sea enable sedimentation model
reconstruction in relation to relative sea level changes. Two major transgres-
sive/regressive cycles can be discerned, the lower one of Lowermost to Middle
Eocene age evidencing 3 sedimentary environments. Lowermost Eocene sedi-
ments (Stage 1) are mainly clayey, display an overall fining upward trend and are
deposited on a mud shelf. A prograding delta outbuilding on the continental shelf
(Stage 2) deposits middle to upper Lower Eocene sediments, gradually becoming
more sandy. Middle Eocene sediments are mainly sandy, contain calcarenite
horizons, coarsen upward and are mostly of tidal and lagoonal origin (Stage 3).

The upper transgressive/regressive cycle of Upper to Uppermost Eocene
age is composed of only 2 sedimentary -environments. Upper Eocene strata
consist of an alternation of sandy and clayey sediments of distal deltaic origin,
gradually fining upward into a prodeltaic sedimentation, with slow sedimentation
rates (Stage 4), while the Uppermost Eocene is more sandy and of intertidal sand
flat and lagoonal origin documenting renewed delta progradation (Stage 5).

The gradual infilling of the Southern Bight of the North Sea Basin is
provoked by the constant sediment supply of southern origin, poured into the
basin by a mainly deltaic sedimentation system, giving rise to-onlapping and
shallowing upward sediment series. In vast lowland areas with practically no
relief, lateral and vertical facies distribution documents even minor relative
sea level fluctuations as shoreline migrations are marked and sediment supply
balances or exceeds subsidence.
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1.— Introduction.

Since some 10 years, direct deposition from the atmosphere has been
recognized as a potentially major input source for contaminants into the North
Sea. Though not fully quantified, this pathway is expected to be about as
important as all others combined. But the few existing experimental values show
significant discrepancies, certainly when compared with calculated values from
deposition models.

The major differences between modeled and experimental deposition fluxes
and also among them, are related to uncertainties in particle size distributions.
The largest particle fraction, the so-called “giant” aerosols (these are particles
with aerodynamic diameters larger than 2 um) have nearly always been neglected
hitherto. Yet, it should be emphasized that, while giant particles are indeed
numerically very scarce in the atmosphere, a particle of e.g. 10 um has 1000 times
more mass than a 1 ym particle and, additionally, its deposition velocity is
ca. 100 times higher. The presence of only a few of these giant particles will
therefore influence the deposition flux enormously.

The major problem in nearly all previous aerosol deposition studies over
the North Sea in the past, is precisely that the large particle fraction has not
been adequately assessed, because of the extreme difficulties in sampling these
particles representatively. In order to achieve this, the particles should be
sampled in an isokinetic way. This means that the linear velocity of the particles in
the atmosphere should exactly be the same as the air inlet speed in the sampling
device. This problem has always been overlooked for various reasons, but mainly
because the large particle fraction has always been thought of as negligible.
Recently collection of aerosols in wind tunnels under isokinetic conditions has
been performed with both total filters and cascade impactors to collect the
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atmospheric aerosols, including the largest fractions, as a function of particle
size, under different atmospheric conditions and during different seasons.

Since quite some years, our research group has studied the North Sea
environment intensively, where we focused our efforts primarily on the heavy
metal concentrations and physical and chemical characterization of individual
North Sea particles.

2.— Recent North Sea sampling campaigns.

Ships provide a stable platform for long-term sampling of marine aerosols
over large areas. However samples taken from a ship can easily be contaminated
e.g. by sea spray under high wind conditions, and by the ship itself or motor
exhausts. Aerosols sampling with aircrafts has the technical possibility of both
sampling at high altitudes and at very low altitudes, down to 15-20 m above
the sea level, so that vertical profiles can be acquired. Ideally, the combined
use of research vessels and aircrafts for aerosol sampling offers the possibility of
sampling over large areas, to obtain vertical profiles and avoid contaminations
of local sources.

In the last eight years, our group participated in numerous extensive sam-
pling campaigns, both with ships and aircrafts. Over a period of four years
(1984-1987), aerosols samples were collected on board of the research vessel
R/V Belgica during various cruises over the North Sea, the English Channel and
the Celtic Sea for analysis by energy-dispersive X-ray fluorescence (EDXRF),
electron probe X-ray microanalysis (EPXMA) and laser microprobe mass anal-
ysis (LAMMA) [Bruynseels et al., 1988; Xhoffer et al., 1991, 1992; Otten, 1991].

From September 1988 to October 1989, a set of 108 aerosol samples was
collected with the aid of an aircraft over the Southern Bight of the North Sea.
Detailed information on sampling instrumentation and sampling strategy can
be found elsewhere (Otten et al., 1989). Briefly, after localizing the inversion
layer, six horizontal tracks were flown at six different altitudes and equally
spaced between sea surface and the inversion layer. Particulate matter was
sampled and deposited on various substrates and impactors for analysis with
different techniques such as EPXMA, LAMMA, EDXRF and anodic stripping
voltammetry (ASV). Special attention was given to the collection of giant aerosol
particles. They were collected with a special sampling device, consisting of a
cylindrical impaction surface (diameter 1 cm) covered with a particle-free sticky
tape and supported by a vertical bar, which was exposed outside the airplane
perpendicularly to the streamlines of the airplane and directed upwind. Results
of this sampling campaign can be found in publications by Rojas and Van Grieken
(1992), Injuk et al. (1992), Van Malderen et al. (1992) and Rojas et al. (1993).
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In September 1991, an extensive ship-based sampling programme was set up,
covering the central area of the North Sea. Two research vessels (R/V Belgica and
F/S Alkor) were continuously positioned downwind from each other, on a circle
of about 200 km diameter. An identical sampling scheme was thus performed
at 200 km intervals in the same air masses as they were crossing the North Sea.
This allowed to study the changes in the aerosol and rainwater composition due
to deposition processes and chemical reactions. Approximately every 8 h, new
ship positions were taken on the operating circle. Special attention was given
to the isokinetic sampling of the aerosols, by making use of a wind tunnel in
which the impactors and filter units were placed. The samples were analyzed by
several X-ray emission techniques (EDXRF, EPXMA and proton-induced X-ray
- emission analysis or micro-PIXE) both for bulk and individual particle analysis.
Preliminary results can be found elsewhere (Injuk et al., 1993).

During 1993, we will participate in 5 cruises with the R/V Belgica on the
North Sea. Special attention will be given to the sampling under isokinetic
conditions, collection of North Sea aerosols for individual particle analysis by
techniques such as Fourier transform infrared microscopy, secondary ion mass
spectrometry and Raman spectroscopy, which have never been invoked in this
context before, and to suspended particles in rainwater and seawater.

3.- Potential of single particle analysis.

Most of the studies on particulate atmospheric matter have been based on
bulk analysis. Micro-analysis, however, allows to characterize the composition
and the morphology of individual particles. By investigating the presence of
particular elements, it is possible to discriminate between specific particle types.
It is possible to follow their abundance as a function of relevant parameters
(e.g. wind direction, wind speed, location, humidity, ...) and to identify their
origin and sources. Additional information on reactions that particles undergo
in the atmosphere may be inferred from micro-analytical techniques capable of
measuring selectively the surface layer composition.

Of all micro-analytical techniques, EPXMA is by far the most commonly
used. When automated, EPXMA is a very efficient tool for analyzing a large
number of individual particles within a reasonably short time. In our laboratory,
several hundred particles can be analyzed in a few hours by a JEOL Superprobe
JXA-733 EPXMA unit, which is automated by a system for automated particle
recognition and characterization. An electron beam scans the sample until it
detects a signal above a certain threshold value. The beam excites various signals
which can be used for morphology studies, while X-ray detectors permit to obtain
information about the chemical composition of the analyzed particle. The main
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disadvantage of EPXMA is in the poor relative detection limits of about 0.1%.
But combined with cluster analysis and/or multivariate techniques, EPXMA is
a powerful tool for single particle analysis. With this method approximately
100,000 individual North Sea aerosols have been analyzed the last few years.

The very low Bremsstrahlung in a Scanning Proton Microprobe (SPM or
micro-PIXE) permits detection limits down to 10 ppm, i.e. 100 to 1000 times
better than in EPXMA. In SPM, a proton beam with an energy of 1 to 3 MeV is
focused to a diameter of 0.5 to 10 um by means of magnetic quadrupoles and/or
electrostatic lenses. In a very similar way as in EPXMA, X-rays are generated
and elemental maps of particles are obtained. This technique is still young and
therefore not automated. Only a very limited number of particles has been
measured with this technique up to now.

An alternative technique is LAMMA. The principle of LAMMA is based
on vaporization and jonization of a particle by a focused laser beam. LAMMA
has some interesting features: it can detect all elements, has very low detection
limits compared to other techniques and it can give information about organic
compounds. On the other hand, the results are rather irreproducible and because
of the low mass resolution, results are sometimes difficult to interpret. To
overcome these problems, a new Fourier-transform Ion Cyclotron Resonance
Mass Spectrometer (FTIR-ICR-MS) with a 100 to 1000 better mass resolution
has been acquired. Thousands of spectra have been measured by LAMMA over
the last 10 years, but the new spectrometer is still in the experimental stage.

4.— Results and discussion.

The combination of these three different and in some ways complemen-
tary micro-analysis techniques, EPXMA, micro-PIXE and LAMMA, allows us
to have a better and more quantitative understanding of the sources and be-
haviour of these particles. The fully automated EPXMA provides us with such
an enormous amount of data in a short time, that the results can be statistically
interpreted, but for this some way of data reduction is needed. This is done by
performing multivariate techniques as hierarchical and non-hierarchical cluster-
ing techniques and principal factor analysis (PFA) on the thousands of generated
spectra. LAMMA and micro-PIXE are not so automated and therefore a much
more labour-intensive. Hence not so many data can be collected in a short time,
but these techniques provide us with additional data, which cannot be collected
by the fast EPXMA. Together they give us a good and clear insight in the North
Sea aerosol. We will now elaborate more on the results for each of the techniques.
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4.1.— Results of Electron Probe Micro Analysis.

For the processing of the EPXMA data, we need the help of multivariate
techniques. The data reduction and interpretation of our results was based on
hierarchical and non-hierarchical cluster algorithms combined with PFA with
orthogonal Varimax rotations. Details and theoretical background of these
multivariate techniques can be found elsewhere (Rojas, 1991).

4.1.1.- EPXMA: results of hierarchical clustering.

The EPXMA results after hierarchical cluster analysis of both the ship- and
the aircraft-based measurements generally reveal about 10 major particle types.
Differences in particle type abundances are observed for the various sampling
campaigns since the chemical composition of the airborne particulate matter
strongly depends on the meteorological conditions and the back trajectories of
the air masses, but also on the sampling location and altitude of sampling. We
shall discuss the identified particle types separately with special reference to their
formation mechanisms and the chemical changes during their life-time in the
atmosphere and to their specific emission sources.

Seasalt.

The breaking of waves is the main process for the generation of fresh seasalt
into the atmosphere. The contribution of NaClin the aerosol is more pronounced
under more remote sampling conditions or when the backtrajectories of the sam-
pled air came from far over the Atlantic Ocean without continental interferences.

Transformed seasalt.

This particle type is rich in S and Cl but also mixtures of NaNO3, Na,SO,
and NaCl are possible (Bruynseels ef al., 1988). These S- and Cl-rich particles
are formed by the conversion of NaCl into Na,SO4 by SO, or H,SO,, implying
halogen displacement reactions in seasalt particles (Hitchcock et al., 1980; Clegg
and Brimblecombe, 1985). The contribution of S enrichment in seasalt aerosols is
more and clearly pronounced in samples for which an important anthropogenic
influence on the marine atmosphere is expected. In the aerosol samples collected
during prevailing continental influence, pure seasalt particles are no longer
detected. The formation of mixed seasalt/mineral aerosols can be explained by
cloud coalescence processes between mineral and seasalt containing particles
(Andreae et al., 1986). Sometimes nitrate enrichment was observed in LAMMA
spectra. Up to 49% of the total giant particles detected in marine air masses
above the Southern Bight of the North Sea were identified as seasalt and aged
seasalt. Principal factor analysis (PFA) performed on the giant particle data-
set (Van Malderen et al., 1992) showed that the marine source (high loadings.
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observed for Na, Mg, S and Cl) is slightly anti-correlated with altitude. This
could be expected from the mechanism by which major and trace elements are
injected from the sea into the atmosphere.

Sulphur-rich particles.

This particle type contained no other detectable elements with Z > 11
than S. High particle type abundances were observed during sampling campaigns
for which the air masses had long residence times over industrial regions (e.g.
South of England or from above Eastern European countries). Consequently,
emissions must be related to industrial and automotive sources all over Europe.
Most of these S-rich particles have a diameter in the submicrometer range. A
number of secondary reactions can take place on particulate sulphur (Harrison
and Sturges, 1984; Van Borm et al., 1989). Neutralization reactions can occur
between NH; (often present in continental aerosols) and H,SO4 with the
formation of various ammonium salts such as (NH4),SO,;, (NH,)HSO, and
(NH,4);H(SOy4), (Charson et al., 1978). A smaller fraction of the S-rich particles
have a marine origin, as is the case for dimethyl sulphoxide (DMSO) and derived
compounds. Low particle number concentrations were detected at the most
westerly sampling locations, where only pure marine conditions are encountered.
In open ocean waters, the predominant volatile sulphur compound is dimethyl
sulphide (DMS), representing almost 90% of the marine sulphur emissions
(Kolaitis et al., 1989).

Calcium sulphate particles.

These particles are very often found in both marine and continental aerosols.
Andreae et al. (1986) postulated some possible marine formation mechanisms
such as fractional crystallization of marine aerosols or interaction processes
between marine or terrestrial airborne CaCO; with atmospheric SO; and/or
H,S0, e.g. within clouds. However for the North Sea atmospheric environment,
these mechanisms are of minor importance since the major abundances for
CaSO, particles were present in the samples influenced by the continent. NaCl
was virtually absent then. It was remarkable that all CaSO,-rich filters sampled
above the North Sea were influenced by continental air masses travelling from
over the South of England. Thus important sources for CaSO, particles above
the North Sea are combustion processes and eolian transport. Note that large
quantities of CaCO; and Ca(OH), are used in thermal power plants, as a
desulphurization agent, to favour the oxidation of SO, and neutralize the SOs;
this leads to sulphates. Though commonly observed, the exact origin of these
gypsum particles is still uncertain. In the near future this particle type will be
investigated more closely and its abundances as a function of several parameters
(position, wind direction, meteorological parameters, ...) will be examined.
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Calcium-rich particles.

This particle type shows only Ca as detectable element in the X-ray spec-
trum. They are assigned to CaCO3 (C and O cannot be detected in conventional
EPXMA) and they can, just as CaSOy, originate from both marine and conti-
nental sources. In some Ca-rich particles, sulphur was detected. Yet, these were
not classified into the CaSO, group because of too low S-characteristic X-ray
intensities. This particle type may represent the initiation of Ca-S-rich particle
formation from CaCOj; and/or derived components with atmospheric SO, or
H,S0,4. According to the obtained data set, Ca-rich particles above the North
Sea cannot unambiguously be apportioned to one specific source type.

Aluminosilicate particles.

This mineral type of particles finds its origin on the continent. The major
elements are Al, Si, S, K, Ca and Fe and the minor ones Ti, Cr, Mn, Ni
and Zn. From morphology studies, smooth and nearly spherical particles could
be identified as fly-ash and therefore be differentiated from soil dust. These
typically shaped particles were frequently observed on filters when the sampled
air masses were mainly influenced by Eastern European emissions. Positive
LAMMA spectra of these spherical aluminosilicates also show the presence of
trace elements as V, Ga, Rb, Cs, Ba, Pb, etc. However, one must realize that the
distinction between soil dust and flyash is still dubious.

The giant aluminosilicate particle fraction, consisting of both wind blown
dust and flyash, is positively correlated with altitude what could be explained
by the presence of a long-range transported mineral aerosol at high altitudes.
The size distribution of the giant aluminosilicates shows a bimodal character
with maxima of the average diameters centred around 4 um and 15 um. This
suggests two completely different sources and morphology studies confirmed the
existence of smaller spherical particles (flyash derived) and a larger irregularly
shaped fraction.

Silicon-rich particles.

These mineral quartz particles are irregularly shaped. They can be derived
from soil dust or emitted into the atmosphere during the combustion of coal
in power plants. Therefore, they are frequently found in the presence of
aluminosilicates. The fact that these particles, just as the Fe-rich particles, are
found in the smallest size range (below 1 um) could strengthen the hypothesis
that they are formed during combustion processes.

Titanium-rich particles.

For some North Sea samples, rather high Ti-rich particle abundances were
observed. The main source for Ti-release into the atmosphere is pigment spray,
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but minor pollution processes and sources as soil dispersion, asphalt production
and coal-fired boilers and power plants have also been recognized (Hopke, 1985).
Sometimes contributions of Cr, Si, Zn, Pb and Ba are observed in this particle

type.

Iron-rich particles.

These particles show a spherical shape with a mean diameter of 0.6 ym and
they are quite common at all heights over the Southern Bight airshed. They are
mostly associated with siderurgical activities in Northern France (Bruynseels,
1987). Within the Fe-rich cluster three different Fe-rich fractions can be rec-
ognized. The first and second subgroup, characterized by Fe and Fe-Zn-Mn,
respectively, are mainly produced by ferrous metallurgy processes. Very often S
is associated with Fe-rich particles and this represent the third subgroup. These
are pyrite and iron sulphate, probably formed by reaction between iron oxide
and sulphuric acid during or after their release in ferrous metallurgy related
combustion processes.

Miscellaneous particle types.

Each of the miscellaneous particle types observed, accounted for less than
10% of the total aerosol abundance in a sample. These particle types were not
always present in air masses above the North Sea. They are often characterized by
the presence of some heavy metals. Variations within these groups are mainly due
to different meteorological conditions and seasons during which the sampling
took place. Although their abundances are quite low compared to the other
groups, the presence of these rather rare particles can sometimes be apportioned
to one specific source. For example, higher abundances of heavier elements like
Pb and Br together with Cl were detected. These Pb-rich particles originate from
automobile exhaust emissions. Indeed, Pb is added to the gasoline together with
ethylene dihalide compounds (Br, Cl). The emitted lead halides can readily be
converted to lead sulphates by reaction with SO,, H,SO4, or (NHy),SO4 with the
loss of HBr (Sturges and Harrison, 1986). However, none of the transformed
lead halide particles showed associations with S in spite of the very high S
concentrations present in the corresponding sampled air masses.

Characteristic X-ray spectra showed that P was sometimes associated with
S and Cl or with an organic fraction. The organic phosphorus fraction is
primarily formed through biological activities. Bubble bursting in the sea can
cause enrichment of P in the seasalt aerosols by fractionation out of the sea
surface microlayer (Graham et al., 1979). Chen et al. (1985) found that the major
sources for particulate P in marine aerosols of New Zealand were soil particles
containing both naturally occurring and fertilizer-derived P, as well as seasalt
particles and industrial emissions. Na, Al and V can be associated with P as
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markers for a marine source and an anthropogenic pollution source (burning
of biological material). However, for the North Sea samples, no associations
to these markers were observed and hence these P-rich particles probably have
a marine origin. Also, Ca and P were often observed to present in the same
particles. This particulate fraction can be fertilizer derived or is a residual from
biological material (e.g. pollen) and can be transported over the North Sea by
wind action. Ca- and P-rich particles, although with different elemental X-ray
intensities, were identified in aerosol samples taken above the equatorial Pacific
Ocean where only marine influences were expected (Xhoffer, 1987).

Heavy metal concentrations of Cu and Zn emitted by metallurgical processes
were confirmed to reach maxima with East-Southeast winds (Injuk et al, 1990)
as previously reported by Kretzschmar and Cosemans (1979). Also burning
processes of either organic material or of municipal waste in incinerators are
responsible for the emission of K- and Zn-chlorides.

Table 1a

Particle types identified for sampling flights with little continental influence

Group Abundance | Average Diameter Elements Detected Identification
Number (%) (um)
1 31 3.5 Na,CLS S enriched seaspray
2 18 3.3 Na,Cl Seaspray
3 16 2.9 Ca,S Gypsum
4 10 2.0 Fe Fe-rich
5 8 3.9 S,Cl Sulphates
6 6 31 Ca,5,C1 Cl enriched Gypsum
7 5 32 AlLSi,Cl Aluminosilicates
8 5 3.1 none Organic
9 1 1.9 Na Na-rich
Table 1b
Particle types identified for sampling flights with strong continental influence
Group Abundance Average Diameter Elements Detected Identification
Number (%) (um)
1 36 3.1 Ca,(Si,P) Ca-rich
2 17 2.1 none Organic
3 12 3.3 Ca,S Gypsum
4 11 43 ALSi Aluminosilicates
5 4 2.7 K,CL,(Zn) K,Zn-chlorides
6 4 3.7 Cl,Na Seaspray
7 3 3.6 Fe Fe-rich
8 2 2.6 Si Quartz
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Particles with no major X-ray intensities were denoted as organic. They
seemed anti-correlated with altitude and could therefore be related to biogenic
material as pollen, spores and bacteria. Sometimes, V and Pb are associated to
organic matter. The chemical complexity of these particles indicates that several
atmospheric interaction processes can be involved in the formation.

As an example the results of the hierarchical clustering on the data set
for giant North Sea aerosols is shown in Table la and 1b. The results are
given for flights with both little and strong continental influence. More detailed
information can be found elsewhere (Van Malderen et al., 1992).

4.1.2.—- EPXMA: results of nonhierarchical clustering.

In order to obtain an overall view on the particle types collected in a
complete data set (e.g all samples in one sampling campaign), we perform a
nonhierarchical clustering. This is done by first clustering all particles in each
separate sample by a hierarchical clustering (Ward’s method). The average
elemental abundances obtained from all the separate samples are then clustered
again, what provides us with average elemental abundances, but for all samples
together now. These are further used as centroids for the nonhierarchical
clustering. Again as an example the results of a nonhierarchical clustering for
the giant North Sea aerosols are shown in Table 2.

From Table 2, it appears that 22 % of the detected particles consist of Ca-rich
(61% Ca) particles. Nearly as much (21%) of the North Sea giant aerosols are
seasalts, while 20% of the particles are found to be CaSOy-particles. Group 4
can be identified as K,Zn-chlorides, but since the sum of relative composition
for all the elements does not make 100% and the abundance (18 %) is very high
compared to the results obtained from the hierarchical clustering, it is likely
that they have been mixed up with particles without major X-ray intensities,
previously identified as organic particles. Group 5 is characterized by high
contents of Al, Si, Ca and Fe (8%, 28 %, 6% and 5%, respectively) and therefore
it can be ascribed to aluminosilicates (14 %). Group 6 contains Fe-rich (60% Fe)
particles (5%), while the low abundance group (1%) is identified by a high
content of Na (69% Na). The size of the particles varies between 2.2 um for
the Na-rich particles and 4.2 um for the seasalts.

4.1.3.- EPXMA: Principal factor analysis.

Beside hierarchical and nonhierarchical cluster analysis, also other multi-
variate techniques like principal component analysis can be useful to gain extra
information from automated individual particle analysis. To identify the differ-
ent sources for giant aerosols, principal factor analysis (PFA) with orthogonal
Varimax rotation was performed on the data set. The objective of PFA is to take
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p variables and find linear combinations of these to produce uncorrelated new
variables, which are ordered in decreasing order of importance so that the first
one explains the largest amount of variance. In the second stage of the factor
analysis, the first few new variables are rotated in order to find new factors that
are easier to interpret. Here the data matrix consisted of 13 variables (Na, Mg,
Al Si, B, S, Cl, K, Ca, Fe, Cu, Zn and height of collection). An element was
considered to be detected if an X-ray intensity of the element was found in one of
the 500 analyzed particles for each sample. One of the most important problems
of PFA is the decision of the dimensionality of the model. The decision on how
many factors should be retained is often rather subjective. But it is usually a “rule
of thumb” to retain as many factors as there are eigenvalues greater than unity.
More detailed information on the strategy to perform PFA on EPXMA data can
be found elsewhere (Rojas and Van Grieken, 1992; Van Malderen et al., 1992).
Results are shown in Table 3.

Table 3

Varimax rotated factor loading matrix for 25 North Sea giant aerosol samples

Variable Factor1 | Factor 2 | Factor3 Factor 4 Communality . g&;?gggi
Na - 0.42 0.69 0.36 - 0.814 0.09
Mg - 0.75 - - 0.627 0.13
Al 0.95 - - - 0.928 0.06
Si 0.96 - -0.18 - 0.956 0.05

P ~0.40 - 0.85 - - 0.913 0.06
S - 0.86 - - 0.878 0.08
Cl -031 0.73 - 0.46 0.883 0.07
K -0.28 - - 0.84 0.822 0.09
Ca 0.59 - 0.60 - - 0.773 0.10
Fe 0.90 - - 0.26 - 0.887 0.07
Cu - 0.30 - 0.83 0.25 0.867 0.08
Zn - - 0.85 - 0.813 0.09
Height of
sampling 0.38 - 035 0.36 - 0.52 0.672 0.11
Eigenvalue 4.74 3.54 1.39 1.16
% variance
explained 36.3 27.1 10.6 8.9
Source Alumino- . . Combustion
Identification | Silicates Marine | Industrial processes

Only factor loadings greater than three times their standard deviation are
shown, because only these are considered as statistically significant. The four
factors together explain 83% of the total variance. Communalities are high for
all variables, except for Mg, Ca and “height”. Factor 1 has high loadings for Al,
Si, Ca and Fe.
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Aluminosilicates, both wind blown soil-dust and fly-ash, which have similar
chemical compositions with respect to many elements, probably correspond to
this factor. Factor 1 is positively correlated with height, what could be explained
by the presence of a long-range transported mineral aerosol at high altitudes.
Factor 2 is most likely representing marine impact. Furthermore, this marine
source is slightly anti-correlated with height. If one considers the mechanism by
which matrix and trace elements are injected from the sea into the atmosphere,
high concentrations of Na, Mg, S and Cl are to be expected at lower altitudes, as
observed. Factor 3 has high loadings for Cu and Zn, suggesting the existence of
an industrial source for Cu and Zn. Generally, Zn is emitted evenly in Europe,
whereas emissions of Cu are rather attributed to Central and Eastern Europe.
Heavy metal concentrations in the atmosphere were reported to reach maxima
with East-Southeast winds and should therefore be mainly found in flights with
continental air mass history. Cl and K, which characterize factor 4, are probably
the result of combustion processes. The burning of organic material leads to
emission of K, but also the burning of municipal waste in incinerators leads to
K and Zn-chlorides. In summary, PFA on 13 variables distinguished 4 classes
of giant aerosol sources; aluminosilicates (Al, Si, Ca, Fe), marine aerosols (Na,
Mg, S, Cl), industrial processes (for Zn and Cu) and combustion processes (for
K, Cl).

4.2.— Results of Laser Microprobe Mass Analysis.

All the particle types that are previously discussed for the EPXMA analysis
were also found by LAMMA. However, here the particles often appear as
internal mixtures: the image of this aerosol, as obtained with much more sensitive
LAMMA, is therefore much more complicated.

LAMMA was applied to a number of representative particles from the
previously discussed particle types in order to elaborate trace element contents
and surface layer composition. Applying low energy laser shots to the spherical
fly-ash particles revealed typical spectra that were interpreted as fingerprints for
the desorption of polynuclear aromatic hydrocarbons (PAH). Spectra of pure
seasalts are dominated by Na, K and typical Na/K/ClI cluster ions. Often, seasalt
particles are found to have been transformed to some extent; in that case, nitrate
and sulfate coatings are readily detectable (Bruynseels and Van Grieken, 1985).
Bruynseels et al. (1985) found the amount of nitrate-coated seasalt particles to
increase significantly from a beach site towards an industrialized area, 30 km
downwind from the ocean. Another advantage of LAMMA in aerosol research
is its ability to detect ammonium compounds, which are very interesting from an
environmental point of view. Otten et al. (1987) found the relative abundances
of ammonium-rich particles in the North Sea aerosol to increase dramatically
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under the influence of polluted air masses. Examining the relative abundances
of several compounds as a function of size and wind direction allowed some
clear trends to be interfered. Ammonium was mainly present in the smallest
particles, seasalt exhibited its typical size profile and predominated with marine,
air masses while aluminosilicates and KCI prevailed for continental air masses.
More detailed information can be found in a publication by Dierck et al. (1992).

4.2.— Results of micro-PIXE analysis.

The results involving micro-PIXE analysis on 16 North Sea aerosol particles
are presented in Table 4. At this preliminary stage, the elemental concentrations
are expressed in ng cm™ 2. The sea-salt aerosol particles are clearly predominating
with Cl and usually S, K and Ca as major components and with several trace
elements like Ti, V, Cr, Mn, Fe, Zn and Pb. Based on this data set, four different
particles group can be distinguished. The first group is characterized by particles
containing CI as a major element with S, K and Ca as minor components. The
second group contains particles with Cl as a major element, again, but enriched
with S, Cr and Ca. The presence of Cr in the North Sea troposphere seems
significant. In the third particle group, Ca is the predominant element but the
particles are enriched with notable concentrations of Fe and heavy metals. They
may partially correspond to the fly-ash particles found also by EPXMA and
defined by their invariably high Al, Si and Fe content (Si and Al were not
measured in micro-PIXE); trace elements cannot be found by EPXMA because
of its high detection limits. Finally, particles containing only Ca, Cl and K
form a fourth group; they are probably also of marine origin. Here it must be
stressed that only a limited number of particles were analyzed by micro-PIXE
and therefore, statistical analysis was impossible. Undoubtedly, the type and
quality of information acquired by all different techniques is quite dissimilar but
complementary. More detailed information on micro-PIXE results can be found
elsewhere (Injuk et al., 1993).
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Abstract.

Since the roles of continental shelves and coastal areas in the global biochemical
carbon cycle are nowadays a leading concern in oceanographic research programmes,
this study aims to define the specific effect of nutrients on the onset and development
of the phytoplankton bloom at the ocean margins. Comparison experiments of the
carbon, nitrogen and phosphorus assimilation rates were carried out from 1989 to 1991
in the English Channel and the Gulf of Biscay. New production were obtained from the
traditional approach using f-ratio values, i.e. the ratios of directly measured nitrate to
carbon uptakes and/or the ratios of nitrate to nitrate plus ammonium uptakes. Values of
f agree well on the shelf, slope and deep basin regions of the Gulf of Biscay but are most
likely overestimated in the coastal zone of the English Channel. The C/N/P uptake ratios
exhibit, furthermore, great spatial variability that can reflect variations in the nutrient
status of phytoplankton during its growth.

1.— Introduction.

The measurement of *C primary production alone is generally insufficient
to assess the capacity of phytoplankton to support production at higher levels
in the food web. This shortcoming and the need to understand the processes
shunting transfer and behaviour of organic matter and the pelagic food web led
to the introduction and development of the concepts of “new” and “regenerated”
production. Their difference is based on the partionning of primary production
according to the nitrogen source (Dugdale and Goering, 1967). New production
is the fraction of autotrophic production sustained by an external input of
N-nutrients, mainly nitrate, while regenerated production refers to the uptake
of in situ recycled nutrients, mostly ammonium and urea. Both ecological
categories are not strictly separated in nature, but confine the frame for an
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adequate understanding of the oceanic productivity (Goldman, 1988). The
relative contributions of new and regenerated nitrogen to primary production are
commonly estimated by the so-called f-ratio, i.e. the ratio of *N-nitrate to C
carbon uptakes (Eppley, 1989). A similar and almost equivalent expression uses
the sum of nitrate and ammonium based production in stead of the *C primary
production. This second equation refers to an open ocean system, where nitrate
is the main allochtonous nitrogen source and ammonium the main autochthonous
one. It should be pointed out, however, that while new production is usually
supported by nitrate, the basic distinction is between nitrogen supplied by local
photic zone regeneration and that supplied from elsewhere. For instance, near
sewage outfall, considerable new production could be supported by ammonium
(Eppley et al., 1979), while in coastal and shelf regions, depending on the rate of
nitrification, a significant part of the recycled nitrogen may be released as nitrate
+ nitrite and not as ammonium (Wollast, 1993). Therefore, f-ratio expressions
may vary according to each situation or context (Harrison et al., 1987; Knauer,
1993).

There are at least four general methods of measuring new production (Ep-
pley, 1989; Knauer, 1993): (a) sediment traps at the bottom of the photic zone,
(b) incubation experiments for assessing nitrate and carbon dioxide assimila-
tion rates, (c) nutrient, oxygen, carbon dioxide and tracer gas distributions in
the context of circulation models, and (d) the disequilibrium ratio of dissolved
B4Thorium/2# Uranium. Besides incubation measurements, the increasing num-
ber of literature concerning the >N methodology, updated in a review by Harri-
son (1983), gives evidence on the present interest of stable isotope techniques.
On the other hand, the use of radioactive phosphorus (**P) on natural marine
samples has also shown to provide easy measurements of the regenerated produc-
tion by isotopic dilution techniques (Sorokin, 1985; Veldhuis ez al., 1991). Unlike
nitrogen studies, use of radioactive phosphorus (carrier-free) may be less subject
to methodological problems related to the addition of large amounts of stable
isotopes and the analytical difficulties in measuring low ambient concentrations
of substrate such as ammonia. Furthermore, since there is a close relationship
between nitrogen and phosphorus in the production of organic matter (Codis-
poti, 1989), combined studies of both nitrogen and phosphorus assimilation rates
may lead to the understanding of the role of these nutrients in the regulation of
the carbon cycle. '

In the present paper, short-time measurements of 1N, **P and “C uptake
rates by phytoplankton are used to illustrate the concepts of new and regenerated
production in the Gulf of Biscay. The area, investigated during September 89,
July 90 and June 91 in the framework of the Belgian Impulse Programme
Global Change, allows the sampling in shelf, slope and deep basin regions and,
therefore, presents a potential for the evaluation of exchanges at the ocean
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margins (figure 1). In the first section, a comparison of the nitrogen (nitrate
and ammonium) and carbon uptake regimes in different functional subunits of
the Gulf of Biscay, based on chlorophyll a and nutrient distribution patterns, is
presented. The second section is mainly devoted to the problematic aspect of the
measurements of phosphorus incorporation. ‘
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2.— Methods.
2.1.- C, N, P assimilation experiments.

For the carbon and phosphorus assimilation rates, samples were incubated
in 600 ml flasks, spiked respectively with 0.6 (1*C) or 3.3 (**P) Mbq. After
incubation, samples were filtered using GF/F glass-fibre filters and the partic-
ulates were analyzed for *C or 32P by liquid scintillation. The incubations for
the nitrogen assimilation rates were started immediately after the addition of
15N labelled nitrate or ammonium (99% N) to samples in 2.7 1 polycarbonate
bottles. Spike solutions increased the ambient concentrations by about 10%. The
particulate material was collected using Whatman GF/F glass fiber filters and
the particulate nitrogen was subsequently converted to N, by a modified Dumas
method according to Goeyens et al. (1985). The “N/°N ratio was measured by
emission spectrometry.

2.2.— Nutrient analyses.

The analysis of nutrients was carried out immediately on board after sam-
pling. Ammonium was determined according to the manual method of Koroleff
(1969) with a detection limit of &+ 0.05 uM. Nitrate, nitrite and phosphate were
measured using the automated method described by Elskens and Elskens (1989)
with detection limits of &= 0.1 uM for NO3 and POy,.

2.3.— Calculation of productivity, nutrient stock concentrations, f-ratios and
relative preference index.

A simple model, considering the evolution of light intensity, nutrient con-
centrations and the depth of the mixed layer was used to estimate the primary
production measured by the *C and N isotopic methods, in terms of mg(C
or N)m~2d~!. Mean values for the global solar irradiance and the extinction
coefficient were obtained from quantametric profiles performed during the dif-
ferent cruises according to Parsons et al. (1984). The influence of nutrients
was taken into account by carrying out incubation experiments at at least two
different depths (—10 and —40 m). Assimilation rates of nitrogen and carbon
were corrected with respect to the mean value of the light intensity at these
depths using field calibration curves of productivity versus light intensity. Values
of primary production, chlorophyll 2, and nutrient concentrations were finally
integrated over the thickness of the mixed layer, whose depth was determined
from the density data.

Two different expressions of the f-ratio have been used throughout this
study. The first one is based upon results obtained from both *NO; and C
incubation experiments according to the definition of Eppley (1989). It assumes
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a constant Redfield ratio of 6.6 by atoms for the C/N uptake rates (Eqn. 1,
Table 1). The second one, defined as the ratio of nitrate to the total inorganic
nitrogen transport rates (Eqn. 2, Table 1), provides a better insight regarding
the nitrogen uptake regime (Eppley and Peterson, 1979). As will be discussed
later, the comparison of both f-ratio values allow us to derive an estimate of
the recycled production supplied by the dissolved organic nitrogen which is not
measured in this study. f-ratiosinform on the relative importance of the nitrogen
source for the phytoplankton nutrition, the preference of the phytoplankton
for one nutrient or another is indicated by the relative preference index RPI
(McCarthy et al., 1977). This index is defined as the ratio of the f value for the
particular nutrient to its concentration fraction (Eqns 3 and 4, Table 1). A RPI
value greater than 1 indicates preference, smaller than 1 rejection, and equal to 1
reflects that utilization of the nutrient is equitable with its availability.

2.4.— Nitrate depletions.

Summer stratification in the upper layer is usually characterized by season-
ally warmed and high salinity surface waters with low amounts of nutrients. The
integrated differences, over the thickness of the mixed layer, between the winter
nitrate level and the in situ observed concentrations are defined as depletions.
The term depletion signifies in this context the amount of nitrate removed from
the water column during the ongoing growth season and leads to an estimate of
the seasonally integrated new production. The winter reference levels of nitrate
in the surface waters were taken from Morin ez al. (1991). It should be stated that
this winter value is usually in good agreement with the in situ value measured at
the base of the photic zone.

3.— Carbon and nitrogen assimilation.

During September 1989, vertical distributions of salinity and dissolved inor-
ganic nitrogen from a north to south transect (September 1989) along 8°30' W
demonstrated the existence of a central high salinity lens with significantly de-
creased surface nitrate and ammonium concentrations, which extended approxi-
mately from 48° N to 45° N (figure 2). The potential temperature data shows that
the northern border agrees with the summer thermal front of Ushant (Pingree et
al., 1975) and follows almost the outline of the haline fronts identified by Morin
et al. (1991). The origin of these haline fronts resides mainly in the outflow,
towards the English Channel, of the river Loire on the South Brittany shelf. In
the winter, a conservative mixing is observed between the offshore waters with
low nutrient concentrations and the coastal waters enriched by the river inputs
(Morin et al., 1991). To the south, the high salinity and low nitrogen surface
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water lens is confined by intense upwelling processes occurring in the vicinity of
the Northern Spanish coast.

During July 1990 and June 1991, similar spatial variabilities were pointed
out for the distribution of nutrients, salinity and temperature. Therefore, the
Gulf of Biscay was divided into three different functional subunits according to
the scheme of figure 1.

Zone 1 represents stations located at the Channel entrance on both
sides of the Ushant front. In the summer, the vertical distribution of chloro-
phyll @ shows a broader maximum with stock concentrations usually exceeding
60 mg m™2. Primary production measurements average 816 + 177 mg Cm=2d™"
and 140 & 70 mgNm™2d™?, that classify zone 1 among eutrophic ecosystems
(Table 1). The maximum value remains lower than that observed in the Bay of
Brest (1200 mg Cm™2d™!, Quéguinier and Tréguer, 1986), but is close to the
estimated yearly average production for continental shelves (800 mg Cm=2d™1,
Wollast, 1991). In the summer, nitrate was the main source of nitrogen pro-
duction, although the relative preference index (RPI) showed that ammonium
is apparently the preferred nutrient for phytoplankton. It should be noted that
our f-ratios for the uptake of inorganic nitrogen (0.78-0.82, Eqn. 2, Table 1)
are high in comparison with those reported for coastal waters (0.30-0.46) by
Eppley and Peterson (1979). On the other hand, they are in good agreement
with those (0.70-0.80) measured in the Bay of Brest during the spring bloom
(Dauchez et al., 1991). Such high values can be related to relatively high inputs
of new nitrogen (nitrate) in zone 1. However, one cannot exclude the possibility
that dissolved organic nitrogen (DON) represents a significant fraction of the
total nitrogen assimilation. It has been reported that urea uptake accounts on
an annual basis for about 25% of the total nitrogen utilization in Californian
coastal waters (McCarthy et al., 1977) and supplies approximately 27% of the
nitrogen requirement for the surface water community in the Southern Ocean
during autumn (Probyn and Painting, 1985). Therefore, if urea uptake occurs in
similar proportion in the Channel entrance area, our f-ratio would be lowered
to £ 0.6. This value is close to the mean annual value of £ 0.5 documented for
the coastal regions and upwelling areas (Paasche, 1988) and even closer to the
f-ratio of 0.58 calculated from the nitrogen and carbon assimilation experiments
(Eqn. 1, Table 1). From these results and the comparison of both f-ratio values,
it is suggested that about 58, 20 and 22 % of the nitrogen production are supplied
by nitrate, ammonium and DON, respectively (see also figure 3).

The inorganic nitrogen stock concentrations in the mixed layer remain in the
summer close to 2.6 £ 0.7 gNm™2, so that any limitation of the phytoplankton
production by this nutrient can probably be ruled out in this zone. For July
1990 and September 1989, the calculated nitrate depletions range from 2.3 to
3.9 mg Nm™2. Assuming that the growth season begins in March and neglecting
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effects such as nitrification and turbulent diffusion through the mixed layer,
a daily nitrate deficit of 21 £ 5 mgNm™2d™! was calculated for the differ-
ent sampling periods. On the basis of a Redfield ratio of 6.6 by atoms, the
corresponding new production rate of 118 mgCm2d™! represents less than
15% of the instantaneous primary production measurements in zone 1 and, as
a consequence, is significantly lower than the value predicted by the f-ratio
of 0.58. This suggests that primary production in the Channel entrance has to
be sustained by continuous inputs of new or recycled nitrate at the boundaries
of the system. Considering the average yearly fluxes of nitrogen in the coastal
zone calculated by Wollast (1993) from the continental, benthic, atmospheric
and oceanic sources and combining these data to the measurements of primary
production in zone 1, a tentative N-budget was established. According to the
fluxes presented in figure 3, new production would account for about 25% of
the total primary production, the remaining 75% being supported by recycling
processes. Approximately 50% would be supplied by recycled nitrogen in the
water column and 25% by the sediments. In the latter case, since most of
the remineralization occurs close to the water-sediment interface and as the
nutrients released are rapidly available for photosynthesis, it seems reasonable
to incorporate these fluxes, for both nitrate and ammonium, in the evaluation of
the regenerated production and not as an external source of nutrients (Jickells,
1991). The nitrogen speciation was calculated to fit the experimental values for
both expressions of the f-ratios (figure 3). The recycled amounts of nitrate and
ammonium in the water column were then estimated by subtraction knowing the
incoming fluxes at the boundaries of the system (Wollast, 1993). It is interesting
to note that the value obtained for nitrate, using this approach, is consistent
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with the mean annual rate of nitrification of 12 gNm™2y ™! given for the coastal
zone by Henriksen and Kemp (1988). Moreover, the exported production flux,
required to maintain the system at steady state, is almost equal to the rate of new
production. A distinctive property of this cycle, as compared to the open ocean,
is the intensive recycling of nitrogen derived from the sediments. In this study a
daily flux of 30 mg N m~2 d~! was used according to the value selected by Wollast
(1993). It should be stressed that this flux may be overestimated in regions where
the water column is seasonally stratified. Since most of the stations in zone 1
appear to be in regions where summer stratification occurs, exchanges between
the superficial and bottom waters could be reduced because of the presence of
the thermocline. Nevertheless, to balance our N-budget in zone 1, as the benthic
flux decreases, primary production has essentially to be sustained by larger inputs
of new nitrogen at the boundaries of the system. Under extreme conditions,
assuming a benthic flux equal to zero and keeping the remineralization rate
in the water column at 66 mgNm~2d !, new production would then represent
58 mgNm 2d}, i.e. practically 46% of the total production. Since the total flux
of nitrate in the system is 72 mgNm~2d~! (Pr x 0.58, figure 3), the amount of
nitrate recycled in the water column by nitrification is 14 mg Nm~*d ™. Although
this N-budget is rather speculative, it illustrates the complexity of the nitrogen cy-
cle in the coastal zones. It suggests, furthermore, that with a benthic flux varying
seasonally between 0 and 30 mg Nm 2 d ™!, new production would represent 46
to 23 % of the total primary production in zone 1. The most important conclusion
is certainly that in both situations, the regenerated production is underestimated
by use of classical expressions of the f-ratio (Eqns 1 and 2, Table 1) and that the
importance of the discrepancy increases depending on the nitrification rate.

1.0 30
0.8
| ) 8

] 061 —— f-ratio 5
g —o— (/N -é
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0.4 1

0.2 1

0.0 v T T T T T 0

0 1 2 3 4 5
Nitrate + nitrite (UM)

Fig. 4.— Evolution of the f-ratio (Eq. 2) and the C/N uptake rates versus nitrate concentra-
tions for each incubation depth in zone 2. Combined data from July 1990 and June 1991.
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Fig. 5.— Evolution of nitrate + nitrite versus phosphate concentrations in
zone 2: (@) September 89, (o) July 90, (+) October 92 and (—) Redfield ratio.

Zone 2 groups stations located in the vicinity of the margin on the shelf,
slope and deep basin region. In the summer, it appears as a typical oligotrophic
system with an average production of 123 £+ 54 mgCm 2d~! (Table 1). At
these stations, extremes in concentrations and gradients occur within shallow
subsurface depth intervals, located between 30 and 70 m (figure 2). Chlorophyll a
and O, maxima are overlapping in the 60 to 65 m intervals, located just above
the thermocline, in the nutricline. Stock concentrations of chlorophyll a average
at 20 = 8 mgm~2. Considerable fluctuations were observed for the nitrogen
assimilation rates (17 to 135 mgNm 2d™!) and the nitrogen uptake regime
(f-ratios ranging from 0.1 to 0.9). Both of them were strongly influenced by the
nutrient dynamics of the environment. The evolution of the f-ratioversus nitrate
concentration shows clearly a system shift from new to regenerated production
when the concentration of nitrate falls below 1 WM (figure 4). One should stress
that the half-saturation constant for nitrate assimilation, is usually close to 1 uM
(Collos and Slawyk, 1980). In September 1989, surface waters (above 100 m)
typically showed a nitrogen deficit relative to the values predicted by the Redfield
ratio N/P (16/1 by atoms) which applies for depths below 100 m (figure 5). Within
the photic zone, extreme nitrogen to phosphate ratios can occur when either
available P or N is exhausted, or is close to exhaustion. The tendency for a general
low photic N/P ratio in most of the oceanic surface layers has been reported
(Codispoti, 1989). Under N-limiting conditions, higher specific uptake rates of
ammonium are found, but the absolute transport rates of total nitrogen decrease
drastically. In these conditions, the C/N assimilation ratios reach a maximum
of 20-25. Such high values are to be expected in nitrogen-limited environments
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(Carpenter and Dunham, 1985) and have been reported in the Bay of Brest
at the end of the spring bloom when the ambient concentration of nitrate fell
below 1.6 uM (Dauchez et al., 1991). When nitrogenous nutrients are non-
limiting, N-production essentially originates from new production and the C/N
uptake ratios approach values close to the C/N composition of the particulate
organic matter (figure 4). No significant differences are detected between the
two expressions of the f-ratio (Table 1) suggesting that the contribution of
DON is negligible. This requires, however, further investigation. The nitrogen
budget calculation within zone 2 is much more difficult to establish because little
information is available. Nevertheless, the results presented here suggest that,
during spring, the ecosystem evolves from a first phase where new production
predominates into a second one dominated by regenerated production. The
relationship between productivities (in mgCm 2d™!), biomasses (Chl. a in
mgm?) and nutrient stock concentrations (NO; and NH, in mg N m™2) for the
different sampling periods is illustrated in figure 6. On an average basis, the
highest productivity and biomass are observed in July 1990 with a system running
on new production (f-ratios > 0.5). June 1991 is characterized by a system
shift from new to regenerated production (f-ratios < 0.5) and by the highest
accumulation of ammonium, an indication of intensive heterotrophic activity.
During these productive periods, the nitrate uptake rate amounts on average
to 50 £ 20 mgNm~2d™! and the nitrate depletions, calculated as previously
mentioned, range from 1.3 to 3.7 gNm ™2 (average of 2.7 + 0.9). Assuming that
the nitrate uptake rate remains constant during this time, the length of the new
production period is estimated to about 60 days from the nitrate depletions to the
uptake rate ratio. Since nitrate is almost totally exhausted in the surface water
(0-20 m) at the end of the spring time, it can be assumed that the initiation of the
phytoplankton bloom, in zone 2, would start in mid-April. As will be discussed
later, this is consistent with the model of Morin ez al. (1991) for the prediction of
the growth season development on the Armorican shelf. During September 1989,
the low biomass and productivity were paralleled with low inorganic nitrogen
stocks (figure 6), but the decline in primary production has also to be related to
the day length and light.

Zone 3 groups stations located in the vicinity of the Northern coastal area of
Spain (figure 1). As already stated, this area is seasonally influenced by intense
upwelling processes occurring along the Spanish and Portuguese Atlantic coast.
Regarding the T', S diagram for near-shore stations (Vigo), sampled in July 1990,
the water column can be divided into three different layers: (1) the photic zone
(0—80 m) where the variation of the salinity gradient is possibly due to fresh
water inputs from the rias Vigo and Arosa, (2) an intermediate layer (80—400 m)
where temperature and salinity are closely related and vary more or less linearly
with depth, and (3) a deep layer (400-800 m) characterized by an inversion of
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Fig. 6.— Mean values of productivity, biomass and nitrogen stock
concentrations for the different sampling periods in zone 2.

the salinity and thermic gradients. At 800 m, salinity and temperature amount
to 36%o and 11.44°C respectively (figure 7a). The origin of this water mass
probably resides from the outflow of Mediterranean waters through the Gibraltar
Strait. Similar conclusions can be drawn from a plot of nutrients versus salinity. It
should be stressed, however, that in July 1990, neither the thermocline, nor the
nutricline were marked. A conservative behaviour of nutrients with temperature
is found between 0 and 400 m (figure 7b). The N/P ratio remains almost constant
on the whole profile of the water column and the slope of 16.8 = 1 is in agreement
with data reported in the literature (figure 7c). Due to the upwelling processes,
stock concentrations of nitrate in the surface water in July 1990 are extremely
high, ranging from 2.9 to 4.5 mgNm™2. They support considerable biomass
(136 mg Chl. a m~2) and productivity (2100 mgCm~2d™1). The f-ratio for the
uptake of inorganic nitrogen amounts to 0.9 indicating a major importance of the
nitrate assimilation (Table 1). However, its value calculated from the nitrogen
and carbon assimilation experiments is greater than 1, because of a C/N uptake
ratio of 3.1. This situation is not exceptional and has also been encountered in
zone 2, when the nitrogen stock concentration was non-limiting (see Table 2).
This suggests an active uptake of nitrogen by the heterotrophic community. The
relative preference index (RPI) shows, furthermore, that both ammonium and
nitrate are in fair equilibrium with their respective availabilities (Table 1).



150 M. ELSKENS et al.

15
SwW
141
& sl 80m
(2]
E
bt
g 12 800 m
5
[—1
11}
400 m
Il 1 A 1 1 1
355 35.6 35.7 35.8 359 36.0 36.1
Salinité (%)
20
15}
= 400 m
R
2
o
R
4
5k
0 .
10 11 12 13 14 15 16
Temperature (°C)
20
NO3 = -0.18 + 16.8 PO4 r=0,995
15}
g g
g 10 |
-4
a
5k o
0 1 1 . 1 1
02 0.4 0.6 0.8 1.0
Phosphate (WM)

Fig. 7.— Hydrologic structure of the water column at a near-
shore station (July 1990) in the upwelling region of the
Northern coastal area of Spain: (A) TS diagram, (B) and
(C) variation of nitrate with temperature and phosphate.



151

Primary Production and Nutrient Fluxes in the Gulf of Biscay

M 81.60 — N £Vl

95 TLT 1€ ve 061 L8S S 01— € ouoZ
11 44 8¢ (44 144 %6 wo or— M 00.80 — N 5T9%
12 LT €1 ¥ 6¢ 8¢ €10 (e gouoz
0L YLE 149 €90 124 9¢¢ e or— M TT.50 — N ST.8%
12 1€T 601 L1 9¢ £6¢ T 01— ] suoz
(;-Uy_1s10U) (;_u;_1or0owu) (;_uy_1=10m0) ({_187) (ur)
dN o ND oyeidn g, oyeydn N, oyerdn 9, ’Re) mdoq

06 Am[ Surmp Aeosig Jo Jno) oy} ul sejel axerdn J/N/D
T S19&L




152 M. ELSKENS et ql.

4.— Phosphorus assimilation.

During July 1990, water samples collected in the offshore area (zone 2)
were incubated under various conditions (figure 1). The uptake of 3P with
time was followed under artificial light, dark and in the presence of sodium
azide. Figure 8 shows that the cumulative uptake of **P under constant light
conditions increases more or less linearly with time. Furthermore, the rate of
uptake after 30 hours reaches = 40% which is extremely high, suggesting that
this particular nutrient must be regenerated fairly rapidly in order to sustain the
high rate of incorporation. Another interesting observation is that the uptake of
phosphorus occurs also under dark conditions at a relatively high rate, although
the pathway of this transfer is not yet clear. The azide sample indicates that there
is a small amount of adsorption taking place. The high rate of uptake under dark
conditions indicates that phytoplankton is able to make use of phosphorus during
the night. Field measurements have shown that phytoplankton continues to
synthesize protein during the night at the expense of intracellular low molecular
weight compounds, polysaccharides and lipids produced during the day (Morris
et al., 1981; Cuhel et al., 1984). It is thus possible that phytoplankton may utilize
phosphate to produce ATP and DNA in the absence of light. Alternatively, the
high uptake of phosphate can also be attributed to bacterial activity.

Relative % P-32 UPTAKE

40

X Constant light
+ Dark
301 O Azide

20

10 1

0 B T T T T T v
0 10 20 30 40

TIME (hours)

Fig. 8.— Relative uptake of 3P under artificial light, dark and in the presence of sodium azide

During June 1991, the influence of the bacterial activity on the uptake of
phosphorus has been investigated. The method involves the use of antibiotics
such as Penicillin-G and Streptomycin sulfate. Penicillin is known to inhibit



Primary Production and Nutrient Fluxes in the Gulf of Biscay 153

synthesis of bacterial cell wall and Streptomycin inhibits 30S ribosome function
(Stanier et al., 1976). Two series of samples were incubated under constant
artificial light conditions during 24 hours with various amount of **P added. One
series was performed in the presence of antibiotics to inhibit the bacterial activity.
The effect of antibiotic is demonstrated in figure 9, where the radioactivity in the
solid phase is plotted against that in the dissolved phase. It is obvious that the
addition of antibiotics lowered the percentage of >*P incorporation by about 7%.
Paralle] experiments were also conducted in the presence of sodium azide. The
results show that the uptake due to non-biological action never exceeds 2 %.

TOTAL CPM IN SOLIDS (Millions)

80

O without antibiotics
+ with antibiotics

T T
0 100 200 300
TOTAL CPM IN SOLUTION (Millions)

Fig. 9.— Comparison of 32P under artificial light conditions in samples with and without antibiotics

Knowing the phosphate concentration of the sample, the absolute rate of
phosphorus uptake has been calculated (Table 2). It is noteworthy that marine
phytoplankton has a C/P ratio of about 106/1 and a N/P ratio of about 16/1.
The results obtained in this study indicate that C/P uptake rates varies from 42
to 374 and N/P from 11 to 70. However, we are not able at present to evaluate
quantitatively the role of bacteria in the uptake and regeneration of phosphorus.
It is obvious that in the future, we have to determine the rates of transfer of
phosphorus through various biological pathways.
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5.— Conclusions.

Because of its geographical extension and the diversity of its hydrologic
structure, the Gulf of Biscay is an important area for the study of exchange
processes at the ocean margins. Although there is a gradual decrease of primary
production along a transect crossing the shelf edge from shallow to deep basin
regions, spatial variation of primary production are best related to the outlines of
the summer thermal front (Ushant front) which follows almost the haline fronts
pointed out by Morin et al. (1991). Despite a difference of about two months
between the sampling periods, it is interesting to note the similarities regarding
the nitrogen and carbon assimilation rates, the fluctuations of the C/N uptake
ratios and the f-ratio values observed in this study and those reported for the
Bay of Brest by Dauchez et al. (1991). The apparent time-scale difference in the
growth season maturity may be related to the establishment of a haline or thermal
stratification which has been demonstrated to be important for the initiation of
the phytoplankton development. Supporting this view, Morin et al. (1991) have
shown that the nutrient assimilation and phytoplankton development take place
sequentially on the Armorican shelf and that a time-lag of nearly three months
may exist between the initiation of the bloom in South Brittany and in the central
part of the continental shelf.

To summarize, the global trend of the studied ecosystem has shown the
major importance of nitrate assimilation, a property which is in agreement with
the observed high nitrate concentrations and the corresponding low ammonium
availabilities. Nevertheless, on the shelf edge, the available nitrate stock was
often depleted in the summer and, subsequently, primary production was fueled
with recycled nitrogen, mainly ammonium. The C/N/P uptake ratios exhibit great
spatial variability that can reflect variations in the nutrient status of phytoplank-
ton during its growth. Interestingly, we note that the interval of fluctuations (min-
imum and maximum values) for C/N (1.3-10.9) and C/P (42-374) is of the same
order of magnitude. This can be ascribed that to the fact that the uptake rates
of nitrogen and phosphorus occur through various biological pathways including
the auto- and heterotrophic communities. Large variations in C/P (47-115) have
been reported previously for the Weddel-Scotia Seas by Tréguer et al. (1991).
On the other hand the deviations of the N/P ratios from the Redfield one might
suggest a temporary imbalance in the regeneration rate of both nutrients. Our
data suggest that mineralization of phosphate might be higher than nitrogen as
indicated by the general tendency for a low photic N/P ratio observed in the Gulf
of Biscay. It is obvious that in the future, we have to determined the regeneration
rates of both nitrogen and phosphorus through isotopic dilution techniques.
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Abstract.

Continental shelves and coastal areas are sites of several processes which can
drastically influence the surface seawater pCO, distribution and result in relatively
important air-sea CO, fluxes. We present here some data obtained in the English Channel,
in the Gulf of Biscay and in the Celtic Sea which illustrate the effect of those coastal
processes. It is in particular pointed out that upwelling and riverine input, which generate
relatively important primary production, can also be sources of CO, to the atmosphere.

1.— Introduction.

Air-sea CO;, exchange is an important process in the global carbon cycle
because it determines the amount of anthropogenic carbon which enters the
ocean. The buffering capacity of the ocean with respect to the atmospheric CO,
excess is in fact a subject of controversy (see Tans ez al., 1990; Watson et al.,
1991). While oceanic water is most often close to the atmospheric equilibrium,
in terms of CO; level, and then site of quite low air-sea exchange, it is now
often suggested that coastal areas could be sites of relatively important fluxes
(Walsh, 1988; Wollast, 1989; Walsh, 1991; Frankignoulle and Gattuso, 1993;
Frankignoulle et al., submitted). Indeed, coastal ocean has particular properties
(riverine inputs, coastal upwellings, high productivity, ecosystems diversity, ...)
which can induce a drastic change in surface water CO, level and then generate
very high local COj, fluxes. In spite of this observation, the coastal ocean is never
considered when modelling the oceanic carbon cycle, mainly due to the deficiency
of field data.

The CO, flux at the air-sea interface is given by
(1) F = K()!(p C02 (Water) — PC02 (Air)) = Ka«a APCOZ
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where K is the gas exchange coefficient (piston velocity), o is the CO, solubility
coefficient in seawater, p CO; (water) and P COjy ajr) are the partial CO, pressure
in both phases. While the direction of the flux is then given by the sign of the
gradient through the interface, it’s magnitude is function of both the gradient
and the exchange coefficient. The latter depends on physical environment, that
can be very complex [wind speed, turbulence, bubbles, surface film, ... see
Liss (1983)] and the role of which is not yet fully understood. Wind speed
is nevertheless recognised as the preponderant parameter controlling the gas
exchange coefficient value (Liss and Merlivat, 1986; Wannikhof, 1992). Because
the CO, level in the low atmosf)here is quite homogeneous throughout the world,
the partial CO, pressure in surface seawater is a key parameter which determines
the direction of the air-sea CO, flux.

In this paper, we briefly review the effect that biological activity could induce
on seawater p CO, distribution, we discuss some p CO, data which have been
obtained in the Gulf of Biscay together with chlorophyll and primary production
ones and we finally present air-sea CO, exchange measurements made in the
Celtic Sea.

2.— Material and methods.

pCO; is calculated from experimental determination of both pH and total
alkalinity (Talk). The later is obtained from classical Gran electrotitration on
GF/C filtered samples. Talk calculation is made with corrections for fluoride
and sulphate according to Hansson and Jagner (1973). The accuracy has been
checked to be 0.05% (1 peq/kg).

pH is measured using an electrochemical cell calibrated to take into account
the effect of the ionic strength. The pH sensor, built to minimize and keep
constant the junction potential, is calibrated by titrating NaCl-Na3; POy solutions
and is finally tested against NBS buffers (Frankignoulle and Disteche, 1984;
Frankignoulle et al., in preparation). The error on the absolute pH value is
estimated to be about 0.006 pH unit.

pCO, and the complete speciation is calculated according to the Mole/kg
NBS pH scale using the CO, acidity constants from Mehrbach et al. (1973), the
CO, solubility coefficient from Weiss (1974), the borate acidity constant from
Hansson (1973) and the water dissociation constant from Lyman (1957). The
total borate molality is calculated using the Culkin (1973) ratio to salinity. The
error on p CO, has been established to be less than 8 ppmV.

Chlorophyll ¢ concentrations are determined using the spectrophotometric
method (Lorenzen and Jeffrey, 1978).
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Primary production is determined as explained by Elskens et al. (this vol-
ume).

6BC on the total suspended matter (collected as explained by Dauby et al.,
this volume), expressed relative to the PDB standard, is measured by Isotope
Ratio Mass Spectrometry after combustion of the sample with the method
described by Sofer (1980).

Air-sea CO, exchanges are estimated using the bell method, which consist
to deploy an air incubator on the sea surface and to detect the initial variation
of CO; in the air phase (Frankignoulle, 1988).

2.— Seawater pCO, distribution versus biological activity.

Biological activity can be roughly divided into two main processes, both of
which having an important effect on the CO, level in surrounding water: the or-
ganic carbon metabolism (photosynthesis/respiration) and the inorganic carbon
metabolism (calcification/dissolution). The first process can be summarized by

C02 + Hzo = CHzo

and the production of organic matter results in an uptake of dissolved CO, level
and a decrease of the partial CO, pressure which can be simply calculated using
the so-called REVELLE factor
_ 6InTCO,
A= $mpco, =10,

(see Sundquist, 1981). The calcification process can be written

Ca™ 4+ CO3~ = CaCO;3,
or Ca*™ + 2HCO3 = CaCO; + CO,

and the uptake of carbonate ion (first equation) or the release of dissolved
CO, (second equation) results in an increase of the partial CO, pressure in
surrounding water. Contrary to organic metabolism, calcification is a process
which favours the escape of CO, from seawater to the atmosphere (Ware et al.,
1992; Frankignoulle and Gattuso, 1993). Ware et al. (1992) have estimated, using
speciation calculation, that the ratio released CO, / precipitated CO3™ is about 0.6
and have suggested that coral reefs, which are sites of intensive calcification,
could act globally as source of carbon dioxide to the atmosphere. Gattuso et al.
(submitted) have recently performed air-sea CO, measurements on a Polynesian
coral atoll and did observe a diel variation of the sign of the flux, with fluxes
from air to sea during the day and fluxes from sea to air during the night, and
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with a daily budget as a net flux from sea to air. Using buffer factors expressions
developed by Frankignoulle (submitted), Frankignoulle et al. (submitted") have
proposed an analytical expression which allows computation of the released CO, /
precipiiated CO3™ ratio and have shown that it increases with the dissolved CO,
level in seawater and that the increasing atmospheric CO, level has a positive
feedback with marine calcification.

When ca'cification occurs, it is obviously coupled to organic metabolism
and the final imjsact on partial CO, pressure depends on the proportion of
both processes. Frankignoulle (submitted) has proposed a REVELLE factor for
simultaneous organic and inorganic metabolisms

_ §InpCO,
~ §InTCO,

where % C,y, is the percentage of carbon uptake for organic metabolism.

= —7.02 + 0.186% Corg

As observed before, when calcification does not occur, primary production
results in a decrease of seawater pCO,. Watson et al. (1991) have recently
plotted pCO, versus chlorophyll data obtained in the North Atlantic during
Spring 1989. Depending on the investigated area, they have observed three kinds
of linear relationship between both these parameters depending on present and
past phytoplanktonic activity: the peak stage (bloom) linear regression is char-
acterized by the fact that p CO, nearly intercepts the atmospheric equilibrium
value as chlorophyll reaches 0 (pCO, = 358—16.8[Chla], r = —0.79), while the
late stage of phytoplanktonic activity linear regression yields a lower intercept
for 0 chlorophyll level (pCO, = 299 — 6.6[Chla], r = —0.70) because CO,,
which can not be provided from deeper water throught the seasonal thermocline,
has to invade the surface layer from the atmosphere to recover the equilibrium
value, and this is a relatively slow process.

Frankignoulle ef al. (submitted®) have also determined the surface p CO,
pattern in the English Channel in June 1992 and have obtained a distribution
versus chlorophyll a which agrees well with the relationship proposed by Watson
et al. (1991) for phytoplanktonic peak stage. On another hand, data they have
obtained in the Southern Bight of the North Sea clearly show that riverine input
can produce locally very high production but associated to a high p CO, level:
in the area under the influence of the Scheldt Estuary, while the chlorophyll a
concentration is as high as 7.99 pgl™, pCO; is 407 ppmV, due to the high
alkalinity value of Scheldt water. This coastal site thus acts together as an
important sink of carbon, via primary production, and as a source of CO; to the
atmosphere. Riverine input can be studied by the determination of the 63Cin
the total suspended matter and the figure 1 gives an example of results obtained
in the English Channel in June 1991 (see Dauby et al., submitted). In this area,
the natural carbon sources are:
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J Londor,
Bristol

Southampton

Fig. 1.— Distribution of §3C, in %o, observed in June 1991 in the English Channel.

1) phytoplankton, with temperature dependant §*C values [about —23 %o in
our conditions (Fontugne and Duplessy, 1981)],

2) marine plants, with higher §'*C, ranging from —10 to —20%o [seaweeds and
seagrasses (Dauby, 1989)],

3) terrestrial plant material (§©*C ~ —27%so).

As can be seen on figure 1, maximum §"3C values (about —17%so) are observed
near Solent River Mouth. This could be explained by an input of carbon originat-
ing either from marine macrophytes or from human industrial activities, which
are particularly developed in the Southampton area. This “pollution effect”
could moreover explain the gap in dissolved oxygen values observed in this
area (Frankignoulle et al., submitted?). On both sides of that maximum, §3C
in suspended matter progressively decreases to reach values (especially South-
westerly) expected for a phytoplankton-based oceanic system. Data measured in
the Southern Bight of the North Sea reflect a mixture of planktonic production,
anthropogenic and terrigenous inputs.

To illustrate the influence of biological activity and coastal processes on
the distribution of surface seawater p CO,, we present here data which have
been obtained during transects along the Gulf of Biscay in 1989 and 1990.
Table 1 gives, for 6 stations from the Ushant front to Vigo (Spain), the primary
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Table 1

Distribution of surface p CO, (in ppmV) along a transect through the
Gulf of Biscay, together with surface chlorophyll a contents (in ygl™)
and integrated over depth and time primary production (in ugCm™2d™!)

Date Site Location Chl. a | Pr.Prod. | pCO,
13/9/89 | Ushant front | N 490332 W051230 | 1.41 884 268
7/7/90 | Ushant front | N485911 W 060138 1.18 900 291
3/7/90 | Gulf of Biscay | N510489 W011996 | 0.33 153 338
3/7/90 | Gulf of Biscay | N 503026 W 003862 | 0.13 141 337
15/9/89 | Gulf of Biscay | N471950 W 083130 | 0.11 47 310
10/7/90 Vigo N 424095 W 092214 | 4.91 1431 444

production, the chlorophyll a contents and the partial CO, pressure of surface
water. Primary production is integrated over time and depth, taking into account
the depth of the mixed layer (density), the nutrients concentration (2 incubation
depths), the solar radiation profile (quantameter profile, production calibrated
versus tadiation) and a correction factor (production in dark condition) to
calculate production over a 24 hours period. Results given in table 1 can be
discussed as follows:

— the Ushant front is characterized by a relatively high chlorophyll a concen-
tration and production rate. The associated p CO, values are quite far from
atmospheric equilibrium (presently about 355 ppmV) as a consequence of
dissolved CO, use for organic metabolism. This frontal area then acts as sink
for atmospheric CO,.

— the Gulf of Biscay itself has low chlorophyll a content and primary produc-
tion. The observed p CO, are higher than those obtained in the frontal area
and nearer the atmospheric equilibrium value.

— the near-shore station (Vigo) is characterized by high chlorophyll a content
and important primary production. In spite of this important biological ac-
tivity, surface p CO, is also very high and far from atmospheric equilibrium.
This is obviously due to the important coastal upwelling which takes place
along the Spanish and Portuguese Atlantic coast. Such high primary pro-
duction site is then also an important source of CO, to the atmosphere. As
discussed by Frankignoulle ef al. (submitted?), some other coastal areas are
also characterized by high production rate associated to high surface p CO,
values: the Southern Bight of the North Sea which is influenced by water
coming from the Scheldt displayed, in June 1992, chlorophyll concentration
as high as 7.55 ug 17!, due to eutrophication, and p CO, value of 407 ppmV,
due to the alkalinity of Scheldt water.
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3.— Air-sea CO, exchange measurements.

Air-sea CO, fluxes have been estimated, during diel cycles, using the bell
method in June 1992 in the Celtic Sea, above both the continental shelf and
slope. Obtained data are reported in figure 2. At the slope station, important
fluxes, especially the first day, are observed from air to sea in good agreement
with the sign of the CO, gradient. At the shelf station, fluxes are about five
times lower than the first day at the slope station. During those measurements,
the pH has been monitored in surface water and, in both cases the partial CO,
pressure is quite constant (= 5 to 10%) during the whole experiment. The
observed CO, gradients can thus explain neither the variation of measured fluxes
observed on the slope station from the first day to the second, nor the difference
between both stations. According to the CO, gradients, fluxes at the slope station

Fin nl};lol/mﬁlsec
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Fig. 2.— Measured air to sea CO; fluxes in the Celtic Sea in June 1992.
Negative flux values do correspond to air to sea flux [cf. equation (1)]
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should be about twice those at the shelf station. This is roughly observed by
considering only the second day at the slope station. As shown on figure 3,
high fluxes detected at the slope station are in fact related to the wind speed

Air-sea CO2 exchange (Celtic Sea, Continental slope)
0

10
-100
-200

-300 -

-400 -

Flux in nMol/m?2/sec
s9sfur uy paads purp

-500 -

24th June 1992 25th June 1992

-600 - O

12h00 18h00 00h00 06h00 12h00

Fig. 3.— Measured CO, fluxes (area) at the slope station as a function of wind speed line

which is nearly always higher than 5 m s™*, with peaks up to 9 ms™!, at the slope
station from the beginning of the experiment till about 9 a.m. the second day.
Wind speed at the shelf station is lower than 3 ms™!. Figure 3 cleatly shows
that air-sea flux maxima are correlated to wind speed ones. The effect of wind
on air-sea exchange have been investigated by wind-tunnel experiments (see e.g.
Liss and Merlivat, 1986; Wanninkhof, 1992), according to which the gas exchange
coefficient [cf equation (1)] is quite constant for wind speed lower than 5 m s™!
but increases exponentially for higher values. The variation of wind speed during
the experiment can thus explain the one observed for air-sea CO, flux and results
presented here illustrate well the relative importance of both the gradient and
the wind speed on the exchanges. It is worth noticing that the used method to
detect air-sea fluxes does suppress the direct wind effect on the exchange, due to
the presence of the bell. Frankignoulle (1988) has anyway pointed out that the
bell takes into account the global turbulence induced by wind in the upper layer
and results obtained in the North Sea have shown that flux obtained using the
bell is in good agreement with results from wind-tunnel within about 30%.
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4.— Conclusions.

Coastal areas can be sites of processes which have a drastic effect on the
surface seawater p CO, distribution and hence on air-sea CO, exchange. Data
obtained in the Gulf of Biscay show that the Atlantic coastal upwelling (Spain)
induces both important biological activity and high p CO, value in the surface
layer. In other locations of the Gulf, primary production is associated to low
pCO; level in good agreement with the expected effect of production alone.
Depending on the river type, riverine input can also generate high production
and p CO, oversaturation. The use of §"3C as a tracer for terrestrial input should
be improved by the knowledge of §'3C associated to anthropogenic compounds.
Air-sea CO, flux measurements carried out in the Celtic Sea have pointed out
that wind speed has, as expected, a preponderant effect on the magnitude of the
flux. :
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Abstract.

From 1989 to 1992, five cruises were conducted in an area covering the English
Channel, the Celtic Sea and the Gulf of Biscay. During these campaigns, suspended
matter was collected by different techniques in order to analyze the spatial and vertical
distribution of several particulate trace elements in relation to the global biogeochemical
cycle of carbon. It appears that horizontal distribution varies strongly from one element
to another and is mainly influenced either by anthropogenic and terrigenous inputs or by
scavenging processes. On the other hand, the vertical distribution seems mainly linked
to the primary production. In parallel to these trace element measurements, experiments
were carried out to estimate the transfer rates of these elements from the dissolved to
the particulate phase using radioactive tracers. The results clearly indicate that biological
activity plays an important role in these transfers.

1.— Introduction.

Very little attention has been paid until now to the trace element content
of suspended matter in the water column. Trace metals are however known
to be enriched in the particulate phase, and their contents in the suspended
materials or sediments often reflect the history of surrounding environments with
respect to pollution. In the photic zone for example, passive or active sorption
processes occur onto the organic matter produced by the organisms, and they
are responsible for the transfer of many elements from the dissolved to the
particulate phase. As suspended matter is one of the main sources of carbon
either for pelagic or for benthic food webs, its elemental composition also directly
alters heavy metal concentrations in high trophic levels.



172 Patrick DAUBY ef al.

The present paper describes results of trace element measurements per-

_formed on suspended matter collected during the Global Change cruises (1989
“to 1992) by the Belgian team. One of the objectives of the Global Change
programme is to study the processes controlling the transfer of trace elements
related to the carbon cycle between both particulate and dissolved phases. The
sampling area covers a wide range of zones with different dynamics: (i) the
English Channel, characterized by complex hydrological processes due to bot-
tom profile and strong tidal currents, (ii) the Celtic Sea, on both sides of the
continental margin, (iii) the center of the Gulf of Biscay, a deep (> 4,000 m)
oligotrophic area, and (iv) the Northwestern Spanish coast which is the center
of an intense upwelling.

With respect to the goals of the Global Change programme, the mechanisms
and rates of transfer of trace metals from the dissolved to the particulate phase
in the oceanic system were also investigated. Radioactive trace metals have
been used successfully in previous studies in order to evaluate the distribution
coefficient and the rate of transfer of trace elements from the dissolved to
the particulate phase in sea-water (Balistrieri & Murray, 1983; Li et al., 1984;
Nyffeler et al., 1984; Buchholtz et al., 1985; Santschi et al., 1986; Jannasch et al.,
1988). Most of these measurements were made during laboratory experiments
using artificial suspensions of sediments mixed with sea-water or in mesocosm
systems mimicking the natural environment. The results indicate a very fast initial
sorption of the radiotracers followed by a much slower uptake. This suggest that
there is a rapid adsorption at the surface of the particles followed by a slower
transfer process which may be due to physico-chemical or biological processes.

Mouchel & Martin (1990) were the first to propose the use of radiotracer
uptake experiments carried out immediately on samples collected in rivers,
estuaries and marine systems. The results obtained during these experiments
were in fact very similar to those obtained in the laboratory and are characterized
by an important and rapid initial transfer. These authors have suggested to use
this method to define a fast distribution coefficient (Kp), easily evaluated by
comparing the radioactivity of the solid collected after an initial stage, usually
limited to 24 hours, with the radioactivity remaining in solution. This coefficient
is very useful because it allows one to characterize the capacity of the suspended
matter to induce scavenging of trace elements in the system considered. These
short time measurements may also be used to understand the behaviour of trace
metals in rapidly changing environments like estuaries or coastal zones.

Two of us have suggested (Wollast & Loijens, 1991) to improve this method
by performing incubation experiments with natural samples spiked with radioac-
tive trace metals similarly to the incubation experiments carried out with *C
labelled HCO3 to measure primary production. By comparing the uptake of
trace metals incubated under natural or controlled light conditions or in the dark,



Distribution of particulate trace elements in the Northeastern Atlantic 173

with or without inhibitors of the biological activity, it is possible to understand
and to evaluate the contribution of the biological activity in the transfer of
trace metals from the dissolved to the particulate phase. It is well known that
many trace metals act as oligo-elements essential for the metabolic activity of
living organisms. They often exhibit a nutrient like behaviour in aquatic systems
indicating that the organisms can act as major scavenging agents of trace elements
in sea-water.

2.— Sampling methods. Intercomparison.

Samples of total suspended matter (TSM) were collected during the follow-
ing cruises on board the R/V Belgica: campaign 89/21 (September 11th to 26th,
1989) and campaign 90/18 (July 2nd to 18th, 1990) in the English Channel, West-
ern Biscay and Northwestern Spanish Shelf areas (e in figure 1); campaign 91/16
(June 24th to July 9th, 1991) in the Channel, Northern Biscay and Celtic Sea
areas (min figure 1); campaign 92/23 (October 8th to 23rd, 1992) in the Northern
Biscay shelf break area (La Chapelle Bank, a in figure 1). The position of the
stations and corresponding TSM amounts in surface waters are listed in Table 1.

TSM was sampled using three different techniques, depending on whether
horizontal distributions or vertical profiles were investigated. Sample prepara-
tion for trace metal determination also differed according to sampling technique.
Comparisons of the results obtained by the three following methods will be
discussed further.

(i) For horizontal distribution pattern determination (1991 cruise), TSM was
sampled by continuous centrifugation of surface seawater pumped forward
at 3 m depth while the ship was making headway; sampling periods ranged
from 3 to 8 hours (courses from 45 to 160km). TSM concentrations
measured by this method are listed on Table 1. Samples were stored in
petri-dishes and deep frozen. For the analysis of trace metals (Al, Cd, Cr,
Cu, Pb, Ti, Zn) suspended matter was mineralized in a mixture (1:1) of
65 % nitric acid and 37 % hydrochloric acid at about 75°C during 12 hours.
Elemental determinations were made by ICP-AES (A.R.L. 3510).

(ii) Vertical distribution of particulate trace elements was investigated using
301 Niskin bottles (1990 to 1992 cruises). Immediately after sampling, these
bottles were pressurized with filtered air (0.3 bar) and seawater was filtered
with Nuclepore membranes (0.45 ym). Niskin bottles were slightly adapted
to fit the filterholders onto the lower lid instead of the original outlet,
allowing the collection of rapidly settling particles. Membrane samples
were air dried and kept at room temperature. For analysis, a preliminary
mineralization and dissolution is made using a fusion technique with lithium
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Fig. 1.— Position of the TSM sampling sites for the 1990, 1991 and 1992 cruises

metaborate as the flux. Elemental determinations were also performed with
ICP-AES (Jobin-Yvon-48).

(iii) Collection of larger amounts of TSM along vertical profiles was performed
with a Stand Alone Pump (SAP), an in situ particle sampler, housed with a
polycarbonate 30 cm filter holder fitted with a 1 um Nuclepore membrane.
This device allows the filtration of a large volume of seawater (up to 2,000 1)
at great depths (down to 5,000m), and thus the collection of sufficient
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Table 1
Sampling dates and locations, bottom depths, and TSM concentrations
(sampling by centrifugation)
Station " Depth TSM
# Position (m) Date (mg/)
1 51°23'N-03°00'E > 51°20/N-02°30'E 11 91 —Jun 4.10
2 51°20'N-02°30'E > 51°20'N - 02°08'E 24 91 —Jun 1.97
3 51°20'N-01°50'E > 50°50'N-01°00'E 34 91 —Jun 1.92
4 50°50'N-01°00'E > 50°40'N - 00°30'E 29 91 —-Jun 2.78
5 50°41'N -00°30'E 28 91 —Jun 2.60
6 50°25'N-00°57'E > 50°01'N -00°04'W 41 91 - Jul 3.79
7 50°41'N-00°30'E > 50°30'N - 00°39'W 41 91 -Jun 1.17
8 50°30'N-00°39'W > 50°20'N - 01°35'W 52 91 —Jun 1.34
9 50°00'N-00°15"W > 50°02'N - 01°40'W 60 91 -Jul 0.84
10 50°20'N-01°35'W > 50°15'N - 02°30'W 52 91 —Jun 1.62
11 50°00'N -01°49'W > 49°30'N - 03°30'W 86 91—Jul 1.94
12 50°15'N-02°30'W > 50°05'N - 03°30'W 58 91 —Jun 1.58
13 50°00'N-03°50'W 72 90— Jul 2.75
14 50°05'N—-03°30'W > 49°44'N - 04°20'W 66 91 —Jun 2.01
15 50°00'N —06°00'W > 49°30'N - 03°30'W 101 91 —Jul 1.31
16 50°08'N - 05°05'W 10 91 —Jun 1.62
17 49°44'N - 04°22'W > 49°25'N - 05°04'W 87 91 —Jun 1.70
18 49°25'N - 06°30'W > 50°06'N - 05°00'W 77 91 -Jun 177
19 50°03'N - 05°19'W 28 92-0Oct 1.31
20 50°15'N-05°40"W > 50°00’'N - 06°00'W 48 91 —Jul 1.26
21 49°25'N—05°04'W > 49°05'N - 06°10'W 107 91 -Jun 1.95
22 49°00'N - 06°00'W 120 90 - Jul 1.89
23 48°56'N —06°01'W > 48°20'N —06°30'W 127 91 -Jun 1.06
24 48°25'N-05°21'W 110 90— Jul 1.13
25 48°20'N-06°30'W > 48°09'N - 08°14'W 340 91 —Jun 1.38
26 48°09'N - 08°20'W 1200 91 —Jun 1.74
27 48°09'N - 08°29'W > 49°00'N - 08°33'W 475 91 -Jun 1.10
28 49°00'N - 08°22'W 155 91 —Jul 0.53
29 49°04'N -08°11'W > 50°30'N - 08°30'W 130 91 -Jul 0.59
30 50°30'N-08°30'W > 51°45'N - 08°20'W 65 91 - Jul 0.64
31 51°45'N -08°15'W > 50°15'N - 05°40'W 65 91 ~Jul 1.02
32 48°12'N-06°44'W 160 92-0Oct 0.71
33 47°57'N-06°59'W 171 92-0Oct 0.69
34 47°42'N-07°11'W 169 92-0Oct 0.69
35 47°35'N - 07°00W 205 90 - Jut 0.61
36 47°30'N-07°00'W 510 92 —Oct 0.70
37 47°25'N-07°16'W 2000 92 —Oct 0.72
38 46°25'N-08°00'W 4800 90 - Jul 0.32
39 42°43'N-09°19'W 123 90 - Jul 4.24
40 42°30'N -09°30'W 1230 90— Jul 4.21

quantities of suspended matter in waters of low particulate load. For
each sample collected, metal concentrations (Cd, Cr, Co, Cu, Mn, Ni,
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Pb, Zn) were measured using a Varian SpectrAA-400 Zeeman graphite
furnace spectrometer. The analytical method involves direct injection of
solid samples without the intermediate digestion step, as developed by
Hoenig et al. (1989). Particulate Si and Al were also measured following
the method described in Hoenig ez al. (1991 a, b).

In order to control the reliability of metal determination, the entire analyt-
ical procedure was tested against standard reference sediments supplied by the
National Institute of Standards and Technology (NIST), International Atomic
Energy Agency (IAEA), Bureau Communautaire de Référence (BRC, EEC) and
National Research Council of Canada (NRCC).

Table 2

Intercomparison of trace element data obtained by the three differ-
ent sampling and analytical techniques in various geographical areas

Areas In situ pump Centrifugation Niskin
(station #) Elements 1990 data 1991 data 1992 data

2,3,4,5 Al (mg/g) 52 83

578 5.9 6.1

8, 10 7.8 9.3

12, 14 5.5 5.4 4.1

15,21 1.1 1.1 0.9

25, 26, 27, 28 0.32 0.42 0.41

13, 14 Cd (ug/g) 0.61 0.6

13, 14 Cr (ug/g) 20.3 15.3

13,14 Cu (ug/g) 25.3 23.2

13, 14 Pb (ug/g) 25.3 177

13, 14 Zn (uglg) 415 58.3

As different TSM collection techniques and metal determination methods
were used, it is necessary to compare the results for the same water masses, i.e.
for similar locations during the same sampling period, and ideally at the same
depths. Unfortunately, few data are available for such a comparison because
of the “weather at sea” which obliged us to use preferentially one sampling
technique against another. Despite this drawback, concentrations obtained by
different methods and laboratories on TSM collected at same sites and depths
during the summer are very similar (Table 2). Intercomparison of these results
allows us to control the quality of our data. The trace metal concentrations of
TSM obtained in this study, regardless of the sampling and analytical techniques,
are furthermore in good agreement with those obtained by Dehairs et al. (1985)
and Baeyens et al. (1987) for similar sampling areas.

For experiments designed to study the transfer rate of trace metals from the
dissolved to the particulate phase, the water samples were usually collected in
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surface waters at depths corresponding to the maximum of fluorescence or of dis-
solved oxygen as recorded during the lowering of the CTD rosette. Samples were
immediately spiked with the radionuclides and incubated under constant light
conditions, at the surface seawater temperature. A few experiments were also
carried out under variable light conditions. In order to reduce the perturbations
of the natural conditions during the incubation experiment, the concentration
of the carrier was kept at a low level. The final concentration obtained after
addition of radionuclides is equal to 10 nmol 17! for Mn, Co, Zn and 5 nmol 1!
for Cd. The influence of the amount of spike solution on the uptake of the
radionuclide was investigated during a preliminary experiment. After incubation,
samples were filtered on Sartorius 0.4 um membranes and rinsed with pre-filtered
seawater. Preliminary tests have shown that absorption of radionuclides onto
the Sartorius cellulose filter was negligible. The activities were measured with a
HPGE Canberra detector with a relative efficiency of 20% and a multichannel
spectrometer serie 20 Model 2802. The activities recorded on the filters after
incubation of open-sea water samples are often of the order 0.1 dpm and requires
long counting times. The minimum number of counts was fixed at 1,000 to reduce
the statistical error related to counting.

3.— Results and discussion.

3.1.— Horizontal surface distribution.

3.1.1.— Results from centrifugation (Table 3 and Figure 2).

Aluminium.

The distribution of the particulate Al concentrations is roughly correlated
with that of particulate load. This is not surprising since particulate aluminium
is mainly present in the sea as terrigeneous aluminosilicates via riverine or
atmospheric input. Observed concentrations are very similar all along the English
Channel (from 3 to 16 ug1™!, from 2 to 7.5 mg g~' TSM), with, however, higher
values near the English coasts; these data are slightly lower than those of Dehairs
etal. (1985) for the Eastern Channel, and are significantly below values measured
in the Southern Bight of the North Sea by Duinker & Nolting (1977) and Dauby
et al. (1993) who found concentrations up to 1.2 mgAlI™!. In the Celtic Sea,
concentrations are much lower, averaging 0.3 ug1™! (0.4 mgg™!), because the
TSM in that region is mainly composed of organic matter. In the center of the
Gulf of Biscay, concentrations decrease below 0.2 ug 1”1 but rise sharply (up to
50 wg I™1) when approaching the Spanish coast.
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Fig. 2.— TSM concentrations in surface waters sampled by centrifugation
during the June 1991 cruise, and heavy metal concentrations in this TSM.

Titanium.

The distribution of Ti associated with TSM is si
as this element is also a tracer of terrestrial material. The concentrations

are nevertheless particularly high (> 70 ug g™!) in the Southern Bight (where

milar to that of aluminium,
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Nolting & Eisma, 1988, have found up to 2mgTig™!) and the Strait of Dover,
and could be attributed to the presence of several recent dumping sites of
titanium dioxide production waste; these dumps, if now theoretically stopped,
should progressively release this metal and are probably responsible for the
observed concentrations.

Copper.

The measurements of Cu concentration in the TSM show minimum values
in the whole Celtic Sea (except for Station 23) and in the Western Channel,
about 25 u.g g~ ! on the average. In the Eastern Channel, concentrations increase,
especially along the English coast, indicating a land source of Cu, likely related
to the large industrial complexes of the Southeastern UK. It is also worth noting
that there is no correlation between TSM concentration in surface seawater
and Cu concentration in TSM, and that thus this metal seems to be associated
with particulate matter inputs, either terrigeneous or resuspended. The observed
concentrations are in good agreement with those obtained by Dehairs et al
(1985) in the same area.

Zinc.

Among the elements analyzed in TSM, zinc is the one (after Al) which
presents at all the stations (except the 6th) the highest concentrations, as also
previously observed by Dehairs et al. (1985) and Baeyens et al. (1987). In the
Southern Bight, values are peculiarly high, going beyond mean crustal or riverine
values; this could be attributed to the drastic influence of Scheldt River and
to the resuspension processes related to shallowness and tidal mixing. In the
Channel, two relative maxima (> 200 ug g~!) are observed, on both the western
and eastern parts of the English coast, probably related to industrial activities.
In the Celtic Sea, values are much lower (between 30 and 55 pg g~ !), except for
Station 23 where high concentrations of copper and lead are also observed; the
unexpectedly high metal concentrations observed there could be the result of a
recent local sewage release.

Lead.

The relative distribution of particulate Pb in the area studied is very similar
to that of Zn, with a maximum (nearly 115 ugg™!) close to the Belgian coast
(input from the Scheldt River) and high values (around 40pugg™!) on the
English coast of the Eastern Channel. As for both the latter metals, no apparent
correlation could be found between TSM concentrations in seawater and metal
concentrations in TSM, suggesting a passive sorption of metal on suspended
matter.
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Cadmium.

This metal is relatively peculiarly abundant in the waters off the Belgian
coast, near the Scheldt Mouth, as was also described by Baeyens et al. (1987),
Bouquegneau et al. (1992) and Dauby et al. (1993); this is not surprising
as Belgium is the largest Cd consumer in Western Europe. In the Channel,
concentrations range from 0.4 to 1.3ugg ! along the English coast, with a
maximum observed off Southampton. The French side and the Western Channel
are less contaminated, with values around 0.3 ug g~*. Concentrations observed
in the Celtic Sea waters are low (about 0.3 ng171), but are relatively high in the
corresponding TSM (about 1 ug g™!), suggesting a process of high metal uptake
(see further) by suspended matter in these oligotrophic waters.

Chromium.

Particulate Cr concentrations in the water are nearly constant throughout
the whole Channel (about 20 ugg™'), and present two maxima: one in the
Southern Bight, probably related to riverine discharge, and another one of lower
importance in the Celtic Sea. This second maximum appears, however, much
more important when considering the Cr concentrations in TSM (figure 2) that
reach, in that area, 5 to 10 times (up to 167 ug g~ !) the concentrations observed
elsewhere. TSM thus seems to have a high affinity for chromium, and this
scavenging process is confirmed by the inverse exponential relationship between
Cr/TSM ratios and TSM concentrations in seawater.

3.1.2.— Results from in sifu pumping.

As was also observed for centrifugation samples, the particulate Al concen-
trations in all the SAP samples are well below 70 mg g~! which is the value found
in soils (Martin & Whitfield, 1983), suggesting that the particulate material col-
lected has a high organic content. Suspended matter sampled in waters close to
the coastal area (Stations 13, 24 and 39) contains higher Al, implying continental
inputs of terrigeneous material. It should be pointed out that Station 39, located
right at the Spanish coast in an area where there are many Rias estuaries, has
the highest particulate Al contents.

The surface distribution of particulate trace metals are shown in figure 3.
It is interesting to point out that particulate Mn shows spatial distribution very
similar to that observed for particulate Al. This suggests that these two elements
are intimately linked with a correlation coefficient of 0.81 and have the same
origin. There is a particularity regarding Station 38 compared to Station 24,
both situated in the Gulf of Biscay. Indeed, Station 38 is far from the continent
and thus likely receives the least terrestrial inputs as indicated by the lowest Al
contents. However, when normalized with respect to Al, the suspended matter
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Fig. 3.— Trace element concentrations in surface water TSM
sampled by in situ pumping during the July 1990 cruise.

collected at Station 38 is enriched in several trace metals, especially Pb, Co, Cu
and Zn compared to Station 24. This implies that these metals are enriched
mainly in the planktonic phase, and that an active scavenging process likely
occurs in these oligotrophic waters, what is confirmed by the data obtained for
trace metals in TSM with the centrifugation technique. Furthermore, it has
been recognized that phytoplankton generally plays an important role in the
biogeochemical cycling of trace elements in the aquatic environment (Morel
& Hudson, 1985; Price & Morel, 1990), and that trace metals tend to be
scavenged by organic matter due to their strong complexation with organic
ligands. Therefore, in areas of high productivity, seasonal variations can be
observed and correlated with the annual production cycle (Bacon et al., 1985).

3.2.— Vertical distribution.
3.2.1.— Results from in situ pumping (Figures 4 to 6).

During the 1992 cruise (a in figure 1), TSM was collected in the northern
part of the Gulf of Biscay, on both sides of the continental slope, but only

the results obtained for Stations 32 and 37 will be presented here. Vertical
distribution of particulate trace metal concentrations were determined and the
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Table 4

Summary of results on the particulate trace metal concentrations of TSM col-
lected at Stations 32 and 37 by in situ pumping during the October 1992 cruise

Depth | Al Zn Ni Cr Mn Cu Cd Pb Co Fe |POC
(m) | (mg/g) | (ve/e) | (ue/e) | (uele) | (vele) | (we/e) | (uele) | (efe) | (velg) | (mele) | (%)
Station 32

10 24 1081 | 191 418 | 815 | 208 | 246 | 103 | 0.66 1.3
40 9.9 | 1843 | 349 78.4 | 185.8 | 66.7 | 396 | 15.7 | 1.09 53
80 | 23.9 94.6 | 23.7 529 | 327.7 | 247 | 096 | 228 | 2.07 11.2
110 | 10.1 473 | 14.8 499 | 1468 | 143 | 093 | 114 | 0.84 4.5

Station 37

20 42 | 1209 | 15.0 426 | 1923 | 163 | 2.78 | 119 | 0.84 1.5 | 98
50 59 | 123.0| 156 293 | 2262 | 203 | 156 | 14.0 | 0.75 31 |50
80 | 275 | 1554 | 75.6 84.8 | 537.5 | 38.0 | 1.35 | 381 | 2.93 132 | 25
140 | 275 | 1223 | 384 62.7 | 690.0 | 38.1 | 3.05 | 23.0 | 2.85 127 | 1.7
200 | 101 | 1021 | 24.1 40.0 | 3254 | 313 | 085 | 255 | 137 43 | 21
500 | 20.1 | 169.5 | 532 | 145.7 | 550.8 | 54.3 | 1.68 | 435 | 2.73 107 | 1.0
600 | 254 | 167.7 | 349 62.4 | 543.6 | 551 | 034 | 431 | 3.55 12.9 | 0.65
800 | 13.2 98.1 | 22.0 387 | 2455 | 319 | 083 | 239 | 1.94 54 | 0.67
1000 14.4 | 153.6 | 50.3 574 | 2405 | 862 | 1.57 | 422 | 1.44 7.0 | 0.41

results are summarized in Table 4 where the particulate Al and organic carbon
contents are also indicated. Vertical profiles of temperature and salinity are
shown in figure 4. The T'/S diagramme reveals clearly that four different water
masses (surface, 200 m, 600 m, bottom) can be identified for Station 37, located
on the deepest edge of the slope.

Contaminants such as heavy metals are usually accumulated in the fine
fractions of sediments or suspended materials containing elements like Al, Fe
and organic matter (ICES, 1988). Normalization of particulate trace metal
concentrations has been a subject of discussion (Loring, 1988; Windom et
al., 1989). Application of appropriate normalization procedure may help in
deciphering the data. Particulate Al is a good indicator of fine terrestrial origin
such as clays. Therefore, it can be considered as a suitable candidate to be used
for normalization purpose. Figure 5 shows the vertical distribution of Al and
organic carbon for Stations 32 and 37. It is worth noticing that particulate organic
carbon content of the suspended matter decreases exponentially with depth
indicating a very fast remineralization of organic matter during settling. At the
same time, the particulate Al content is the lowest in the photic zone suggesting '
a dilution of this element by biogenic material due to primary production.

The vertical distribution of particulate trace metals (normalized with respect
to Al) are shown in figure 6 where the particulate Ba/Al is also indicated. A
general trend is observed for most trace metals investigated except for Fe and Ba.
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Fig. 4.— Temperature, Salinity, and T/S$ diagramme for
Station 32 (x) and Station 37 (o) for October 1992 cruise.

There is an enrichment in the photic zone, especially for Cd. This is probably due
to an uptake of trace elements by phytoplankton via biological and/or physico-
chemical pathways. The variations in particulate trace metal concentrations with
respect to Al below the photic zone seem to be related to different water masses
existing that have all different particulate trace metal chemistry. Particulate Ba
shows a different vertical profile compared to other metals. Its behaviour strongly
influenced by biological activity will be discussed in detail in the following section.
It is finally interesting to point out that particulate Fe/Al remains fairly constant
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Fig. 5.— Vertical distribution of particulate Al and organic carbon in the TSM collected
by in situ pumping during the October 1992 cruise for Station 32 (x) and Station 37 (o).

at a ratio close to 0.49 throughout the water column. This ratio is typically found
for atmospheric dust over the North Atlantic (Duce et al., 1991).

3.2.2.— Results from Niskin sampling — Ba distribution (Figures 6 to 8).

It is known that the main carrier of particulate Ba in suspended matter is
Ba-barite (Dehairs et al., 1980). The fraction of the Ba associated with alumino-
silicates in suspended matter was calculated using the Ba/Al ratio for mean crust
(Al: 82 mg g™ '; Ba: 500 ug g~ '; Bowen, 1979) and the Al content of the sample:

(Al)sample * (Ba/ Al)crust = (Ba)sample associated with alumino—silicates

This exercise showed that the highest fraction of Ba in alumino-silicates
are usually below 25% of the total Ba concentrations. Such values can occur in
surface and bottom waters. Atmospheric deposition and sediment resuspension
may be responsible for this observation. For the rest of the water column, the
fraction of Ba in alumino-silicates is generally less than 10%. It follows that the
vertical distribution of particulate Ba, normalized with respect to Al content,
shows a substantial enrichment in Ba especially at depths ranged between
100 and 600 m (figure 6). This points towards another component as the main
Ba carrier.
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It has been known for some time that particulate Ba-barite in the oceanic
water column and the sediments reflects production in the surface layers (Bishop,
1989; Dymond et al., 1992; Dehairs et al., 1980, 1990). These studies have
revealed that Ba is incorporated by the biota (it is not known whether this
process is active or passive) and precipitates thereafter as BaSO, (barite) within
aggregates of biogenic detritus. These aggregates form the suitable micro-
environments wherein barite saturation conditions are likely to be fulfilled
(Bishop, 1988; Stroobants et al., 1991; Dehairs ef al., 1980). Such barite micro-
crystals account for the largest fraction of total particulate Ba at mesopelagic
depths (Dehairs et al., 1980). Furthermore, investigations in the Southern Ocean
indicate that the occurrence of Ba-barite at mesopelagic depths is related to
the type of production (i.e. new versus recycled) in the euphotic layer, with
significant mesopelagic barite accumulation reflecting predominance of new, or
export production (Dehairs et al., 1992).

0

F
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E
<
8 -400 4
@
[a]
-600 1 —®— Sep 1989
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-800 T T T T y T g T
0 100 200 300 400 500

particulate Ba (pmol/l)

Fig. 7.— Vertical profiles of total particulate barium in the upper 600 m of water column at
Station 45°00'N —8°28' W (September 1989 cruise) and at Station 37 (October 1992 cruise).

To investigate the spatial and temporal variability of new and recycled
production in the Gulf of Biscay, the distribution of mesopelagic Ba-barite
was systematically studied. During September 1989 and June 1990, generally
low mesopelagic Ba-barite concentrations were observed. A typical profile at a
station located in the deep basin region (45°00' N, 8°28' W) is shown in figure 7.
Despite the relatively low Ba concentrations (maxima are close to 200 pmol I"1)
the broad Ba maximum in the 100 to 400 m depth rang is clearly visible. Such
relatively low concentrations were also observed during spring and summer
in the marginal ice zone (MIZ) of the Scotia-Weddell Confluence and in the
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coastal and continental shelf (CCSZ) area of Prydz Bay (Dehairs et al., 1991,
1992). In these areas the low mesopelagic Ba-barite concentrations coincided
with high biomasses and primary productivities. Values of net production vary
between 600 and 1400 mg Cm~2 d~* (Mathot et al., 1992). However, the primary
production was observed to be mainly ammonium sustained (f-ratio < 0.5;
Goeyens et al., 1991; Dehairs et al., 1992), reflecting predominance of recycling
over export. On the contrary, the low barite concentrations in the Gulf of Biscay
correspond to low productivities. Primary production in this zone ranges from
47 to 220 mg Cm™2 d~! (Elskens et al., this volume). The nitrogen assimilation
experiments indicate that, during spring, the ecosystem evolves from a first
phase of about 2 months where new production predominates into a second one
dominated by regenerated production (f-ratio ranging from 0.1 to 0.9). In this
case, it is thus possible that both effects (low productivities and limitated export
production) contribute to the low observed mesopelagic barite.

During June and October 1992 at the ocean margin of the Gulf of Biscay (La
Chapelle Bank), the situation was quite different. At these stations, significant
concentrations of mesopelagic Ba-barite are observed (maximal Ba concentra-
tions up to 580 pmol ™! at 200 m; Station 47°25' N, 7°18' W). Figure 7 shows the
profile for October, 1992. Such high concentrations were observed mainly in the
ice free open ocean zone (OOZ) of the Antarctic Circumpolar Current (ACC),
both in the Atlantic and Indian Ocean sectors (Dehairs et al., 1990, 1991). These
latter systems, though generally less productive than the MIZ and CCSZ systems,
are characterized by increased relative importance of the new versus recycled
production (f-ratio > 0.5).
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Fig. 8.— Stocks of total particulate Ba (pmol cm™2) at mesopelagic depth (i.e. between 100 to
500 m depth) versus nitrate depletion (11 umol cm™2) for Southern Ocean OOZ (o) and MIZ
+ CCSZ stations (a) as given in Dehairs et al. (1992) and Gulf of Biscay (e; this study).
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To visualize the difference between the two situations, Ba-barite stocks in
the 60 to 500 m depth interval were plotted versus nitrate depletion over the
season (figure 8). Ba stocks represent the integrated Ba amount, in nmol m~2,
over the depth interval considered. As previously mentionned in Elskens et al.
(this volume), nitrate depletion is the integrated difference between the winter
nitrate concentration and the observed in sifu concentration in the mixed layer.
It represents a conservative estimate of the nitrate consumed over the season,
nitrate being either exported to the deep or recycled to a large degree. In figure 8,
the data obtained in the Southern Ocean have also been reproduced. For the
Southern Ocean, stations in the MIZ and the CCSZ typically have a wide range
of nitrate depletion, but only a narrow range of low Ba-barite stocks. On the
other hand, the OOZ of the ACC shows generally much larger Ba-barite stocks
for similar nitrate depletions and positive correlation between barite stocks and
nitrate depletions is observed (figure 9). The stations sampled during 1989 and
1990 in the Gulf of Biscay fit the MIZ and CCSZ barium-nitrate depletion
picture, while the stations of 1992 fit the OOZ situation.This behavior suggests
that export during 1992 have been significant while it was not in 1989 and 1990.

What differentiates these years? During 1989, 1990 and 1991, the surface
waters (upper 60 m) have generally low stocks of particulate Ca, Sr and Si. Data
in Table 5 show maximum stock concentrations of 742, 5.6 and 149 nmol cm™~2 for
Ca, Sr and Si respectively. During 1992, both in June and October, particulate
Ca, Sr and Si stocks in the upper 60 m increased about tenfold, to reach a maxi-
mum of 4833, 47.4 and 2100 nmol cm ™2, respectively. This significant increase in
Ca, Sr and Si contents during 1992 was not parallelled by a similar increase in
POC. In June 1992 the stock concentrations of POC was 82 ymol cm™2, while in
October it was 20 pmol cm ™2, similar to the values observed during the previous
years. The phytoplankton community thus appear to have been quite different
in 1992 with predominance of CaCO; secreting species (Coccolithophoridae)
and also diatoms. This difference in phytoplankton composition has probably
resulted in very large Ba uptake in the euphotic layer (stock concentrations of Ba
in surface water during June is up to 28,946 pmol cm™2!) but also in the build-up
of larger mesopelagic Ba-barite stocks (Table 5). Thus increased contribution of
skeleton forming groups in the phytoplankton community of 1992 has increased
the relative importance of export production, probably as the result of increased
particle density.

3.3.— Dissolved to particulate transfer experiments.

One of the aim of our study is also to understand the mechanism and to
quantify the kinetics of the transfer of dissolved trace metals from the dissolved
phase to the particulate phase. The vertical distribution of the concentration
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of trace elements normalized with respect to Al clearly indicate their relative
enrichment in the photic zone suggesting a possible influence of the biological
activity during this transfer. This is confirmed by the fact that the vertical
distribution of dissolved metals often exhibits a nutrient like profile, where the
metals are strongly depleted in the photic zone (Bruland & Franks, 1983).For
some metals like for example Zn, Mn or Fe, their metabolic role is known and
their role as essential oligo-elements well established. Others like Cd have no
active role in the metabolism of organisms, but the dissolved species are also
strongly depleted in the photic zone and the composition of the particles exhibits
arelative enrichment of this metal in the surface ones. One may thus assume that
besides the active uptake of trace elements by the plankton, there may be also
passive adsorption of some other elements by the solid-liquid interface created
during the production of particulate organic matter.

In order to gain a better understanding of the behaviour of the trace metals
in the euphotic zone, we have first investigated the influence of the concentration
of the metal on its rate of uptake by using radiotracers supported by concentra-
tion of the stable isotope slightly higher than the natural concentration. Thus
in the following experiments 1 nCi represents between 50 and 100 pmol of the
non-radioactive metal.

The influence of the amount of radionuclide added to the sample on its
transfer from the dissolved to the particulate phase is shown in figure 9. Since
the amount transferred to the solid phase represents no more than 5% and is
usually less than 1% of the total radioactivity of the system, one may consider
that the activity of the aqueous and thus the concentration of the metal phase
remain constant during the experiment. As shown in the figure, the experimental
results are well described by a Langmuir type adsorption isotherm where

* ST z*
(1) X'=——

o =
m+K

z* and X* are respectively the activities of the aqueous and solid phases, St
is the total amount of adsorption sites and K is the equilibrium constant of the
adsorption reaction

(2) zt+ 8, =X"
where S, is a non-occupied site of the solid phase.

It is however important to note that this equation may also represent the
uptake resulting from a biological activity governed by a Menten-Michaelis
kinetic process, where the rate equation is given by

kmax T*

®) " Kt
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where kmay is the maximum rate of uptake of a substrate and K,, the Michaelis
constant. In fact, equations (1) and (3) are similar expressions and it is impossible
to distinguish the two mechanisms by considering the influence of the concentra-
tion of the metal in the dissolved phase on its transfer to the solid phase. We have
thus performed other experiments in order to better define the role of organisms

in this transfer.
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Fig. 10.— Comparison of the kinetics of transfer of radionuclides at three stations corrésponding
to various primary productions (#22: 457, #24: 900, #39: 2100 mg Cm2d™!). The results are
expressed in terms of activity of the solid phase divided by the total activity of the sample, in %eo.
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In the following kinetic experiments, the spikes have been adjusted in or-
der to obtain an initial radioactivity of the aqueous phase close to 1000 dpm
per 100 ml seawater for all the radionuclides. We will first compare rates of
uptake of the radionuclides obtained during 24 hours incubation experiments
under constant light conditions at three stations with contrasting productivi-
ties. At station 22 on the continental shelf the *C measured productivity was
457mg Cm~2 d™!. The uptake of radionuclides as a function of time is given in
figure 10.

The results are expressed in terms of relative uptake which represents the
radioactivity of the solid phase after a given reaction time divided by the total
radioactivity of the spiked seawater sample (dissolved + particulate). The kinetic
behaviour of the various radionuclides is very similar to what has been observed
in the English Channel and the Mediterranean (Wollast & Loijens, 1991). In
the case of Zn and Cd, an important instantaneous uptake of radionuclides is
observed, followed by a slower transfer. In the case of Zn, the concentration of
sorbed element reaches rapidly a maximum and even starts to decrease. Mn and
Co on the other hand are only very slightly adsorbed during the initial stage but
are transfered at a rate which remains almost constant during the 24 hours of the

experiment.
] B

50F{ELATIVE UPTAKE (0/00) #38 #24 #39

Co

Fig. 11.— Comparison of the uptake of radioactive trace elements and radiocarbon
(PP) during incubation experiments of 12 hours under natural light conditions.
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The results obtained are rather different at station 39 which is situated in
the upwelling region along the Spanish coast. The measured *C productivity
was 2100 mg m~2 d1. (Elskens et al., this volume). There is still a rather high
initial uptake of Cd and Zn during the incubation experiment (figure 10) but
there is also a continuous and linear increase of the amount transferred to the
solid phase for all the elements except maybe for Cd. The uptake after 24 hours
is also significantly higher for Mn, Zn and Co as compared with the experiment
carried out at the previous station. This result suggests that the transfer due to
the photosynthetic activity might be predominant in this upwelling area. The role
of biological activity is also confirmed by the results obtained at Station 24 for
which an intermediate primary production was observed (900 mg Cm~2 d ™).

The influence of primary production on the transfer of trace metals is also
well demonstrated by an incubation experiment under natural light conditions
performed at Stations 38, 24 and 39, corresponding to areas of increasing
productivity. As shown in figure 11, there is an excellent correlation between
the Ciyorg uptake and the trace metals fixations.

The influence of biological activity on the transfer of trace metals from
the dissolved to the particulate phase was also investigated by using different
conditions during the incubation experiment. Three spiked seawater samples
were incubated respectively under constant light, in the dark and after addition of
sodium azide to inhibit biological activity. The results of one of these experiments
performed at Stations 38, 24 and 39 are shown on figure 12. The effect of these
various conditions on the rate of transfer is the largest for Station 39 which is the
station exhibiting the highest productivity. At Station 38 located in the Biscay
oligotrophic area with a primary production of 142mgCm™2d?, the uptake
of trace elements is limited and the influence of the various conditions on the
relative uptake is strongly reduced.

The influence of these conditions is also less pronounced at Station 24,
characterized by an intermediate primary production (900 mg Cm™2 d~!). This
station is however under the influence of the French coast and the Channel entry.
The solid phase thus probably contains a significant fraction of inorganic detrital
particles of continental origin.

Finally a few long term experiments were also performed, where the transfer
of trace elements during incubation experiments carried out in the dark were
followed for a few months. The results obtained at Station 7 located in the
English Channel are shown as an example in figure 13. This station is strongly
under the influence of continental input as indicated by its high Al content (see
above).

The behaviour of the trace metals shown here is very similar to what has
been observed during the laboratory experiments of Li ez al. (1984) Nyffeler et
al. (1984), Jannasch et al. (1988) or during mesocosm experiments (Santschi et
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Fig. 13.— Relative upfakc of radionuclides during long term experiments performed
in the dark at Station 7 which is dominated by the presence of detrital material.

al., 1986). However differences can be distinguished. For Co and Mn, there is
a slow and continuous uptake of the dissolved elements which is still going on
after two months. A very large fraction of the Mn added to the system has been
removed from the aqueous solution after two months (56%). In the case of Cd
and Zn, the uptake reaches a maximum after a few days and the radionuclides
are then released back to the aqueous solution. The uptake of Zn and Cd after
two months represents only 5 %o and 1 %o of the initial spike respectively. In this
case it may be assumed that the system is close to equilibrium since the activities
of the two metals have reached a steady concentration.
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4.— Conclusions.

The distribution of particulate trace metals in the Southern Bight of the
North Sea, the English Channel and the Gulf of Biscay reflects well the origin of
the suspended matter and allows one to distinguish between the detrital fraction
of continental origin and the biogenic material produced in the water column.
As one may expect, the relative importance of the biological fraction is gradually
increasing from the North Sea to the Gulf of Biscay. Abnormally high values
have been detected, which can be attributed to anthropogenic effects.

The vertical distribution of the particulate trace metals in the water column
is strongly influenced by the uptake of nutrient like elements in the euphotic
zone. Most of the trace elements are strongly enriched in the particles of the
surface waters, but seem rapidly released during the remineralization process in
the deeper waters.

The use of radiotracers during incubation experiments carried out on
natural seawater samples has been proven to be a very successful method to
investigate the mechanism and the rate of transfer of trace elements from the
dissolved to the particulate phase. The results obtained during the Belgian
Global Change Programme indicate that biological activity plays an important
role in the transfer of trace metals in the area investigated. The importance of
this transfer explains well the enrichment observed for most of the trace metals in
the particles present in the euphotic zone. There is however also a rapid chemical
sorption process which is especially important for zinc and cadmium. The use of
inhibitors of the biological activity indicates that a positive uptake is superposed
to active biological process. In the case of manganese, the transfer is largely
dominated by the biological uptake and there is furthermore a strong positive
influence of light on the transfer.

As shown by several authors, this method can be used successfully to
evaluate distribution coefficients of trace metals in the marine environment. One
may hope that this method will also provide Redfield ratios for trace elements
which will be used to evaluate quantitatively the contribution of biological activity
to the scavenging of trace metals in the ocean.
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Abstract.
There is a need for three-dimensional biogeochemical/ecosystem models.

On the one hand, geochemical and ecological processes are strongly correlated with
physical processes by the resonant interactions and subsequent scale matching of the
ecohydrodynamic adjustment. On the other hand, ecosystems live on nutrient supplies
which are partly regenerated in the water column—hence subjected to the caprices
of the local hydrodynamics—, partly imported into the system through the boundaries
(bottom-sediments, coasts, air-sea interface...) with a spatial variability which inevitably,
is imprinted on the system’s kinetics.

The complexity of the biogeochemical processes to take into account however raises
the question of the feasibility and reliability of models with very sophisticated physics
and biology. A compromise has to be found, incorporating enough of each discipline’s
sophistication to be realistic but little enough to keep the model between tractable bounds.

The role of the Ocean in the global balance of the Earth’s biogeochemical
cycles has long been recognized but it is only recently that one has begun
to realize the cogent part played by shelf and coastal zones (the so-called
“neritosphere”) in the global environment’s dynamics.

The neritosphere extends form the shore-lines, beaches and estuaries across
continental shelves, to where exchanges and interactions occur with the ocean.
Fundamentally different hydrodynamic regimes occur in the ocean, where flow
in the interior is geostrophically balanced, and on the shelf where surface and
bottom stresses associated with wind and tidal forcings, together with buoyancy
inputs at the boundaries, tend to dominate the motion.
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The study of the neritosphere is essential not only because it is particularly
vulnerable to bifurcations of the global environment but mainly because the
majority of terrestrial rejections, transiting through the neritosphere, are there
reprocessed, so that neritic physical and biogeochemical mechanisms condition
the form and rythm of global fluxes between land, atmosphere and ocean.

Neritic processes notably differ from oceanic processes, not only because
biogeochemical reactions occur in different conditions (of pressure, pH ...) and
in a range of concentrations and relative abundance of elements beyond compare
with the ocean but mainly because the shelf hydrodynamics is specific.

Hydrodynamic processes the time scales of which correspond to the time
scales of biological populations, capture these populations in their physical
spatial structures and the frequency or persistence of the latter command the
speed of the exchanges with the ocean or the atmosphere (Nihoul and Djenidi,
1991).

It is difficult to see how a simple model could be used to describe ecosystems
and biogeochemical cycles. On the one hand, geochemical and ecological pro-
cesses are strongly correlated with physical processes by the resonant interactions
and subsequent scale matching of the ecohydrodynamic adjustment, on the other
hand, they live on nutrient supplies which are partly regenerated in the water
column— hence subjected to the caprices of the local hydrodynamics —, partly
imported into the system through the boundaries (bottom-sediments, coasts,
air-sea interface, ...) with a spatial variability which, inevitably, is imprinted on
the system’s kinetics.

A recent investigation of the Northern Bering Sea’s Ecohydrodynamics
(Nihoul and Djenidi, 1991; Nihoul et al., 1992) has shown, for instance, that
the variations in time and space of primary and secondary productions in the
Northern Bering and Chukchi Seas and the export of carbon to the Arctic basin
were entirely controlled by the persistence of an upwelling in the Anadyr Strait
region and the subsequent advection to the Bering Strait and deployment in the
Northern Bering Sea of the plume of nutrient-rich water carried along by the
Anadyr Stream. '

The model applied in this study was the GHER 3D Primitive Equation

Model divided in two submodels (Nihoul et al., 1989; Adam, 1991):

(i) the hydrodynamic model, the state variables of which are the velocity
vector v, the pressure p, the temperature 6, the buoyancy b (or salinity),
the turbulent kinetic energy k and the turbulent dissipation rate € (or
mixing length £);

(ii) the plankton ecosystem model, the state variables of which are the con-
centrations ny, n,, ... of nutrients, the biomasses of phytoplankton ¢,
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zooplankton z, bacteria § and the concentration of organic matter d (in-
teractions with the benthic ecosystem are treated in the bottom boundary

conditions).

Some representative results are discussed below. Comparison with observa-
tions (Adam, 1991; Brasseur and Haus, 1991) shows that this model — with fairly
sophisticated hydrodynamics and comparatively simple ecodynamics—is able to
reproduce the essentials of the Northern Bering Sea’s Ecohydrodynamics which
earlier models and studies —with a more detailed ecodynamic insight and simpler

physics —had failed to perceive.
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3 D model of the Northern Bering’s Sea ecohydrodynamics.

The Northern Bering Sea is a relatively shallow basin limited by the Bering
Strait to the north and St. Lawrence Island to the south (figure 1). The flow
passing through the Bering Strait, from the Pacific Ocean to the Arctic Ocean,
penetrates the Northern Bering Sea through the Strait of Anadyr, to the west of
St. Lawrence and through the Strait of Shpanberg, to the east. More than 60 %
of the mean northward transport of water through the Bering Strait is derived
from the “Anadyr Stream”, a subsidiary of the Bering Slope Current which flows
around the coasts of the Gulf of Anadyr, following the 60—70 isobaths, to the
Anadyr Strait (Coachman et al., 1975).

An extensive survey of the Northern Bering Sea was carried on for five years
in the scope of the NSF ISHTAR Program. The observations were concentrated
in the summer months with the objective of determining the main physical,
chemical and biological characteristics of the system in typical summer situations
(e.g. Walsh et al., 1985, 1989).
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Fig. 2.— Total transport in the Northern Bering Sea calculated by the
3D Model (Reference summer situation 1.8 Sv through Bering Strait).
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The data were exploited —together with historical and climatic data—in
simulation exercises, using the GHER 3D Model, aimed at the mathematical
visualization of the general ecohydrodynamics of the Northern Bering Sea in the
summer.

Figure 2 shows the total transport computed by the three-dimensional
model. One can see the essential contribution of the “Anadyr Stream” flowing
in through the Anadyr Strait and deploying in the Northern Bering Sea, in
agreement with the observations.
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Fig. 3.— Upwellings/upslopings along the Siberian coast and the East coast of St. Lawrence’s Island

indicated by grid points where the upwelling/upsloping vertical velocity is significantly high (as
much as 4 m day~! on the western side of the Anadyr Strait) [Reference summer situation].

Horizontal fields of the vertical velocity at different depths show marked
upwellings and downwellings reflected in the horizontal and vertical buoyancy
distributions (figures 3, 4, 5).

Figures 4 and 5 represent the buoyancy field at 5 m and 15 m depth.
Regions of upwelling (along the Siberian coast and the east coast of St. Lawrence
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SIBERIA

ALASKA

Fig. 4.— Buoyancy field in the Northern Bering Sea
at 5 m depth (ms ?) [Reference summer situation].

Island) and regions of downwelling (along the Alaskan coast and the west coast
of St. Lawrence Island) are marked respectively by large negative values at the
surface and large positive values at depth. Vertical advection and mixing in the
Anadyr Strait are illustrated by the cross section distributions of buoyancy and
turbulent kinetic energy shown in figure 6.

Horizontal distributions of buoyancy display non-negligible horizontal gra-
dients and suggest the co-existence of different water masses. Schematically, one
can discern three regions: the Anadyr Stream drawing along the nutrient-rich
upwelled water of the Anadyr Strait into the Northern Bering and Chukchi
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SIBERIA

Fig. 5.— Buoyancy field in the Northern Bering Sea
at 15 m depth (ms™?) [Reference summer situation].

Seas, the Alaskan coastal waters filling the shallow eastern part and presumably
overflowing the Anadyr Stream in the central region, an analogous riverine-
influenced water mass off the Soviet coast denoted Siberian coastal water.

The separations between water masses have more or less pronounced frontal
characteristics. The western front is the seat of occasional baroclinic instabilities
giving rise to strong secondary flows in the form of eastwards propagating
interleaving layers. These layers which have typically a width of 10 km, in the
early stage of development, widen progressively as they flow eastwards, spreading
the nutrient rich water over the Northern Bering Sea.
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Fig. 6.— Distribution of buoyancy (in 1072 ms™2) [above] and turbulent kinetic energy (in
10~4 m? 572 [below] in two perpendicular sections through the Anadyr Strait (Reference
summer situation).

The formation of such layers can be explained by a baroclinic instability of
the cold plume’s frontal edge. Using the numerical results of the 3D Model,
the stability analysis gives the characteristics of the incipient layers in good
agreement with the observations.

The occasional occurence of a marked upwelling plume swept along in
the Northern Bering Sea as an unstable frontal current and the subsequent
development of extruding layers, flowing eastwards, contribute, as the flow
deployment described above, to the lateral diffusion of the nutrients and one may
argue that the productivity of the Northern Bering Sea depends on the intensity
and the variability of both the primary and secondary flows.
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SCALE

Fig. 7.— Sea surface distribution of nitrate in the Northern
Bering Sea (in patgN1"!) [Reference summer situation].

SCALE

Fig. 8.— Sea surface distribution of ammonium in the North-
ern Bering Sea (in patgN17!) [Reference summer situation].
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The outputs of the hydrodynamic model can be used to compute horizontal
and vertical velocities, velocity veerings, vertical buoyancy gradients, turbulent
energy and dissipation rate, diffusivity coefficients, ... and these can be sub-
stituted in the plankton ecosystem model. The latter can then be solved with
appropriate, “typical” boundary conditions induced from the observations.

Figures 7 and 8 show respectively the concentrations of nitrate and am-
monium at the surface. They confirm the general transport of nutrients by the
Anadyr Stream deploying in the Northern Bering Sea and the coastal upwellings/
upslopings of nitrates. The nitrate distribution pattern however is indicative of
a non-passive scalar dynamics. Nutrient uptake is evident and confirmed by the
plankton distribution.

SCALE

Fig. 9.— Sea surface distribution of phytoplankton in the North-
ern Bering Sea (in patgN1™!) [Reference summer situation].

Figures 9, 10 and 11 show respectively the surface distribution of phyto-
plankton, zooplankton and organic matter.

The lateral extension of primary production may be related to the occasional
instability of the upwelling plume and the extrusion towards the east of nutrient
rich Iayers of water. This is also reflected in the distribution of organic matter.
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SCALE

Fig. 10.— Sea surface distribution of zooplankton in the North-
ern Bering Sea (in patgN1"!) [Reference summer situation).

The secondary production maximum is relegated to the Chukchi basin as ex-
pected; grazing taking place progressively as phyto- and zooplankton populations
are transported away by the Anadyr Stream.

Figure 12 shows the distribution of organic matter at 40 m depth.

The model of the Northern Bering Sea shows that organic matter fixed south
of the Arctic Ocean and entrained north through the Bering Strait, together
with a concomitant import of “new” dissolved nitrogen to the Chukchi and East
Siberian shelves, can balance the carbon budgets of the polar basins.

Combining for instance the results of the hydrodynamic and ecohydrody-
namic models, one estimates that the accumulated spring stock of nitrate in the
Chuckchi/East Siberian Seas is of the order of ~ 1.2 atgNO; m™2.

This accumulated stock must be removed by protein synthesis, during a
carbon production (with a C/N ratio of 6/1) of ~ 10> gCm 2 yr~! over the
next year, to avoid build-up of nitrate stocks from one year to the next. The
amount of local primary production which is buried in the Chukchi sediments is
unknown, and may constitute a significant sink. As an upper bound, however, this
estimated new production, over the 10> m? area of the Chukchi/East Siberian
shelves, amounts to ~ 10" gCyr!,
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SCALE

Fig. 11.— Sea surface distribution of organic matter in the North-
ern Bering Sea (in patgN1™!) [Reference summer situation].

Export of this new production, minus a small shelf burial loss, could today

satisfy most of the AOU (“apparent oxygen utilization”) demands of the Arctic
basins.

The role of the Arctic Ocean and adjacent shelves in global carbon budgets
has thus far been neglected. Changes in deep-water formation and/or a decline
of marine primary production at high latitudes, perhaps as a result of increased
light limitation on geological time scales, is suspected to have been an important
component of atmospheric CO;, rise, and thus global control of warming trends,
begun 15,000 yr ago. Simple box models of high latitude ecosystems, embedded
within the global oceans, ignore the Arctic Ocean, however, assuming that ice
cover curtails gaseous exchange between atmosphere and ocean.

Circumvention of this ice cover constraint on CO, exchange occurs by
primary production within open waters of the Bering/Chuckchi/East Siberian
Seas, at the margins of the permanent ice pack in the Arctic Ocean. Satis-
faction of present AOU demands leads to a brine-mediated, shelf input of
~ 10"g Cyr™! to the halocline of the Eurasian and Canadian basins, for eventual
southward export via Fram Strait. In terms of anthropogenic release of CO,
of ~ 510 gCyr™! to the atmosphere, such a present Arctic sink is small. If
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SCALE

Fig. 12.— Organic matter in the Northern Bering Sea at
40 m depth (in patgN17!) [Reference summer situation].

projected greenhouse warmings of more than 2°C were to melt most of the Arctic
ice pack, however, a future organic carbon sink of at least 5 10" g Cyr™' might
ensue here, for eventual sequestration within deep water formation in either the
Atlantic or Arctic Oceans.

The Northern Bering Sea’s summer ecohydrodynamics is characterized
by quasi-permanent, reproducible hydrodynamical phenomena which control
resonant, ecohydrodynamically adjusted, essential ecological processes
(i) the inflow, deployment and outflow of the Anadyr Stream in and out the

basin,

(i) the strong upwelling/upsloping maintained by this flow at the Anadyr
entrance,

(iii) the entrainment of the nutrient rich upwelled waters by the Anadyr Stream
into the Northern Bering and Chukchi Seas with the repartition along
stream of successive maxima of primary and secondary productions,

(iv) the cohabitation of the Anadyr water mass with the Alaskan coastal water
mass, both converging —with some border overlapping — towards the Bering
Strait,
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(v) the existence of fairly sharp horizontal gradients at the separation of the
two water masses, exacerbated by the enhanced specificity of the Anadyr
water trailing the upwelling/upsloping plume,

(vi) the recurrent instabilities at the frontal separation of the Anadyr and
Alaskan water masses with subsequent eastwards-propagating interleaving
layers, increasing lateral mixing and creating the conditions of phytoplank-
ton blooms along the front,

(vii) the impact of the prevalent northbound flow through the Bering Strait on
the ecohydrodynamics of the Southern Chuckchi Sea and on global biogeo-
chemical transports from the Northern Pacific to the Arctic Mediterranean
Sea.
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Abstract.

Hummel et al. (1988) hypothesised the concomitant existence of two separate food
chains in the Westerschelde: a photo-autotrophic coastal food chain in the marine part
and a heterotrophic chain in the brackish part. The present study intends to re-examine
the hypothesis on the basis of recently published data. Biomass gradients of the important
functional units along an estuarine transect were observed to differ from those reported
by Hummel ez al. (1988) in some important aspects. The bimodal primary production
gradient reported by Spaendonk et al. (in press) does not resemble the phytoplankton
biomass curve, gradually increasing from the sea to Antwerp proposed by Hummel et
al. (1988). Estimates of mesozooplankton biomass were found to be about an order of
magnitude lower than reported by Hummel ez al. (1988) and to display a completely
different and more complex spatial pattern. However, the new gradient found is more
in line with the hypothesis of two food chains than the gradient reported by Hummel
et al. (1988). In the macrobenthos the biomass peak in the brackish part reported by
Hummel et al. (1988) could not be confirmed. This finding does not falsify the original
hypothesis as the function of this detritus dependent macrobenthic fauna is largely taken
over by the hyperbenthic mysids, a group of previously unknown importance in the system.
The existence of two food chains is also supported by the gradients observed in fish
and epibenthic invertebrates, functional units not addressed by Hummel et al. (1988).
In the zone between the two different food chains the dominant animal groups of the
pelagic system have only a low biomass, this is the nutrient rich desert of the title. The
zone upstream of the Dutch-Belgian border supports no hyperbenthos, no epibenthos
and no mesozooplankton because of the low dissolved oxygen concentrations (less than
40% saturation), but there is a prominent peak in the microzooplankton. Clearly, in the
brackish part, the richness of most functional units can only be explained on the basis of
an input of organic matter from outside, consumed through a heterotrophic food chain.
A second, smaller peak is observed close to the mouth of the estuary and is dependent on
the primary production in the marine part of the estuary. Even for individual species this
clear bimodal pattern can be observed. This disqualifies simplistic physiological models of
estuarine succession as a basis for the findings. In the oxygenated part of the system there
is no good general correlation between macrobentic biomass (mostly suspension-feeders)
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and primary production. Macrobenthic biomass is highly variable in this zone, probably
as a result of local differences in current velocity maxima. The new data confirm the view
of Hummel et al. (1988) but it is concluded that these authors must have formulated their
hypothesis intuitively and could not have done so from the data available at the time.

1.— Introduction.

There has recently been renewed emphasis on food web theory in ecological
studies (Lawton, 1989). Much of the thinking on this subject has been severely
hampered by the lack of appropriate data on enough components of reasonably
complex food webs. The claim by Briand and Cohen (1987), that food chains in
two-dimensional areas such as estuaries tend to be shorter, was not confirmed by
a recent, relatively well documented, study of an estuarine food web (Hall and
Raffaelli, 1991). However, in studies of the properties of food webs. (e.g. chain
length, degree of omnivory, connectance, etc.) of a large area encompassing a
diversity of habitats, such as an estuary, care should be taken not to confound
different food chains or “compartments” sensu Paine (1980). Besides the the-
oretical aspects of compartmented webs regarding system stability (Pimm and
Lawton, 1980), the elucidation of web infrastructure is a prerequisite for a correct
evaluation of web properties (Rafaelli and Hall, 1992).

With the increased research effort into the dominant role of bacteria in
secondary production in marine and estuarine ecosystems (Cole et al., 1988)
more insight has been gained into the distinction between detritus based food
chains, termed heterotrophic (Smith ez al., 1989; Findlay et al., 1991), where res-
piration exceeds production and phytoplankton dominated food chains, termed
autotrophic, where primary production exceeds respiration. Unlike previously
thought, the bacterial production does not simply result in a remineralisation of
nutrients but also opens up a loop towards the zooplankton through the proto-
zoans (Billen et al., 1990). In estuarine systems it is thought this loop may support
an important food chain sustained by the detrital organic carbon imported from
the riverine system. Care should be taken with the term autotrophic food chain as
around hydrothermal vents, methane sources, hypoxic parts of estuarine systems
and elsewhere chemo-autotrophic food chains exist (e.g. Conway and McDowell,
1990). Photo-autotrophic would be a better term for the food chains termed
autotrophic by Findlay et al. (1991).

Hummel et al. (1988) hypothesised the concomitant existence of two sepa-
rate food chains in the Westerschelde. Their hypothesis was based on scattered
and comparatively old data from the literature. In the meantime a concerted
research effort has been developed by Dutch and Belgian scientists which has
begun to make available more systematically collected and more reliable recent
data for different functional units (phytoplankton, zooplankton, hyperbenthos,
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etc.) of the Westerschelde ecosystem. These data are now being used for the de-
velopment and validation of an ecological model of the Westerschelde (Soetaert
et al., 1992; Herman et al., unpublished). This paper will examine some of the.
input data for this model in relation to the Hummel ez al. (1988) hypothesis.
Additional data on the higher trophic levels in the Westerschelde, not to be
included in the MOSES model are also presented.

2.— Materials and Methods.

The Westerschelde estuary (figure 1) is the lower part of the river Schelde.
It is the last remaining true estuary of the Delta area and is characterised by a
marked salinity gradient. The estuarine zone of the tidal system extends from the
North Sea (Vlissingen) to Antwerp, 80 km inland. Further upstream the system
can be termed riverine, though the tidal influence extends to Gent. The water
in the estuarine part is virtually completely mixed and the residence time in the
brackish part is rather high: about 60 days (Soetaert and Herman, submitted).
Consequently fresh water (average inflow 100 m*s™?) dilution is gradual and
downstream transport is relatively slow. Shifts in salinity zone distribution occur
in accordance with seasonal variations in the freshwater inflow. The abiotic
environment is discussed in Heip (1989) and Ecket al. (1991). The estuary carries
high pollution loads, both in anorganic and organic contaminants. The riverine
part is anoxic throughout most of the year (Herman et al., 1991).

Spatially the estuarine system under consideration in the present study was
divided into 12 compartments according to the MOSES model (Soetaert et al.,
1992). The MOSES model contains an extra compartment in the riverine system.
Therefore the 12 estuarine compartments are numbered 2 to 13 when going
from Antwerp to the North Sea (figure 1). Functionally the units considered
are phytoplankton (Spaendonk et al., in press), zooplankton comprising meso-
zooplankton, benthic larvae and part of the microzooplankton, i.e. Rotatoria and
Noctiluca miliaris (Soetaert and Rijswijk, in press), macrobenthos (Craeymeersch
et al., 1992), hyperbenthos (Mees and Hamerlynck, 1992; Mees et al., in press a),
epibenthos and fish (Hamerlynck et al., in press). The reader is referred to these
publications for detailed descriptions of the sampling methodologies. Table 1
shows a matrix of the spatial compartments and the functional units for which
data were available.

The primary production data are based on fortnightly measurements taken
in 1989 (Spaendonk et al., in press). The zooplankton data are annual means
from approximately fortnightly samples from April 1989 through March 1991
(Soetaert and Rijswijk in press). The macrobenthos data refer to a stratified
random sampling in the autumn of 1990 according to the grid shown in figure 2.
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Table 1

Compartment 23|45 [6|7]8]9]10 11 12 13
Zooplankton . . . . . D . . . . . o
Primary production . . . . . . . . . .
Macrobenthos . . . o . . .
Hyperbenthos . . . . . . o . . ° . .
Epibenthos & fish o . . . o . . . . .

The strata were intertidal, subtidal and gully (more than 10 m below Mean

Tidal Level) stations. During the macrobenthos survey no data were collected
upstream of compartment 6, but it is known that in the upstream (hypoxic) zone
only some oligochaetes survive (PM. Meire, pers. comm.). For the hyperbenthos
the data are the averages per station of the 1990 seasonal data reported in

Mees et al. (in press a). The area upstream of compartment 6 was explored

for

hyperbenthos in March, April and May 1990 and in August 1991 but no animals
were found. The epibenthos and fish data are annual means based on monthly
samples collected in 1989. The data in compartments 4 and 5 refer to samples
collected from the intake screens of Doel power station. Between April and July

virtually no fish were recorded in this area (P.A. Van Damme, unpublished).

H*answeert

Viissingen
*

* Terneuzen

@ intertidal © subtidal O gully

Fig. 2.

Values reported as Ash-free Dry Weight (ADW) were converted to g C using
the same 0.4 conversion factor as in Hummel et al. (1988). Dry Weight data from
the zooplankton study (Soetaert and Rijswijk, in press) were first converted to

ADW by subtracting 10%.
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3.— Results and discussion.

The results of the present data compilation and the biomass patterns
reported by Hummel et al. (1988) are shown in Figs. 3 through 7.

gC/m2/yr mgC/i
300 0.45
8904

- 0.4
250 .

— 0.35
200

— 03
150

- 025
100

- 0.2
50 L ! ! 0.15

oV T 20 H 40 B 60 A 80

km from mouth of estuary

Fig. 3.

Besides proposing the two food chain hypothesis Hummel et al. (1988) also
split the tidal part of the river into three zones: a fresh water tidal zone from
Gent to Antwerpen which falls outside the scope of the present study, a brackish
tidal zone (Antwerpen to Hansweert) and a marine tidal zone (Hansweert to
Vlissingen). This second division was confirmed in the community structure of
the zooplankton (Soetaert and Rijswijk, in press), the macrobenthos (Meire et
al., 1991), the hyperbenthos (Mees and Hamerlynck, 1992; Mees et al., in press a)
and the epibenthic invertebrates and fishes (Hamerlynck et al., in press) and
therefore seems very robust.

Though it is difficult to compare chlorophyll a concentrations from Hummel
et al. (1988) with production figures given in Spaendonk et al. (in press), these
authors also provide peak concentrations of chlorophyll a at a few stations
which broadly confirm the link between phytoplankton biomass, expressed as
chlorophyll a concentrations and primary production. Peak concentrations in
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the marine part (Hansweert) are higher than in the brackish part (Bath), but
the biomass peak in Antwerpen is 10 to 20 times higher than those peaks
(Spaendonk et al., in press). In the Hummel model phytoplankton biomass was
essentially increasing from the mouth up to Antwerpen even if they also stated
that primary production was low in the turbid brackish zone (figure 3). According
to Spaendonk et al. (in press) the high primary production around Antwerpen
in 1989 was mostly due to salinity intolerant freshwater species that would not
survive transport to the turbid brackish zone. In the rest of the estuary primary
production was found to be essentially light limited. However, as there may be
a high variability in the patterns of chlorophyll a and primary production among
years, more data are still required to come to more robust conclusions regarding
this functional unit in the Westerschelde.

For the zooplankton (which in their definition corresponds to the mesozoo-
plankton) Hummel ez al. (1988) also reported a gradual increase in biomass from
Vlissingen to Antwerpen (and a steep decline further upstream). Besides the fact
that the biomass reported by Hummel et al. (1988) seems an order of magnitude
too high (figure 4a) (they even reported more zooplankton than phytoplankton
in the brackish part, possibly their zooplankton data refer to the spring bloom
only?), a very clear bimodal pattern in mesozooplankton biomass could be found
with the peak in the brackish part (predominantly Eurytemora affinis) about
double (figure 5a) the peak at the mouth of the estuary (a mixture of coastal
species). The mesozooplankton decreases rapidly east of Bath as a consequence
of hypoxia. The peak in primary production and the peak in Eurytemora affinis
are separated by about 30 km. In between (figure 5b) there is a clear peak in the
microzooplankton—as quantified by Soetaert and Rijswijk (in press)—, which
in this part of the system consists mostly of Rotifera, a group relatively resistant
to hypoxia and an essential link for opening up the microbial loop (Azam et al.,
1983) for higher trophic levels. According to Fenchel (1988) the bacterial produc-
tion is consumed by heterotrophic nanoflagellates and protozoans (all associated
to the particulate detritus), which in turn are taken by ciliates, heterotrophic
dinoflagellates and Rotifera.

A clear representative of the coastal food chain in the zooplankton are the
meroplankton (planktonic larvae of benthic animals) which decrease gradually
from the mouth to the brackish part (figure 5c).

A trend line through the macrobenthos biomass (figure 4b) would more or -
less conform to the bimodal pattern reported by Hummel et al. (1988) except that
the average biomass in the marine part reported in the present study is about
four times higher than the biomass in the brackish part. Hummel et al. (1988)
reported a 1.5 times higher mean biomass in the brackish part than in the marine
part. Even going back to the original data used by Hummel et al. (1988) this
higher peak in the brackish zone could not be retrieved. It is well documented
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that the macrobenthos in the brackish part is dominated by deposit-feeders
dependent on sedimenting detritus for their food supply (Meire et al., 1991).
In the marine part the suspension-feeders dominate and these depend mostly on
primary production filtered from the water column (Herman and Scholten, 1990).
In spite of this, there does not seem to be a good correlation between primary
production and macrobenthic biomass in the marine part. Though both rise
steeply west of Hansweert there is a primary production peak spatially coinciding
with a deep macrobenthic biomass trough at about 25 km from the mouth, east
of Terneuzen. The variability in macrobenthic biomass in the marine part seems
to be extremely high and would at first sight seem to make any conclusions
about this functional unit impossible. However, suspension-feeders do not only
need primary production, they also need relatively stable sediments and not too
many indigestible particles in the water column. They therefore prefer areas with
current velocities below 0.6 ms™! (Dijkema, 1988). Preliminary data from the
2D hydrodynamical model of the Westerschelde (Portela et al., 1992) suggest
the two peaks coincide with two compartment subareas (both at the outer curve
of a relatively sharp turn in the main ebb channel) where current velocities are
consistently lower than in other parts of the marine zone (Ramiro Nevez, pers.
comm.).

The hyperbenthos has only recently been discovered to be an important
component of the Westerschelde ecosystem, both structurally (Mees and Hamer-
lynck, 1992; Mees et al., in press a) and functionally (Mees ef al., submitted a).
Most of the biomass pattern shown in figure 6a consists of Mysidacea. Coming
from the sea a first peak in hyperbenthos biomass occurs in the vicinity of Han-
sweert. A second, larger peak coincides with the trough in primary production
and the copepod peak in the vicinity of Bath. It is at present unclear what may
be the cause of the bimodality within the peak in the brackish part. Some of this
may be smoothed out when true annual means, based on the monthly samples
taken (Mees, unpublished) instead of the seasonal data reported here, become
available. Alternatively the presence of the large tidal marsh of Saeftinghe or
some aspect of the hydrodynamics in the brackish part may be involved. Within
some species groups a clearly bimodal pattern, with a peak close to the mouth of
the estuary and a second peak in the brackish part, can be observed, an example
are the gammaridean amphipods (figure 6b).

Data on fish and epibenthic invertebrates were also not available to Hummel
et al. (1988). The brown shrimp Crangon crangon is the dominant epibenthic
invertebrate in the system (Hamerlynck et al., in press) and both the adult shrimp
(figure 7a) and the hyperbenthic living juvenile postlarval shrimp of less than
20 mm total length (figure 6¢) display a clearly bimodal pattern with a smaller
peak close to the mouth of the estuary and a large peak in the brackish part. The
biomass pattern of the demersal fish is rather similar to the pattern in the adult
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shrimp (figure 7a). The two-peaked structure within in the brackish part is very
similar to the observed pattern in the hyperbenthos (figure 6a). Possibly the fish
fauna is entirely dependent on the hyperbenthos in this part of the system. Within
the fish the dominant components are flatfish and gobies (Hamerlynck et al., in
press). Within the gobies the bimodal pattern is clear, both in Pomatoschistus
minutus and Pomatoschistus lozanoi (figure 7b).

At present there are insufficient data on piscivorous birds to extend the
analysis to that unit (Stuart et al., 1990). Also, though anecdotal observations
suggest seals are predominantly recorded around the Hooge Platen close to the
mouth and on the Plaat van Valkenisse in the brackish part, as for the birds,
coverage in the middle part of the estuary is too low to allow any firm conclusions
to be drawn at present.

The results of the present study suggest that there are indeed two separate
food chains in the Westerschelde as suggested by Hummel et al. (1988) and that
a bimodal pattern of biomass distribution along the estuarine gradient is present,
at least in the pelagic functional units. This pattern propagates through to the
higher trophic levels. It is unclear how Hummel et al. (1988) arrived at their
hypothesis from the data they had compiled. Hummel et al. (1988) stated that
most of the biomass trends found show an increase from the sea to Antwerpen
and that this may seem contradictory. They claim this contradiction will be
explained in § 3.3.1 of their paper, but such a section can not be found.

There seems to be no gradual transition between the two purported food
chains and they are separated by an intermediate “desertic” zone of over 20 km
width. As an explanatory mechanism it is suggested, in accordance with Hummel
et al. (1988), that the richness of brackish part is supported by a detritus based
food chain. Virtually all of the non-refractory organic material in this zone
would be either re-mineralised by the intense heterotrophic bacterial activity
(Goossen et al., 1992) or consumed by the zooplankton and the hyperbenthos,
either directly or through the microzooplankton. Part of the material also settles
on the bottom and sustains the deposit-feeding macrofauna. Possibly part of the
energy requirements of shrimp are also sustained directly by detritus (or detritus
plus bacteria and other micro-heterotrophs). This “second trophic level” in turn
supports the rich community of epibenthic invertebrates (crabs and shrimp) and
fish. -

In the “desertic” zone the remaining organic matter is presumably mainly
refractory. There is still a surplus of nutrients available and primary production is
relatively high. Possibly as a consequence of high current velocities this primary
production cannot be used very efficiently by the macrobenthos, except in a
few relatively low turbulence sites where the suspension-feeders thrive. Still, it
remains unclear why the zooplankton is not capable of exploiting the primary
production in this zone.
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Towards the mouth of the estuary primary production remains high and a
coastal food chain flourishes. At the second trophic level species composition
differs substantially in some groups, e.g. the zooplankton (Soetaert and Rijswijk,
in press) and the hyperbenthos (Mees et al., in press b). At the next trophic
level the dominant species in both food chains are rather similar. That the
observed bimodal pattern is caused by the underlying food chains and not by the
physiologic limits of the respective organisms can be seen from the distribution
in shrimp and gobies where the bimodal pattern can be observed within single
species. Secondary support for the subordinate (if any) role of physiological
limitation is provided by the fact that Neomysis integer has its peak distribution
at much higher salinities in the Westerschelde than in the other European
estuaries (Mees et al., submitted b). Fecundity and growth in the Westerschelde
are comparable or higher than those recorded in the other areas (Mees et al.,
submitted b) indicating that the animals are not particularly stressed.

The role of the tidal marshes within the brackish part is less clear at
present. At high tide they are intensively used by both hyperbenthic crustaceans
(Cattrijsse et al., in press; Mees et al., in press b) and juvenile stages of fishes
(Cattrijsse, unpubl.; Frid and James, 1988) and may thus form an integral part
of the food web of the estuary. Logically, as tidal marshes are sinks for mud
they should be net importers and not net exporters of organic matter. This high
input of organic matter may be one of the attractants for the mobile fauna.
Presumably added to that there is a substantial primary production by the diatom
phytobenthos in the sheltered tidal creeks. It is also possible that there may be
a qualitative edge to foraging in a tidal marsh related to the characteristic lipid
quality reported for a nearby coastal marsh by Hemminga et al. (1992). Several
mysid species, both coastal zone species and estuarine endemics, move into the
tidal marshes to release their larvae (Mees et al., in press b). In view of the high
densities of fish and shrimp in the marsh (Cattrijsse, unpublished), instead of
being a strategy of predator avoidance, this behaviour may also be related to
food quality.

The obvious next step for a better understanding of the system and especially
of its characteristic heterotrophic food chain in the brackish part is the detailed
investigation of the link between the bacterial production and the higher trophic
levels. Are it really the detritus-associated bacteria that form the basis of the food
chain and are they consumed as such by the next links, i.e. the mesozooplankton
and the mysids? It seems unlikely that copepods and mysids, in view of their
short and uncomplicated digestive systems are able to incorporate unmodified
plant detrital material with its characteristic C/N ratio to a great extent. However,
it is also known that mysids possess cellulases (Mann, 1988) so the alternative
hypothesis, namely that bacteria and metazoa compete for the same detritus can
as yet not be ruled out. The heavily polluted Westerschelde may be a particularly
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interesting system for the analysis of the energy transfers under consideration
here because some of the important functional units are spatially segregated due
to the gradient in dissolved oxygen (and not as a result of transport processes
because of the high residence time of the water). This should facilitate the
analysis of the underlying processes.

4.— Conclusions.

Except for the bimodality in the macrobenthos biomass reported by Hummel
et al. (1988) none of the patterns in their other functional units were suggestive
of the existence of two separate food chains. They have therefore probably
proposed their model intuitively. As is often the case they were right but for
the wrong reasons.

Acknowledgements.

Thisresearch was supported by the European Community, contract no. MAST-0024-C
(JEEP 92 project), by the Belgian FKFO project 32.0086.88. Kris Hostens and André
Cattrijsse acknowledge a grant from the Institute for the Encouragement of Scientific
Research in Industry and Agriculture (IWONL). Contribution no. 648 of the Centre for
Estuarine and Coastal Ecology, Netherlands Institute of Ecology, Yerseke.

References.

Azawm, F, FENCHEL, T, FIELD, J.G., GRAY, J.S., MEYER-REIL, L.A. and THING-
STAD, F. (1983). The ecological role of water-column microbes in the sea, Mar. Ecol.
Progr. Ser., 10:257-263.

BILLEN, G., JoIris, C., MEYER-REIL, L. and LINDEBOOM, H. (1990). Role of
bacteria in the North Sea ecosystem, Neth. J. Sea Res., 26:265-293.

BRIAND, F. and COHEN, J.E. (1987). Environmental correlates of food chain length,
Science, 238:956-960.

CATTRIUISSE, A., MEES, J. and HAMERLYNCK, O. (in press). The hyperbenthic am-
phipoda and isopoda of the Voordelta and the Westerschelde estuary, Cah. Biol.
Mar.

COLE, 1.J.,, FINDLAY, S. and PACE, M.L. (1988). Bacterial production in fresh and
saltwater ecosystems: a cross-system overview, Mar. Ecol. Progr. Ser:, 43:1-10.

CoNwAY, N. and MCDOWELL, I. (1990). The use of biochemical indicators in the study
of trophic interactions in animal-bacteria symbioses: Solemya velum, a case study, in:
M. Barnes and R.N. Gibson (Editors), Trophic relationships in the marine environment,
Aberdeen University Press, 553-564.



232 O. HAMERLYNCK ef al.

CRAEYMEERSCH, J.A., BRUMMELHUIS, E.B.M., SISTERMANS, W. and STIK-
VOORT, E.C. (1992). Het macrobenthos van de Westerschelde, de Oosterschelde, het
Veerse Meer en het Grevelingenmeer. Najaar 1990, Internal Report NIOO-CEMO,
Yerseke, 44 pp. (in Dutch).

DUKEMA, R. (1988). Shellfish cultivation and fisheries before and after a major flood
barrier construction project in the southwestern Netherlands, J. Shellfish Res., 7:241—
252.

Eck, G.TM. van -, DE PAUW, N., LANGENBERGH, M. Van den — and VERREET, G.
(1991). Emissies, gehalten, gedrag en effecten van (micro)verontreinigingen in het
stroomgebied van de Schelde en het Schelde-estuarium. water, 60:164—180 (in Dutch).

FENCHEL, T (1988). Marine plankton food chains, Annu. Rev. Ecol. Syst., 19:19-38.

FINDLAY, S.F, PACE, M.L,, LINTS, D., COLE, JJ., CARACO, N.F. and PEIERLS, B.
(1991). Weak coupling of bacterial and algal production in a heterotrophic system:
The Hudson River estuary, Limnol. Oceanogr., 36:268-278.

FrRID, C.L.J. and JAMES, R. (1988). The role of epibenthic predators in structuring the
marine invertebrate community of a British coastal salt marsh, Neth. J. Sea Res.,
22:307-314.

GOOSSEN, N., RUSWIIK, P. van —, PEENE, J. and KROMKAMP, J. (1992). Annual pat-
terns of bacterial production in the Scheldt estuary (SW-Netherlands), in: PM.J. Herman
(Editor), JEEP 92: Major biological processes in European Tidal Estuaries, Internal
Report Netherlands Institute of Ecology, 109-113.

HAMERLYNCK, O., HOSTENS, K., ARELLANO, R.V,, MEES, J., VAN DAMME, PA. (in
press). The mobile epibenthic fauna of soft bottoms in the Dutch Delta (south-west
Netherlands): spatial structure, Neth. J. Aquat. Ecol.

HEr, C.H.R. (1989). The ecology of the estuaries of Rhine, Meuse and Scheldt in the
Netherlands, in: J.D. Ross (Editor), Scient. Mar., 53:457-463.

HEMMINGA, M.A., KLAP, V.A., SOELEN, J. van — and LEEUW, J. de — (1992). Shifts

in seston characteristics after inundation of a European coastal salt marsh, Limnol.
Oceanogr., 37:1559-1564.

HERMAN, PM.J. and SCHOLTEN, H. (1990). Can suspension-feeders stabilise estuarine
ecosystems?, in: M. Barnes and R.N. Gibson (Editors), Trophic relationships in the
marine environment, Aberdeen University Press: 104—116.

HERMAN, PM.J., HUMMEL, H., BOKHORST, M. and MERKS, G.A. (1991). The Wester-
schelde: interaction between eutrophication and chemical pollution?, in: M. Elliott and

J.-P. Ducrotoy (Editors), Estuaries and Coasts: Spatial and temporal intercomparisons,
Olsen and Olsen, 359-364.

HUMMEL, H., MOERLAND, G. and BAKKER, C. (1988). The concomitant existence of
a typical coastal and a detritus food chain in the Westerschelde estuary, Hydr. Bull.,
22:35-41. ‘

LAWTON, J.H. (1989). Food webs, in: .M. Cherrett (Editor), Ecological concepts, Black-
well Scientific, 43-78.



The Westerschelde Estuary: two Food Webs and a Nutrient Rich Desert 233

MANN, K H. (1988). Production and use of detritus in various freshwater, estuarine, and
coastal marine ecosystems, Limnol. Oceanogr., 33:910-930.

MEES, J. and HAMERLYNCK, O. (1992). Spatial community structure of the winter
hyperbenthos of the Schelde-estuary, the Netherlands, and the adjacent coastal
waters, Neth. J. Sea Res., 29:357-370.

MEES, J., DEWICKE, A. and HAMERLYNCK, O. (in press a). Seasonal composition
and spatial distribution of hyperbenthic communities along estuarine gradients in
_ the Westerschelde, Neth. J. Aquat. Ecol.

MEES, I., CATTRIISSE, A. and HAMERLYNCK, O. (in press b). Distribution and abun-
dance of shallow-water hyperbenthic mysids (Crustacea, Mysidacea) and euphausi-
ids (Crustacea, euphausiacea) in the Voordelta and the Westerschelde, south-west
Netherlands, Cah. Biol. Mar.

MEES, I., ABDULKERIM, Z. and HAMERLYNCK, O. (submitted a). Life history, growth
and production of Neomysis integer (Leach, 1814) in the Westerschelde estuary (S.W.
Netherlands).

MEEs, J., FOCKEDEY, N. and HAMERLYNCK, O. (submitted b). Comparative study of
the hyperbenthos of three European estuaries.

MEIRE, PM,, SEYS, J.J., YSEBAERT, T.J. and COOSEN, J. (1991). 4 comparison of
the macrobenthic distribution and community structure between two estuaries in SW
Netherlands, in: M. Elliott and J.-P. Ducrotoy (Editors), Estuaries and Coasts: Spatial
and temporal intercomparisons, Olsen and Olsen, 221-230.

PAINE, R.T. (1980). Food webs: linkage, interaction strength and community infrastruc-
ture, J. Anim. Ecol., 49:667-685.

PimMM, S.L. and LAWTON, J.H. (1980). Are food webs divided into compartments?,
J. Anim. Ecol., 49:879-898.

PORTELO, L., MONTEIRO, J. and NEVES, R. (1992). Numerical modelling of tidal
flow and salinity transport in the Westerschelde (The Netherlands): first results, in:
PM.J. Herman (Editor), JEEP 92: Major biological processes in European Tidal
Estuaries, Internal Report Netherlands Institute of Ecology, 149-157.

RAFAELLIL D. and HALL, S.J. (1992). Compartments and predation in an estuarine food
web, J. Anim. Ecol., 61:551-560.

SOETAERT, K. and HERMAN, PM.J. (submitted). Estimating estuarine residence times
in the Westerschelde (The Netherlands) using a simple box model.

SOETAERT, K. and RIISWIIK, P. van - (in press). Spatial and temporal patterns of the
zooplankton in the Westerschelde estuary, Mar. Ecol. Progr. Ser.

SOETAERT, K., HERMAN, PM.J. and SCHOLTEN, H. (1992). MOSES: Model of the
Scheldt estuary, in: PM.J. Herman (Editor), JEEP 92: Major biological processes in
European Tidal Estuaries, Internal Report Netherlands Institute of Ecology, 137—148.

SMITH, S.V,, HOLLIBAUGH, J.T,, DOLLAR, S.J. and VINK, S. (1989). Tomales Bay,
California: A case for carbon-controlled nitrogen cycling, Limnol. Oceanogr., 34:37—
52.



234 O. HAMERLYNCK et al.

SPAENDONK, A.J. van -, KROMKAMP, J. and VISSCHER, P. (in press). Primary

production of phytoplankton in the turbid, coastal plain estuary the Westerschelde
(the Netherlands), Neth. J. Sea Res.

STUART, J.J., MEININGER, PL. and MEIRE, PM. (1990). Watervogels van de Wester-

schelde, Internal Report Universiteit Gent —Rijkswaterstaat Dienst Getijdewateren,
175 pp. (in Dutch).



Modelling Approach of the Planktonic Vertical Structure
in Deep Austral Ocean

The Example of the Ross Sea Ecosystem

J.-H. HECQ', P. BRASSEUR', A. GOFFART',
G. LACROIX! and L. GUGLIELMO?

! University of Litge 2 University of Messina, Italy

Abstract.

Hydrological, chemical and biological data obtained during a Vth Ross Sea ITALI-
ANTARTIDE cruise have confirmed that the most important factors regulating the
Antarctic pelagic food chain are physical processes operating within the circumpolar
marginal ice zone during the ice melting period. As a typical characteristic of the Ross
Sea, the ice free surface is propagating from the South to the North, with an increase of
the water surface exposed to the sunlight. The diversity of pattern of water characteristics
vertical profiles in Ross sea area seems due to specific local constraints more than diversity
of ecosystem. First, the ice edge melting is not simultaneous for the whole region, the
central and southern part being opened sooner than the lateral part. Secondly, the areas
of depth shallower than 500 m seems to be inaccessible to krill which is strongly influencing
the utilisation of primary production. Finally, The Western part of the Ross Sea is richer
in phytoplankton than the eastern side probably because the different ice algae content
of the ice pack.

First steps in coupling a ID physical and a biological model in the Ross Sea are
presented. Following pattern is proposed: ice algae are liberated by melting ice, growth
and sediment in the upper mixed layer, are influenced by light and turbulence and are
grazed by zooplankton and later other planktonic populations are regenerated.

1.— Introduction.

The condition of low biomass in spite of high nutrients has often been
referred as a major “paradox” of the Southern Ocean (El-Sayed, 1984). However,
there are frequent exceptions to this generality, and massive blooms higher than
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Fig. 1.— Sampling area and position of stations of the Vth Itali-
antartide expedition. Ice edge extension during the cruise.

10 wg I"! of Chlorophyll a have been observed in some restricted regions (Nelson
and Smith, 1986; Holm Hansen ef al., 1989; Mitchell and Holm Hansen, 1991).

In the Ross Sea area, for example, important phytoplankton concentrations
have been observed directly (Smith and Nelson, 1985) or by remote sensing
(Comiso, 1991). In that area, the characteristic extension of the marginal ice front
seems to be responsible of the high productivity. As a typical characteristic of the
Ross Sea, the ice free surface is propagating from the South to the North, with
an early increase of the ice free water surface exposed to the sunlight (polynia)
and also an increase of the length of the ice edge, as shown by weekly remote
sensing pictures (Hecq et al., 1992, 1993; Guglielmo et al., 1993).
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The evolution of the superficial water column ecosystem is governed by
biological constraints but also physical constraints like insolation, water temper-
ature, vertical thermohaline stratification, wind stress, turbulence, etc.

An interdisciplinary approach of the Ross Sea ecosystem has been real-
ized on the base of the data acquired during the Vth ITALIANTARTIDE
(RV Cariboo) expedition, South of the Antarctic Convergence, in December 1989
and January 1990 (figure 1).

In order to estimate the effects of hydrodynamics on spatial distribution
of biological components, a coupling between an hydrodynamic model and a
biological model have been enterprised (Hecq et al., 1993).

2.— Summary of experimental results.

Using vertical profiles of phytopigments (chlorophylls, xanthophylls and
phaeophorbids) detected by HPLC on GF/F filters (0.45 um), biomasses and
physiological state of the phytoplanktonic communities have been identified
(Hecq et al., 1992, 1993; Hecq and Goffart, 1991). Vertical profiles of zooplank-
ton have been done by BIONESS nets from coastal to offshore area (Guglielmo
etal., 1993). Krill informations have been acquired by acoustic detections (Azzali
et al., 1992).

In the Ross Sea, along the ice edge and in the area of just broken pack-ice,
phyto-pigments concentrations of the water column show strong maxima in the
upper layers (from 2 to 6 ug 1! of chl. a) [figure 2a, st. 6]. Such concentrations
could be attributed to the liberation of ice phytoplankton by melting ice. In
this area, analysis performed on ice algae from the ice-snow interface reveal
phytopigments concentrations from 80 to 250 ug1™! of chl. . This is in good
agreement with the hypothesis that organic matter is intensively produced in the
marginal ice zones (El-Sayed, 1984; Smith and Nelson, 1985; Nelson and Smith,
1986).

Various hypotheses can explain the enhancement of phytoplankton biomass
along the ice-edge. Ice edge upwelling, stratified condition related to critical
depth and releasing of ice algae in the water column after melting process
(Smith and Nelson, 1985) could act as a synergy for phytoplankton blooms. As
a general rule, the strong hydrodynamical constraints associated to the main
frontal systems and to the areas of increased stability influence the distribution
and productivity of plankton organisms (Goffart and Hecq, 1988, 1989; Goffart
et al., 1992).

In that ice-edge area, phaeophorbids, which are produced by chlorophyll
degradation during grazing, are absent in the water column, revealing a reduced
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Fig. 2a.— Vertical distribution of temperature (data from Artegiani), chlorophyll a and phaeophor-
bids a (HPLC), from 0 to 200 m, at four stations, from the ice edge to offshore (depth < 500 m).

zooplankton activity. Mesozooplankton is characterized by a scarce density in
the whole water column. This situation corresponds to the beginning of the
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phytoplankton bloom when the populations of herbivorous zooplankton have
not developed yet.
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Fig. 3.— Distribution of Krill (from Azzali, in Hecq et al., 1993).

However, few individuals of krill (Euphausia superba) were grazing actively
on the ice algae through a series of canals that were spotted in the ice pack.

In open ice-free waters, the total chloro-pigments a concentration is quite
the same as in ice edge area. However, chlorophyll a is often replaced by high
concentrations of phaeophorbids a (2 to 3 ug I!) which correspond to high graz-
ing activity of herbivorous zooplankton. The maximum values of phaeophorbids
are generally recorded between 40 and 70 meters and corresponds to maxima of
copepods, chaetognaths and krill observed between 0 and 80 m and also to the
distribution of NH, which confirms grazing and excretion activities.

As far as the secondary production is concerned, two different ecosystem
diagrams can be distinguish according to the bottom topography.
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Fig. 4a.— Conceptual diagram of Ross Sea pelagic ecosystem (Hecq ef al., 1993).

In the central part of the Ross Sea, outside the shelf where waters are deeper
than 500 m, the chlorophyll a is strongly reduced. This reduction corresponds to
areas where pack ice has disappeared for a long time (about 20 days), as shown by
remote sensing. Numerous and dense aggregations of Euphausia superba were
detected by echosurveys (Azzali ef al., 1992) in central and northern parts of
the Ross Sea, west off Cape Adare, and do not confirm the opinion that Pacific
sector of Antarctic is poor with krill [figure 3] (Guglielmo et al., 1993; Hecq et
al., 1993). Visual observations of high concentrations of predators (mainly birds
like Antarctic petrel) near krill aggregates confirm active energetic flow across
E. superba in the Ross Sea food web (figure 4a).

In the south western part of Ross Sea, corresponding to depths shallower
than 500 m, but ice free waters, krill is quite absent and replaced by other
herbivorous like copepods distributed between 50 and 100 m depth. That
corresponds to high values of chlorophyll @ in the euphotic layer; phaecophorbids
and ammoniac are more vertically distributed in relation to various zooplankton
components. Moreover the distribution of secondary pigments suggests that



242

J.-H. HECQ, P. BRASSEUR, A. GOFFART, G. LACROIX and L. GUGLIELMO

Cloud coverage
'
L
*
* .
b PARO Jluceecmenea, &
Ice Retreat 0%

_...:..E..._. ................. toadmanaaaaan,
H H H D issotved O rganic M atter ‘
i
[]
. .
@ Z : NANOZOO
'— _‘ L] :
S| B :
= 2 PRYMNESIO )
= m MICROZOO =
N I s o
y . )
AL -
y y :_() - @
4 3| sl
— N\
. > (DIATOMS coreFons % H %
s |O
— ], <l =|T
-
Fec. Pel 2
( ) _J =\
PYCNOCLINE \ 4

Y

OUTPUT

Fig. 4b.— Conceptual diagram of Ross Sea Shelf ecosystem (Hecq ef al., 1993).

diatoms (characterised by fucoxanthin) are not the dominant phytoplankton
species and prymnesiophyceae (hexanoyl-oxyfucoxanthin), cryptophycee, etc.
occur also in the bottom of euphotic zone (figure 2b). Moreover, a succession
of various zooplankton species occurs (Guglielmo et al., 1993) and confirms
the existence of different pathways through which a major part of the available
energy may be flowing (figure 4b).

3.~ The model.

The different characteristic areas recognized in the Ross Sea during this
spring period are not to be taken as different ecosystems but more really as
different temporal steps of a typical ecosystem progressing from pack ice to ice

free waters.
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Results confirm the idea that biomass, composition and productivity of
plankton ecosystem during the spring, in the Ross Sea depends essentially on
the time after the waters become ice free.

The following pattern is proposed: ice algae are liberated by melting
ice, sediment in the water column, are grazed by zooplankton and later new
planktonic populations are regenerated.

Actually many authors accord to a common spatio-temporal sequence of
events in the water column at a receding ice-front (Smith and Nelson, 1985; Hecq
et al., 1990; Lancelot et al., 1992): melt water and epontic algae are introduced
into the surface layer during ice melting. Certain species of epontic algae are
able to growth in the melt water lens. A stable layer of meltwater retards vertical
mixing and thus allows the algal species to accumulate and to form a local biomass
maximum. The meltwater lens is continuously being degraded at its seaward
edge by vertical mixing. This results in phytoplankton at location seaward of the
meltwater lens having the same elemental and species composition as within it,
but at lower absolute concentrations and mixed over a greater vertical extend.
These cells may or may not continue to grow in the more deeply mixed water
column. Recently the role of U.V. on smallest phytoplanktonic cells growth have
been argued (El-Sayed et al., 1990).

Some hypotheses about the important decrease of phytoplankton biomass
in the water column after the ice edge retreat have been presented. Iron
which may be depleted will be limiting for the primary production (Martin ez
al., 1990) and grazing is reducing the phytoplankton biomass more than the
productivity (Bidigare et al., 1986). For example, in offshore area, where krill
is the dominant herbivorous, the biomass of diatoms can be depleted in a few
days or a few hours in some area, In the contrary, where krill is generally absent,
copepods, pteropods, salps, etc. are the dominant herbivores, so that, grazing on
nanophytoplankton and particularly on diatoms is reduced.

Moreover the major part of picoplankton (< 2 pm), not usable by krill and
macrozooplankton is consumed by microzooplankton as small copepodites, lar-
vae and protozooans (tintinnids, etc.). The unicellular heterotrophic flagellates
also consume bacterial components. The plankton biomass and production in
this part of Austral Ocean, is far from the general picture of a near oligotrophic
system (Jacques and Treguer, 1986).

If all those processes controlling the ecosystem have their own importance,
they are influenced by physical structure of the water column. Moreover, they
are non linear and impossible to experiment.

An integrated modellistic approach based on field data more than on
theoritical concept is necessary to simulate numerically the effect of various
hypothesis concerning ecosystem control presented by field experts. First steps
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Table 1
Hydrodynamic equations system (from Lacroix and Djenidi, 1992)

(9'!1,3

V- u+a—3=0
%+11'Vu+ugé9 +fe3/\u——Vq+323(17§—;3)
86:5 +u- VT+u3gT =a%3(XTgT£)
%‘f+u VS+u3g5 =3%3(X53—i)
where 3+ V’””Sa _VH6m3” R - +ai%(~kg£)
V=e16%1+e28%2; q=p£+g:n3;
68—“1 b b——pppg—b(TS),

(u v) is the horizontal velocity; T the temperature; S the salinity; &k the
turbulent kinetic energy; 7, Y the turbulent diffusion coefficients; b the buoyancy;
g the gravitational acceleration; p the density and ¢ the dissipation rate of the
turbulent kinetic energy by viscosity.

in coupling a 1D physical and a biological model are presented in relation to
data acquired during the Vth Italiantartide Expedition (1989-1999).

The physical model is a simplified version of the GHER general 3D model to
a 1D vertical model with a turbulent & — e closure [Table 1] (Nihoul, 1984; Nihoul
et al., 1989; Lacroix and Djenidi, 1992). The simulation of the temporal evolution
of the physical structure of the upper layer is done in order to provide depth of
upper mixed layer and pycnocline, and turbulent diffusion coefficient profiles
necessary to force the biological model. Figure 5 presents the simulation of the
formation of the thermocline with different wind conditions. Turbulence induced
by wind stress is an important physical element governing the establishment and
decay of the thermocline and the turbulent diffusion of non-migrating biological
variables (nutrients, phytoplankton, microzooplankton and suspended particles.

The biological model, especially built to study, in the future, the vertical
distribution of phyto-pigments, is based on classical following equations for the
primary production, and grazing (Saksaug et al., 1991; Svanson, 1991; Hecq et al.,
1993). The variation of biological variables B is governed by a single equation
as a sum of production, destruction, sedimentation and turbulent diffusion

0B dB 0B , 0 [-. 0B
&) = 2

ot - at Y e e lY oz
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Fig. 5.— Simulation of thermocline formation with various wind conditions.

where w, and ¥ are the coefficients of sedimentation and of turbulent diffusion.
For example the diatom/ krill/ fecal pellets food web have been simulated for the
northern part of the Ross Sea. In this step of the work, the basic equation for
diatom production is considered only light limited and influenced by grazing by
krill and by diffusion

0D _ B g _ . .0D 0. 0D
@ Bt = Prax " dim* D [Cmax Fom +D] Kr—w, -5 +az[” 6z]

where Plfax is the maximum photosynthetic rate and Iy, the limitation by light,
D is the diatoms biomass and D, a threshold value for grazing. Kr represent
the krill concentration and (nay is the maximum grazing rate. Iy, is a function
of the initial slope () and P2 _ of the P/I curve and off available light.
The coefficients used in the diatoms equation model have been determined by

Mitchell and Holm-Hansen (1991), in similar conditions:
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o - PAR
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(4) PAR(Z) = PAR(0+) T CXP(—KPAR ) Z)
5) KPAR = 0.078 + 0.0136(chl. a + phaeo. a)

where PAR(,y and PAR(+) are the photosynthetic active radiation at the
depth z and above the surface; 7 is the coefficient of penetration of light across
the interface.

v=7msec—1 CA=0.2 PARO=1400 =7 —1 CA=0..
Chlorophyll a  200=B30mgC.m—-3 Chiorophyll @ soomB0omaCmeg >~ RO=1400
-99 -99
ROSS—SEA MODEL (ECOHYDRO/Lg) ROSS—SEA MODEL (ECOHYDRO/Lg)
1 A 21 31 41 1 31 41

/@

010

—49} —49t
v=7msec—1 CA=0.2 PARO=1400 7msec—1 CA=0,2 PARO=1400
Chlorophyll a zoo=1000mgC.m-3 Chlorophyll a zoo=1170mgc m-3
- —-99
9 ROSS—SEA MODEL (ECOHYDRO/Lg) ROSS—SEA MODEL (ECOHYDRO,/Lg)

Fig. 6.— Simulation of diatoms vertical profiles variations in function of diverse krill concentration.

For the Krill (Kr), the growth depends on the coefficient of assimilation of
ingested food (kmax) and on excretion, eggs production, predation and mortality
OKr [Nmax i ( D-D;

6) W=Kr- Cmax * Fip +D)—(1'K,+6K,+CK,+mK,)]
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The krill fecal pellets reach sedimentation speed of 200 m D™, The effect
of turbulence is neglected:

™ O (1= ) [ i) K — - B

Assuming that diatoms are realised by ice melting in the mixed layer and
grazed by krill, the biomass of phytoplankton is plotted in function of depth and
of time. A simulation is done with diverse krill concentrations and shows the
decrease of the diatoms after a period of few days with concencentrations of
900 mC m™ of krill, independently of nutrients which are not limiting factor. A
complete depletion of diatoms can occur where krill is present.

4.— Conclusions.

The diversity of pattern of water characteristics vertical profiles in Ross
sea area seems influenced by specific properties. First, the ice edge melting
is not simultaneous for the whole region, the central and southern part being
opened sooner than the lateral part. Secondly, the areas of depth shallower
than 500 m seems to be inaccessible to krill which is strongly influencing the
utilisation of primary production. Finally, the Western part of the Ross Sea is
richer in phytoplankton than the eastern side this is probably due to the different
content in ice algae of the ice pack. For those reason a coupled 1D model of first
trophic levels is realist and only influenced by initial conditions and by external
stresses like wind and light. However, if the Ross Sea area need to be modelled as
an integrated ecosystem, some state variables and control functions concerning
upper trophic layers have to be taken into account:

— theice free water surface and the ice edge length variations during the season
and the vertical structure of the water column will influence the primary
production and need to be considered in relation to the ice system in terms
of wind stress and turbulence.

— the phytoplanktonic variables begin to be understood but an effort must be
done on the influence of different class sizes of phytoplankton.

— zooplanktonic variables, however do not have the same spatial and temporal
scales than phytoplankton and differences exist between species. Moreover,
following the spatial related to the shelf, two species of macrozooplankton
krill or amphipods, exist and will consume the same phyto-planktonic com-
munities but these two zooplanktonic groups does not have the same vertical
distribution on the water column and will be or not accessible to marine birds.
This factor probably orientates the switch {Fishes < Zooplankton = Birds}
and influences the distribution of higher trophic levels and also the distribu-
tion of all planktonic organic material.
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— on the other hand, following the migrating processes of zooplankton, the
quantity of fecal pellets varies strongly in function of the depth and in the
whole the organic material is transferred to an other scale.

For all these reasons, in the future, the efforts have to be pointed on an
adapted experimentation and modelling on interacting processes between pri-
mary, secondary and tertiary producers. Not only standing stocks but especially
processes of grazing, ammonium excretion, fecal pellets production, sedimenta-
tion, nutrient recycling and vertical migrations have to be taken in account in
relation to physical processes of ice melting and retreat.

The strategy of the cruise must be orientated to selected long term stations
characteristic of a temporal state of the ecosystem more than a spatial numerous
data acquisition.
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Control of Phytoplankton Development
by Nitrate Availability
in the Liguro-Provencal Basin (Western Mediterranean)

Anne GOFFART and J.H. HECQ*
Unité d’Ecohydrodynamique, University of Lisge

Abstract.

Ten years of mesoscale oceanographic studies in the Liguro-Provengal basin (Corsi-
can area) have emphasized that phytoplankton communities distribution is characterized
by a high spatial and temporal heterogeneity. The phytoplankton organization is greatly
influenced by the presence of the Liguro-Provengal front whose functioning contributes
significantly to increase the local productivity. The role of the front in the phytoplankton
productivity enhancement is important all through the year but is much more effective
from March to May. In the entire basin, a crucial moment for phytoplankton commu-
nities is encountered during summer, when surface waters are nutrient exhausted. The
characteristic response of the primary producers is to sink below the surface mixed layer
and to develop deep chlorophyll maxima (DCM). Their formation and maintenance are
discussed. During the stratified period, all data support the view that phytoplankton
distribution is primarily controlled by nitrate availability.

1.— Introduction.

For a long time, the primary production of the Mediterranean had the
reputation to be among the lowest in the world and has been compared to the
Sargasso Sea (Sournia, 1973). Paradoxically, fishing activities have been going
on for centuries and are at present increasing (FAO, 1985). The annual yield
of marine animals, both pelagic and demersal, amounts to 300 to 400 kg of fish
per km? of sea (Margalef, 1985). Moreover, large numbers of marine mammals,
mainly dolphins, long-finned whale and rorquals, are regularly observed (Viale
et al., 1986; personal observations).

* Senior Research Assistent from FNRS, Belgium.
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Recently, remote sensing data acquisition allows a synoptic mapping of algal
pigments and a reappraisal of the mean annual carbon fixation rate. For the
Western Mediterranean, it has been estimated at 94 g C/m*.year (Morel and
André, 1991).

On the basis of these contradictions and because the large populations of
higher trophic levels depend ultimately on phytoplankton as the base of the
food web, accurate understanding of the main environmental factors controlling
phytoplankton production is essential to the estimate of the real fertility of the
Mediterranean.

france . .
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43°
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Fig. 1.— Map of the Liguro-Provencal basin showing the position of the
main hydrological structures (1la) and the location of the stations (1b).

As a contribution to this general objective, oceanographic cruises were
carried out in the Liguro-Provengal basin between 1982 and 1991. A schematic
representation of the investigated area is presented at figure 1a. It shows the
relative position of the main hydrological structures of the area, whose Liguro-
Provengal front is the most important feature. Sampling stations were located
across the front, along the Calvi-Nice axis from the Corsican coast to 30 miles
offshore (figure 1b). Results are reported in Hecq et al. (1983), Goffart and Hecq
(1985), Licot (1985), Hecq et al. (1986), Brohée et al. (1989), Goffart and Hecq
(1990), Hecq and Goffart (1990) and Goffart (1992).

Field experience has emphasized that phytoplankton communities distri-
bution is characterized by a high spatial and temporal heterogeneity and that
the Western Mediterranean is far to be uniformly poor. Examples are shown to
illustrate that the dynamics of phytoplankton is highly controlled by nutrients
availability, itself dependent on hydrological constraints.
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2.~ Contribution of the Liguro-Provencal front (Corsican area) to
the phytoplankton production.

The Liguro-Provengal front is a frontal structure resulting from the exis-
tence of a permanent cyclonic circulation of the coastal surface waters (Ligurian
Current) around the central zone of the Liguro-Provengal basin. It is a per-
manent geostrophic front separating the light coastal waters from the denser
offshore water masses. Accurate descriptions of the Ligurian current and of the
frontal zone dynamics, including the vertical circulation, are provided in Boucher
et al. (1987), Béthoux et al. (1988) and Sournia et al. (1990).
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Fig. 2.— Temporal evolution of integrated chlorophyll a (0-100 meters, mg/m?) when
averaged within each of typical hydrological zone encountered from the Corsican
coast to 30 miles offshore. Results were obtained between 1982 and 1991. Number
of cruises per zone and per period varies between 1 and 5. From Goffart (1992).

As emphasized in Hecq et al. (1986), Goffart (1992), Hecq et al. (1992) and
Goffart et al. (in preparation), the divergence associated with the frontal system
brings nutrients from deep water into the photic layer, allowing a continuous
“new” phytoplankton production. Ten years of investigations on phytoplankton
ecology in the Liguro-Provencal area have shown that the role of the front
in enhancing phytoplankton biomass and primary production is important all
through the year but is much more effective from March to May (figure 2). As
a consequence, a marked contrast between the productive frontal zone and the
low standing crops of the adjacent areas, including the shelf, is observed.
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3.— Seasonal organization of phytoplankton populations.

In the entire Liguro-Provengcal basin, winter mixing brings up deep water
and leads to a relative nutrients enrichment of the surface layers. Offshore of
Calvi, surface nitrate pre-bloom concentrations are of about 1, 3—5 and 5 uM
for the Ligurian Current, the frontal zone and the central part of the basin
respectively. However, the surface mixed layer is deeper than the euphotic
zone (winter euphotic depth varies from 30 to 40 meters) and phytoplankton
is alternately carried into and out of the lighted layers (figure 3). In these
conditions, phytoplankton cells spend on average to much time in inadequately
illuminated water that no net growth occurs.
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Fig. 3.— Seasonal evolution of the vertical distribution of density oy and chloro-
phyli @ (mg/m?) in the Ligurian Current, 5 miles offshore of Calvi (station 2).

The spring bloom occurs after the winter nutrient supply, when turbulent
mixing intensity reduces, allowing the early stratification of the water column
(figure 3). On.the shelf, it starts usually in February while it is observed quite one
month later offshore. Phytoplankton communities, diatoms dominated, develop
in the upper part of the water column and lead to a rapid exhaustion of surface
nutrients.

From the beginning of April, an oligotrophic layer develops at the surface.
Low nitrate concentrations prevail in the surface layer (< 0.3 uM between 0 and
20 meters) and a subsuperficial chlorophyll maximum appears, in relation with
nutrient impoverishment of the mixing layer (figure 3).

As spring and early summer progress, insolation increases and wind mixing
in the upper layers of the euphotic zone induces the establishment of the
seasonal thermocline. The density gradient imposes a rigorous constraint on the
vertical flux of nitrate from deep water (Lewis et al., 1986) and new production
leads to the complete winter nitrate exhaustion in the mixing layer (figure 4).
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Fig. 4.— Early summer vertical distribution of temperature
(°C) and nitrate (uM) in the Ligurian Current (Station 2).

In response to this nutrient stress, and during all the stratified period, the
primary producers sink below the thermocline and develop a pronounced deep
chlorophyll maximum (figure 3), still within the euphotic zone, at depths ranging
from 40 to 100 meters (Goffart, 1992).

Table 1

Depth of the DCM in the Mediterranean

Depth of the DCM

Area Period (meters) Reference

Catalano-Balearic front May 40 m Estrada and Margalef, 1988
Mallorca-Menorca channel May 60 m Estrada and Margalef, 1988

Algertan coast gyfjﬁgf;?g;’aﬂ May 62m Lohrenz et al., 1988

Catalan coast (Barcelona) July 40-80 m Estrada, 1985

Tyrrhenian Summer 50-75 m Marino et al., 1984

Israeli coast Summer 75-125 m Berman et al., 1984

Ionian Sea July 90 m Berland et al., 1988

Creto-African area July 100 m Berland et al., 1988

Levant basin June 90-120 m Berland et al., 1988

The existence of widespread deep chlorophyll maxima (DCM) is a common
feature in the oligotrophic waters of the Mediterranean and has been reported
by numerous authors (table 1).

In the Liguro-Provencal basin, the most evident feature is that the position
of the deep chlorophyll maximum is closely associated with the nitrite maxima
and with the nitracline that occurs well below the largest vertical gradient in
temperature and density (figure 5). The vertical distribution of phytoplankton
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Fig. 5.— Upper 200 meters distribution of density g , nitrate (uM), HPLC chlorophyll a (mg/m?) and
nitrite (uM) from the Corsican coast (station 1) to 20 miles offshore (station 7). [23 and 26 May 1990]

is thus under the control of both light and nutrients and the position of the
chlorophyll maximum in the water column is determined by the opposing gra-
dients of light and nitrate rather than by isopycnals constriction and stability
maximum. As proposed by Lohrenz et al. (1988), the interactive relationship
between nutrient supply and phytoplankton in sifu growth seems to be primarily
responsible for the formation and location of chlorophyll maxima. Even if phyto-
plankton productivity is low at the level of the DCM, because of light limitation,
the primary production in these maxima [0.1-0.5 mg C/m>.h (Cahet et al., 1972;
Estrada, 1985)] is particularly important during summer because consists for a
high proportion in a new production, derived from a net conversion of nitrate to
plant biomass (Estrada et al., 1985; Goffart, 1992). Moreover, it is the upward
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nutrient flux, and not the ambient nutrient levels, that determines the magnitude
of the in situ new production (e.g. Sournia, 1973; Eppley et al., 1979; King, 1986;
Lewis et al., 1986).

Table 2

Mean chlorophyll @ concentration, mean phytoplankton abundance and
mean chlorophyll a content per 10° cells in samples taken in the area extend-
ing from the Catalan coast to the channel between Mallorca and Menorca
(July 1982). Standard errors of the means are indicated and the number
of observations in each case is given in parentheses. From Estrada (1985).

Chlorophyll a Total phytoplankton
Depth range (mg/lr)n% g: e}llls /?n 1) ug chl. /106 cells
Above the DCM | 0.12 =+ 0.01 (64) 46.7 £ 2.6 (66) 3.13 &+ 0.44 (64)
DCM 0.90 + 0.21 (8) 212.8 £102.4 (8) 9.11 £2.74 (8)
Below the DCM | 0.18 £ 0.03 (42) 272 5.1 (44) 8.21 % 0.88 (42)

Other mechanisms, such as increase in cellular chlorophyll content rather
than higher cell abundance, are also proposed to explain the formation of
deep chlorophyll maxima (Cullen and Eppley, 1981; Venrick, 1982; Prieur
and Legendre, 1988). In the western Mediterranean, average chlorophyll a
content per cell appears to be effectively higher in the deeper part of the
euphotic zone (table 2) but in many of the cases, an increased phytoplankton
abundance contributes significantly to the deep chlorophyll maximum (Estrada,
1985; Estrada et al., 1985).

Depth differential grazing may also be a cause for chlorophyll maxima
(Cullen and Eppley, 1981; Prieur and Legendre, 1988) and control the ver-
tical distribution of phytoplankton. Phaeophorbids @, the main chlorophyll a
degradation products found in fecal pellets, are the result of the breakdown of
chlorophyll a by the enzymatic activity of the herbivorous zooplankton digestive
system. They are apparently not assimilated and can be used as a conservative tag
for heterotrophic activity producing fecal material (Jeffrey, 1974; Welschmeyer
and Lorenzen, 1985; Hecq et al., 1992). In the Liguro-Provengal basin, pre-
liminary studies on phaeophorbids distribution have shown a tight coupling be-
tween phytoplankton abundance and zooplankton grazing (figure 6). However,
populations highly dominated by 19'hexanoyloxyfucoxanthin, a Prymnesiophytes
pigment, seem to be less degraded by grazing activity. As a consequence, grazing
could change the relative composition of phytoplankton populations and lead to
a shift in species and/or size fractions composition.
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Fig. 6.— Summer vertical distribution of chlorophyll a, phaeophorbids a, fu-
coxanthin and 19'hexanoyloxyfucoxanthin (ug/l) in the different hydrological
zones of the Liguro-Provengal basin. All pigments were detected by HPLC.

4.— Conclusions and perspectives.

Observational case studies have emphasized that the distribution of phyto-
plankton biomass in the Liguro-Provengal basin is sharply discontinuous in space
and time, with restricted periods of high standing crops in a general oligotrophic
environment. As a consequence, the heterogeneity in the distribution of food
must play an important role in the trophic organization of the ecosystem.

Among the factors responsible for this heterogeneity, processes controlling
nitrate availability are prevalent and govern the dynamics of the phytoplankton
communities. Nitrate supply in the photic zone is entirely under hydrodynamical
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control (i.e. winter mixing, instabilities at frontal interfaces, vertical turbulent
transport at the nitracline) while new phytoplankton production leads to a
progressive impoverishment of the surface layers. On account of resonant
interactions between physical and biological processes of similar time- and
length-scales, the ecosystem adapts optimally to the spatial variability and takes
maximum benefit of the environmental conditions (Nihoul and Djenidi, 1991).
Examples of the Liguro-Provencal frontal system and of the formation and
maintenance of the DCM are given in illustration.

Actually, in order to calibrate coupled hydrodynamical/biological models
of nitrogen circulation in the Mediterranean, following processes need to be
determined in situ:

— the fluxes of nitrogen assimilation by phytoplankton communities, especially
during the stratified period (nutrient fluxes through the nitracline) and the
associated ratio of new and regenerated production,

— the fluxes of nitrogen regeneration by the food web dynamics,

— the atmospheric inputs and their impact on local productivity,

— the rate of export of organic nitrogen from the surface layer.
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The State of the Art of Plankton Research
in two Hyperhaline Bodies of Water,
the Levantine Basin and the Arabian Gulf

J. GODEAUX*
University of Liege

Abstract.

In this report are presented some of the results of the investigations carried out
either separately or in collaboration by members of the Plankton Committee of ICSEM
(International Commission for the Scientific Exploration of the Mediterranean Sea,
Monaco) both in the Levantine Basin and in the Arabian (Persian) Gulf. Owing to the
limited number of pages and the abundance of the matter, a few well known groups of
animals have been selected with the aim to stress the pecularities and the original features
of these two bodies of water as compared with the neighbouring seas.

1.— The Levantine Basin.

The Mediterranean, a partially enclosed sea, is connected at 36°N to the
warm temperate Atlantic Ocean through the Straits of Gibraltar, a narrow
channel, 25 km wide and 320 m deep. The salinity and the temperature of the
incoming water are respectively 36 %o and 13.5°C.

This sill is a barrier preventing the inflow of the cold deep atlantic waters
and is responsible for the homothermy of the Mediterranean (from 100 m depth
to the bottom). The Straits of Gibraltar also impede the entry of bathypelagic
species; exceptions are scarce and usually disappear promptly. This explains the
type of the Mediterranean settlements.

The Mediterranean itself is divided into a western and an eastern basin
at the level of the Straits of Sicily at 12°E. This strait is 145 km wide with a
maximum depth of 330 m. It acts as a geographic, hydrologic and climatic barrier,
reenforcing the sieve effects of the Straits of Gibraltar.

* President of the Plankton Committee of ICSEM (International Commission for the Scientific
Exploration of the Mediterranean Sea, Monaco).



264 J. GODEAUX

The eastern basin may also be divided into two sectors by a line joining
Greece to Cirenaica at 22°E. The western sector or central Mediterranean re-
mains poorly known and seems of little interest to the biologists (except the
Ionian and Adriatic Seas). Just a few papers can be cited concerning Chaetog-
natha (Furnestin, 1974), Appendicularia (Onciu, 1988), Thaliacea (Godeaux,
1988a).

The easternmost sector of the Mediterranean or Levantine Basin is a kind
of cul-de-sac, the ecology of which is controlled by different forcing factors. It is
a concentration basin, surrounded by warm and arid countries where rains are
rare and fresh water discharges limited: the water budget is negative.

Along the coasts,mostly in the south eastern part (and around the islands),
the depth is less than 1,000 m. In the central area, the sea is deeper, locally down
to 4,000 m and more.

Water circulation in the Levantine Basin is complex (Robinson ez al., 1992)
but from the biological point of view the anticlockwise surface North African
current along the southern and the eastern coasts is the most important.

The surface salinity, already reaching 37%o at the Straits of Sicily, is
permanently above 39 %o in the coastal waters of the Middle East, and above
38.5%o0 elsewhere. The surface temperature varies from 17°C in winter to
30-32°C during summer, a long dry season (Lakkis, 1990).

The Levantine Basin is submitted to the effects of two man-made artefacts:
the Suez Canal and the Great Aswan Dam.

The Suez Canal, opened in 1869, is just a capillary tube (365 m wide
at the surface, 14.5 m deep) linking two seas, but its biological importance
is obvious. Thanks to a quasi-permanent northward current, many aggressive
Eritrean (Indopacific) species —the lessepsian migrants (Por, 1978, 1989) —have
succeeded in crossing the waterway, invading the Levantine Basin, and either
intermingling with the autochthonous populations or more simply expelling
them, so altering the biological landscape of the whole Eastern Mediterranean.

For millenaries, the summer Nile floods poured tons of fresh water and
sediments into the sea. Already reduced by the progressive damming of the river
from the beginning of this century (the discharge diminishing from 100 km®/year
to 35 km?/year in mean during the last decade), the outflow of fresh water is now
limited to some 4 km?/year since the completion of the Great Aswan Dam in 1965.
This also means the end of the sediment input and therefore no more nutrients,
no more phytoplankton blooms, no food for the sardines, and a drastic drop of
the catches from 18,000 tons/year to 500 tons/year (now the yield of the fisheries
is rising again with an increased run off of nutrient-rich water). Moreover the
missing fresh water is replaced by an equal volume of imported sea water, what
somewhat contributes (combined with the intense evaporation) to the increase
of the surface salinity.
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Briefly the Levantine Basin exhibits subtropical or even tropical character-
istics: it is indeed “a sea within a sea” (Galil, 1992).

The upper layers of the Eastern Mediterranean waters display highly oli-
gotrophic characters and the primary production is very low (Weikert, 1988),
half that of the other Basin (Oren after Kimor, 1983); phosphate is the limit-
ing factor. On the contrary the waters below 450 m (nutricline) are relatively
richer in nutrients. These waters can be carried upwards into the euphotic layer
thanks to certain hydrological features and the primary production becomes
locally more important. An example is given by a relatively large-scale cyclonic
gyre observed between Rhodes and Cyprus, in the northern part of the Basin,
which is responsible for a permanent upwelling of deep waters. The primary
production reaches 60 g C/m?.year in the central part of the gyre (33 g C/m?.year
in the related anticyclone): chlorophyll  is high (maximum around 100 m depth)
and zooplankton is present in large quantities (Salihoglu et al., 1990; see also
Pancucci-Papadopoulou ez al., 1992). On the other hand a large warm core
eddy, detected south of Cyprus, has been investigated at the point of view new
production. During winter, a vertical mixing of the upper layers (down to 450 m)
increases the input in nutrients into the euphotic zone; most of the nutrients are
derived from the decomposition of the previous year’s primary production. The
phytoplankton produced biomass is 70 mg Chl.a/m* (Krom et al., 1992).

A comparative study of the phytoplankton communities in the near-surface
waters (NSW) and in the deep chlorophyll maximum layer (DCM, £ 100 m
= base of the euphotic zone) has shown that the monads (nanoplankton: 1-3 m)
followed by the coccolithophorids (picoplankton: 10-20 m) are largely dominant
in both layers. Diatoms, dinoflagellates and the other groups represent just a
small percentage of the assemblages. Although pennate diatoms are dominant
in the DCM and the centric diatoms in the NSW, the gross compositions of
the two phytoplankton populations are similar; nevertheless, the intracellular
chlorophyll concentration is significantly higher in the DCM communities (Kimor
et al., 1987).

Concerning the zooplankton, the filter effects of the two straits result in an
impoverishment of the epipelagic and mesopelagic populations (both in number
of species and in number of individuals), and a deficiency, if not a lack, of
bathypelagic species.

The populations are a mixture of eurythermous euryhaline species and of
thermophilic metahaline species, often missing or rare in the Western Basin.

That can be illustrated by a few examples:

a) Chaetognatha: the chaetognaths (arrow-worms) are planktonic worms which
are important as predators, food for young fishes and parasite carriers. Nu-
merous species have been identified in the Mediterranean, but the distri-
bution of some of them is uneven. Krohnitta subtilis, Sagitta serrato-dentata
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are present in the eastern sector and also in the associated Tyrrhenian Sea.
Pterosagitta draco, Sagitta tasmanica and S, planctonis are limited to the west-
ern basin, mainly off the African coast. Sagitta enflata, an eurythermous ubig-
uitous species is found in the whole sea. Sagitta friderici also very common,
is only known from the Levantine Basin (Furnestin, 1953, 1970; Casanova,
1970; Lakkis, 1990). Sagitta neglecta observed near Alexandria is an Eritrean
migrant (Halim, 1990).

b) Thecosomatous pteropods. These pelagic mollusks are provided with a thin
and fragile shell. Of the 25 species identified with certainty in the whole sea, a
few are limited to the east. Creseis chierchae, a tropical species, is only known
from the Levantine Basin; Hyalocylis striata and Cavolinia gibbosa gibbosa
(Indian form), species of warm and saline waters, frequent and abundant in
the Eastern Basin, are rare in the Western one, especially north of 40°N,
Cavolinia inflata is characteristic of the western sector. Other pteropods
are common to both sectors: e.g. the thermophilic Spiratella (Limacina)
trochiformis, Creseis virgula virgula and Styliola subula, mainly present in the
warmer Algerian waters in the west. No pteropod seems to have crossed the
Suez Canal (Rampal, 1968, 1970).

c) Tunicata. Most of the commonest thaliacean species are present in both
sectors. The others are rare or missing. Thalia orientalis present in the Atlantic
Ocean waters off the Straits of Gibraltar invaded the Mediterranean in the
early fifties (Bernard, 1958). It seems still rare in the Western Basin, but
forms swarms in the Levantine Basin, mixed with its subspecies provided with
“balancers”, and with Thalia democratica. Salpa fusiformis, the second in rank
of the salps, is common in the whole Mediterranean, but the aggregate form
(blastozooid) displays less truncal muscle fibres in the Eastern Basin (as seen
in the tropical waters), an influence of the temperature which looks similar
to that observed on herring backbone. Cyclosalpa pinnata is accompanied
in the Eastern Basin by the related but different species, C. polae missing
in the west (Godeaux, 1988a). No salp has crossed the Suez Canal but
species living in the Red Sea as Thalia cicar and Salpa cylindrica, two tropical
cosmopolitan species, and Thalia rhomboides, an Indopacific tropical species,
could successfully settle in the Levantine Basin.

Some 20 species of Appendicularians have been reported by different
authors (Fenaux, 1967, 1970; Halim et al., 1974; Lakkis and Zeidane, 1985;
Onciu, 1988) from the Eastern Basin but they are also present in the other
one. Those missing are rare or less frequent in the Western Mediterranean. The
depauperation seems to be relatively insignifiant in this case (Por, 1989).

Many other groups have also been taken into consideration, e.g. the coe-
lenterates and the copepods at the points of view either of their bathymetric
distribution or their affinities with the Indopacific fauna.
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Very few investigations have been done yet on the vertical distribution
of plankters above depths of 3,000 m and more. The first exhaustive survey
was done by Kimor and Wood (1975) especially focused on the algae and
microzooplankton (Rhodes Deep, maximum depth 4,400 m). They recorded
different species below 2,000 m: several Siphonophora as Bassia bassensis,
Chelophyes appendiculata, Eudoxoides spiralis, etc., the Ostracods Conchoecia
elegans and Philomedes globosa.

The hydrologic conditions prevailing in the entire water column are quite
abnormal with a temperature exceeding 13.5°C and a salinity always above
38.6%0 (Kimor and Woods 1975). Similar conditions can only be observed in
the enclosed Red Sea, but not in the open waters.

Using a Mocness device, equipped with closing nets, Weikert and Trinkaus
(1990) have followed the quantitative vertical distribution and the diurnal migra-
tions of the mesozooplankton, the macrozooplankton and the micronekton down
to 4,250 m in a deep hole south of Crete. Below 2,000 m, number of specimens
and biomass decrease steadily. The decrease of the biomass in relation with the
depth is faster than in the oceanic open waters: this could be explained by a low
vertical flux of particular organic matter and by the surrounding temperature
enhancing bacterial recycling (Weikert, 1990a, b).

Although the mesopelagic plankters submerge deeper than usual, they
cannot replace the missing bathypelagic species.

The copepods are dominant with a majority of species concentrated in the
upper layers. Three genera are found extremely dominant in successive depth
ranges of the water column down to 4,000 m: Halopsilus, Eucalanus and Lucicutia
with local peaks of abundance. Some other groups yet unidentified have also
been observed: ostracods, tunicates, ... (Weikert and Trinkaus, 1990).

The vertical distribution of the copepods and other plankters in the Cretan
Sea was also examined by Pancucci-Papadopoulou ef al. (1992) using a 200 m
WP-2 closing net, with somewhat different results (e.g. abundance of cyclopoid
copepods, etc.).

More studies are obviously needed, combining catches with closing nets and
direct observations of the fragile species (e.g. Ctenophora lobata) from manned
submersibles (Cyana, Johnston-sea-link).

The lessepsian migrations initiated very early with the arrival in Port Said in
1899 of the crab Portunus pelagicus now sold on the markets in Egypt. Especially
since the completion of the Aswan Dam, the migrations from the Red Sea to
the Levantine Basin are increasing. They mainly concern fish [about 50 species
(Golani, 1990)], decapods [some 37 species, many of great commercial value:
penaeids and crabs (Galil, 1992)], benthic molluscs, polychaetes, and ascidians.
The Levantine Basin is undergoing a progressive evolution into an appendage
of the Red Sea as a Lessepsian province.
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Concerning the plankton, it is necessary to be extremely critical owing to
the total lack of old documentation on the populations. It is now accepted that
numerous species are relicts of the former Tethys which outlined the dry out
periods of the sea (Por, 1989; Goy et al., 1990). Moreover only epipelagic species
are concerned.

To be identified as a lessepsian migrant, a species must have been found
both in the Levantine Basin, the Red Sea and in the Suez Canal.

Nevertheless different species are obviously recent migrants: dinoflagellates
[Ceratium egyptiacum (Halim, 1990)], the chaetognath Sagitta neglecta (Halim,
1990), the copepods Calanopia elliptica, C. media, Acartia centrura and more
recently Paracalanus aculeatus and Calocalanus pavo, etc. (Berdugo, 1968, 1974;
Kimor, 1983; Halim, 1990; Lakkis, 1990). Among the medusae, some fifty percent
of those recorded from the Lebanese coasts are cosmopolitan; just a few belong
to the Indo-pacific fauna but may be relicts (Goy et al., 1990, 1991). Among
the Scyphomedusae, three are recent Eritrean invaders: Cassiopea andromeda,
Phyllorhiza punctata and especially Rhopilema nomadica, the umbrella of which
can reach a 60 cm diameter (Galil ef al., 1990); this species is very harmful to man.
But curiously enough, the euryhaline neritic cladocera Penilia avirostris present
for a long time in the Suez Canal and also recorded from the Gulf of Suez and
from the Western Mediterranean and the Black Sea does not pass beyond Port
Said. Other plankters display the same behaviour. The reason is not known.

Owing to the importance of this biogeographic phenomenon, a continuous
survey of the area is undoubtedly of considerable interest.

2.— The Arabian (Persian) Gulf.

The Arabian Gulf is a sedimentary basin displaying the shape of a shallow
lagoon, 1,000 km long and 300 km wide at the maximum.

The Gulf is connected at 26°30'N to the Gulf of Oman and the northern
Arabian Sea through the bottle necked Straits of Hormuz outlining the Musan-
dam Peninsula.

The Gulf of Oman is more than 3,000 m deep at its eastern side but the
steeply slope of bottom rises to about 80 m deep at the Straits of Hormuz. There
is no real sill.

The maximum depth of the Arabian Gulf is less than 120 m, with about 35 m
in mean. The deepest part (> 50 m) is off the Iranian coast, stretching along the
main axis of the lagoon. Therefore most of the Gulf belongs to the euphotic zone.
The Arabian coast is lined by a continental shelf with varying width and less than
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20 m deep. There is no continental edge. This coast is also the most damaged by
oil pollution.

Surrounded by arid and warm countries and submitted to an intense evapo-
ration, the Gulf is a concentration basin. The only important input of fresh water
is the Shatt el-Arab but its influence remains limited to the innermost part of the
Gulf. The surface salinity, about 36.5%o at the Straits, gradually increases up
to 40—-42%o or even more in the shallow bays (e.g. between Qatar and Trucial
Coast). An anticlockwise surface current runs along the Iranian coast: with the
density increase, the water sinks to the bottom, flows out through the Straits of
Hormuz and finally contributes to the dense layer observed about 300 m deep
in the Arabian Sea. The surface temperature varies according to the season and
the zone of the Gulf considered: 22°C at the inlet and only 14°C at the far end
(due to cold northerly winds) in winter, but 30 to 35°C everywhere in summer.
Salinity and temperature gradients are opposite.

Information regarding the origins of the Gulf and the local hydrodynamics
is given by Sheppard et al. (1992).

The Gulf is submitted (as the Red Sea) to the NE monsoon, responsible
for an important drift of open sea plankters of Indopacific origin. Concerning
the plankton and its ecology, the Gulf remains relatively less investigated. It
was neglected by the International Indian Ocean Expedition if one excepts a



270 J. GODEAUX

three-day cruise of the French ship Commandant Robert Giraud in May 1961
[10 stations operated (Frontier, 1963a)]. Later on a Japanese cruise [Umitaku-
Maru in December 1967 (Yamazi, 1974)] explored the shallow zone along the
Arabian coast and an American cruise [Atlantis II in March 1977 (Grice and
Gibson, 1978; Gibson ef al., 1980)] prospected the deepest part of the Gulf. But
the most intensive investigations were done by Michel et al. from September 1979
to August 1980 (Michel et al., 1982, 1986a,b), mainly in the Kuwait waters and
above a 20 m depth. Halim (1984) also compiled the information on the plankton
of the Gulf and the Red Sea.

The two last campaigns are complementary but unfortunately the collections
remain still partly sorted out and only a few groups have been exhaustively
studied.

The Gulf has been divided into three parts following the sediments compo-
sition (Emery, 1953), divisions maintained by the planktonologists.

The American expedition identified some 105 species of protists, mainly
algae (spring bloom), say Diatoms 55, Dinoflagellates 30, Coccolithophoridae 7.
A few species are dominant: e.g., Nitzschia delicatissima, N. closterium, Rhizosole-
nia alata var. indica, Coscinodiscus gigas (500 um diameter), Coccolithus (Emil-
iana) huxleyi, Calcisolenia murrayi and Gephyrocapsa oceanica. Local swarms of
Foraminifera and Radiolaria were also noted. The phytoplankton primary pro-
duction is high during summer and fall, very low during spring (Al Abdulkader,
1990).

In the zooplankton, the copepods, the ostracods and the cladocera are
dominant, followed by the coelenterates, the chaetognaths, the thecosomatous
pteropods and the tunicates (appendicularians, doliolids and salps).

The copepods have been identified by Yamazi, Michel et al. and Gibson et
al., the ostracods by Michel et al.

a) Cladocera. They represent a variable proportion of the total catches, ranging
from 0 to 26% between Qatar and Tirucial Coast. Penilia avirostris, a neritic
and euryhaline species, is the most abundant followed by Evadne tergestina,
an open sea species. A third species, Podon sp., is rarer. In the shallow Gulf
of Suez, rather similar to this Gulf, Evadne spinifera replaces E. tergestina
only observed in summer in the deep Gulf of Aqaba. According to Michel et
al. (1986b), Penilia and Evadne are mutually exclusive having their peaks at
different moments of the year.

b) Chaetognatha. The number of species is relatively important (Casanova, pers.
communic.) and some of them are frequent, in descending order: Sagitta
bedoti and S. enflata, especially present in the eastern part, S. neglecta and
Krohnitta pacifica in the innermost part, S. ferox in the centre, and S. bedfordii
in the whole basin. Five more species are less common: S. pulchra, ...
(Michel et al.,, 1986b). S. pacifica, a mesopelagic species, is limited by
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the 200 m isobath, and does not penetrate into the Gulf (Furnestin and
Codaccioni, 1968).

¢) Thecosomatous pteropods. Just a few species are present in the lagoon.
Creseis virgula is recorded from the three sectors with the less frequent
Creseis acicula. Cavolinia globulosa is present at the limits of the 2™ and
the 3™ sectors (Rampal, pers. communic.). Moreover a few specimens of
Limacina inflata were caught in the eastern sector and of Hyalocylis striata
in the strait proper (Frontier, 1963b). Cavolinia longirostris was also observed
in the Kuwait waters (Michel et al., 1986a, b).

Except Limacina inflata, none of these pteropods is present in the Gulf of
Suez where they are replaced by four other species (Rampal, 1990). All these
species are the most frequent and abundant ones encountered in the Arabian
Sea (Frontier, 1963b). Desmopterus papilio, a nude cosmopolitan species was
also collected. Numerous veliger larvae of gastropods and lamellibranchs
were also observed, with a few Atlantidae and larvae of gymnosomatous
pteropods (Clionidae).

d) Tunicata.

— Appendicularia: they constitute a small fraction of the plankton, often less
than 5% or even 1%, except at a station (Atlantis IT ) of the eastern sector
off the Trucial Coast where they amounted to 22.5% of the total. Oiko-
pleura longicauda, the most frequent species, O. rufescens and Fritillaria
formica {. digitata are caught in the three sectors of the Gulf. O. fusiformis
is limited to the innermost part whereas Fritillaria pellucida f. omani and
two large species, Stegosoma magnum and Megalocercus huxleyi are found
from the Straits of Hormuz to the south-eastern bay of the Gulf. All these
species are also known from the Gulf of Oman, where they form the bulk
of the 13 local species (Fenaux, 1964 and pers. communic.).

— Doliolids: the five species present are cosmopolitan. All the stages of

development were observed. The dominant species is Doliolum denticu-
latum. Curiously enough, D. nationalis, a neritic species, is rare in the
catches of Atlantis II'; it was commoner in those of the Cd Robert Giraud
(Godeaux, 1988b). The second species in importance is Dolioletta tritonis
(with D. gegenbauri). The genus Doliolina is only represented by a few
characteristic larvae as probably the other small forms escape the nets.
No specimen of Doliolina indicum characteristic of the Indian Ocean has
been observed.
The distribution of the doliolids is very irregular in Atlantis I catches:
absent or almost absent in the stations near the Straits of Hormuz and in
the western part of the Gulf, and very common proportionally elsewhere
(from 2 to 20% of the catches).



272 J. GODEAUX

— Salps: As previously observed (Godeaux, 1988b), just two species were
identified: the very common Salpa (Wheelia) cylindrica, widely distributed
throughout the tropical waters, and Thalia rhomboides, an Indo-pacific
species often mistaken for Thalia democratica (Michel et al., 1986a). The
catches of the salp Pegea confoederata off the Kuwait coast is interesting,
as this large salp lives in the oceanic waters.

The presence of these herbivora, often of a small size, is an indirect proof
of the existence of tiny protists grazed by them.

The Arabian Gulf is inhabited by an impoverished Indo-pacific fauna. Only
the most frequent epipelagic plankters present in the Arabian Sea and the Gulf
of Oman succeed in settling in the Gulf. Settlement is proved by the existing
successive stages of development of different species.

It must be emphasized that the specimens of Cavolinia longirostris, Sagitta
bedfordii, Krohnitta subtilis and Pegea confoederata caught in the northwestern
part of the Gulf, were in an excellent condition. That means that the anticlock-
wise circulation is faster than previously stated (Michel, pers. communic.).

Nevertheless the Arabian Gulf remains underinvestigated up to now. The
determinations of the species must be extended, and their annual cycles and
successions followed. Probably the estimation of effects of recent oil spills on
these insufficiently known populations will be difficult. A comparison with the
similar Gulf of Suez is just being initiated and will be pursued.
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