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A 3-dimensional coupled hydrodynamic and biological model has been used to study the effect of the
physics on the productivity and the carbon export of the ecosystem outside Troms county, northern
Norway. The horizontal grid point distance is 4 km. The ecosystem model consists of eight state vari-
ables (nitrate, ammonium, silicate, diatoms, flagellates, microzooplankton, fast sinking detritus, slow
sinking detritus) and assumes that nitrogen and silicate are the limiting nutrients. Measured
mesozooplankton biomass (mainly Calanus finmarchicus) is used to impose the effect of grazing. The
parameters used by the model are mostly taken from the literature, but monthly measurements of CTD,
nutrients, chlorophyll, micro- and mesozooplankton, and sedimentation have been used to validate the
model output. The measured data were compared and contrasted with two model scenarios (i.e. without
and with advection), where the latter run was in best agreement with the field data. This may be due to
a more realistic physical setting, since without advection, the nutrient supply comes only via vertical
mixing, while with advection nutrients are being advected into the euphotic zone via topographically
steered upwelling. These upwelling “hot spots” are found downstream with an elevated annual produc-
tion> 160 g C m2, of which 70 % is new production. Comparing the partitioning of carbon between the
components in the pelagic food webs in the Bering Sea and the north Norwegian shelf, the highest
similarity in species assemblages may exist between the outer Bering Sea shelf and the north Norwe-
gian shelf. The mesozooplankton carbon flow in both areas is calculated to approximately 60 g C m™
yr'. An important difference in the routing of the flow is present, where at the Norwegian shelf
mesozooplankton grazing in the model was fuelled exclusively by microzooplankton. The modelled
carbon fluxes outside North Norway during the study period may be influenced by topography, and the
highest phytoplankton crop is found near the high productive area, close to the shelf break after the
spring bloom. The banks (as Nordvestbanken) receive much of their water from the adjacent shelf
region, which in general has less biomass than the shelf break. The trenches like Malangsdjupet receive
most of their water from the shelf break and will therefore in general tend to have net import of biomass
which sinks out to deeper layers where the residence time is longer.
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INTRODUCTION

The continental shelves are situated between land and
open oceans and have become refuse pits of developed
nations at the same time as they are nursery grounds
for the most important fish stocks in the world. A grow-
ing awareness of the importance of these regions for
the bordering societies has led to several recent multi-
disciplinary research programs, with the EU funded
program Ocean Margin Exchange Processes (OMEX)
focusing on carbon fluxes on the Western European
shelves as one example.

Boreal shelf structures are subjected to high variabil-
ity in the physical forcing where temperature, nutrients,

and light climate vary extensively through the year
(Hopkins & al. 1984). In addition to this, the shelf eco-
systems are a strong advective regime with surface cur-
rents close to 50 cm s~ in several regions (Nordby & al.
1999). The carbon dynamics of topographically com-
plex and variable hydrodynamic shelf ecosystems can
therefore by no means be understood on the basis of field
data alone due to inadequate sampling methods in space
and time (see Walsh 1988). Model approaches, resting
as much as possible on sound data, are therefore needed
to scale for instance carbon fluxes in these areas.

In North Norwegian waters, most of the recent in-
vestigations regarding the trophodynamics of the ma-
rine pelagic systems have been carried out in the coastal
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Fig. 1. Model domains (upper panel) . The inserted figure shows the area covered by the large
scale model (20 km) and the nested model domain is shown by a rectangular box. Selected
isobaths are indicated, as well as Stn C at Nordvestbanken. Simulator structure (lower panel).

zone and fjords of northern Norway (e.g. Eilertsen &
Taasen 1984; Hopkins & al. 1989; Tande 1991; Hegseth
& al. 1995; Wassmann & al. 1996). Although some oft-
shore investigations were carried out in the Norwegian
Sea during the 1950s (e.g. Halldal 1953; Sverdrup 1953;
Braarud & al. 1958), little is known about plankton dy-
namics and sedimentation processes off the north Nor-
wegian shelf, (but see Setre & Mork 1981; Rey 1981a,

1981b; Peinert 1986; Peinert & al. 1987). To the best of
our knowledge, up to now, no simultaneous studies of
the cycles of nutrients, phytoplankton, zooplankton, and
suspended matter have been undertaken on and off the
north Norwegian shelf covering the entire productive
season. The field study within the scope of OMEX was
therefore highly warranted (e.g. Andreassen & al. 1999;
Nordby & al. 1999; Ratkova & al. 1999; Wassmann &
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al. 1999) and leads up to the present paper which is a
validation of a coupled biological-physical model.

Here we address several questions pertinent to the
dynamics of lower trophic levels in boreal waters: Is it
possible to establish a simplified coupled physical-bio-
logical model which mirrors the seasonal variation (i.e.
from March to September) in the measurements of the
principal components investigated in our field program?
After having critically compared the model with our
field data, we then applied the model in order to ad-
dress the following:

1. Isthe primary production partitioned reasonably be-
tween the components defined in the model, and how
does the calculated carbon budget fit to other shelf
areas as for instance the Bering Sea?

2. Isthere good coherence between the physical condi-
tions and the estimated primary production in the
study region outside North Norway?

3. By using two contrasting topographical settings, a
bank (Nordvestbanken) and a trench (Malangsdjupet)
we investigate how the local variations in topogra-
phy modify the seasonal variation in the lateral car-
bon fluxes (i.e. from March to September).

MODEL DESCRIPTION

HyDRODYNAMIC MODEL

The hydrodynamic model is based on the primitive
Navier-Stokes equations solved by a finite difference
scheme. The model uses the z-coordinates in the verti-
cal direction (i.e. each model level has a fixed thick-
ness except for the surface level and the one close to
the bottom). A detailed model description is found in

Stele-Hansen & Slagstad 1991 and Moseidjord & al.
1999). The model domain covers an area of 500 x 400
km? off the coast of Northern Norway (Fig. 1). The hori-
zontal grid point distance is 4 km and 20 vertical lev-
els. The thickness of the levels from the surface is: 10 m,
6XxX5m,10m,6Xx25m,2x50m, 100 m, 200 m,
400 m, 2000 m. The open boundary conditions for this
(nested) model is generated by a regional model cover-
ing most of the Norwegian Sea and the whole Barents
Sea (Slagstad & Wassmann 1996). The coupling be-
tween the models is performed by a flow relaxation
scheme (Martinsen & Engedahl 1987). The horizontal
grid point distance is 20 km and the vertical resolution
is the same as for the nested model. At the open bounda-
ries, the current velocities are specified (Slagstad & al.
1999), and temperature and salinity are taken from the
monthly Levitus (1982) database.

Atmospheric forcing is the same for both models.
Wind and air pressure input is taken from the Norwe-
gian Meteorological Institute’s hindcast data archive
(Eide & al. 1985) for the year 1994. The heat flux is
calculated from air temperature, humidity, cloud cover
that is interpolated from available meteorological sta-
tions within the model domain and the theoretical height
of'the sun. Initial values of temperature and salinity were
taken from the Levitus database (Levitus 1982). Fresh-
water input is calculated from average seasonal run-off
(Tollan 1974). Advection of any scalar property c is
performed by the advection-diffusion equation

%+ Adv(c)+ Diff (¢) =G (1)
't
where G is the local rate of change of a constituent (e.g.

temperature, salinity or a biological state variable). The
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two operators, Adv and Diff represent the advection and
the diffusion terms, respectively, which are defined as:

Adv(c) = % (uc) + % (ve) + % w+wp)c ()

. 2 (9 aC

Diff (¢) =-K;V~c &KV % 3)
where ¢ is time, x, y, z are the three spatial coordinates,
u, v, and w are the current speed in x, y, z directions,
respectively; K, and K are the horizontal and vertical
eddy diffusion coefficients. For later use we define the
combined advection-diffusion term 4D = Adv + Diff.
K, is taken to be constant, 200 m* s™' for the regional
model and 10 m? s™! for the nested model. The vertical
eddy diffusion is calculated from the Richardson number
and a simplified surface wave model (Slagstad &
Wassmann 1996).

EcoLoGIicAL MODEL

The model structure chosen here is based on the field
investigations performed in the region in 1994
(Andreassen & al. 1999; Halvorsen & Tande 1999;
Ratkova & al. 1999; Wassmann & al. 1999a; Wassmann
& al. 1999b; Urban-Reich & al. 1999; Verity & al. 1999).
The ecosystem model assumes that nitrogen and sili-
cate are the potential limiting nutrients on the North
Norwegian shelf and consist of eight state variables
(Fig. 2). These compartments are: nitrate (No,), ammo-

Table 1. Model Equations.
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nium (Na), silicate (Si), diatoms (Di), flagellates (F),
microzooplankton (Mji), fast sinking detritus (Df), slow
sinking detritus (Ds). The mesozooplankton (Me) is
dominated by Calanus finmarchicus and we have used
the interpolated biomass values based on monthly sam-
pling interval in order to specify the grazing pressure
(see below). The basic unit used in the model is mmol
N m=3. When conversion to carbon is needed, the Red-
field ratio (Redfield & al. 1963) is applied. An initial
(winter value) concentration of nitrate was specified to
10 mmol m™.

The phytoplankton growth is a function of light, nu-
trients and temperature and will vary with solar eleva-
tion (i.e. the season, latitude and the time of the day)
and position in the water column. A relationship be-
tween the solar elevation and photosynthetic available
irradiance (PAR) has been established by using a model
of Bird (1984). The attenuation coefficient, &, of light
in the water column is described by Parsons & al.
(1983):

k = {k,, +0.0088CH +0.054Ch)>' 3} /E (4)

where £ (m™) represents the attenuation coefficient of
pure seawater (Smith & Baker 1981), Chl is the con-
centration of chlorophyll @ and u is the average cosine
of the light field that equals 0.6 (Kirk 1983). Using this
operator as defined by equations 1-3, we can write the
model equations as shown in Table 1.

dDi

®) = AD(Di) = DI PE(T) min{f; , G, G) - tip;— S(No3, Na, SH]-GL. -G,y

oF

©) o+ AD(F) = FLPF (1) min{f; Gy} =y 1= Gy

+ AD(No3) = —DiP5(T) min{f; ,GY", G} — FPE (T) min{f;,G%} +¢,,Na

=t AD(Na) = —DiPE min{f; ,Gy,Gg} — FPE min{f; Gy} — dn, Na + MeE,,

=t AD(Mi) = Mia; (G +G Ly — Epi(Di, F) =y ] — MeGat (Di, Mi)

JdNo3
(10)
JdNa
(11)
oMi :
(12) l 7
dDs . Di | ~F .
(13) 7*‘ AD(Ds) = Mi(l—a ) X Gpg +G ) + UpDit+ fp F =y pgDs
aDf .
(14) 7+AD(Df)=D1S(N03,Na,Sl)+(l—aC)Me—yFDf
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Nutrient limitation on growth rate of diatoms and flag-
ellates are calculated by a Michaelis-Menten equation.
Nitrogen to support primary production is supplied from
two sources, nitrate and ammonium and we assume that
the limitation is the total nitrogen available (Fasham &
al. 1990). The following expression is used for nitro-
gen limitation

_ No3
kN+ No3

Na

e YNy

Gy

Table 2. Parameters used in the biological model.

where k,, is the half saturation constant for uptake of
nitrate and ammonium, Y is a parameter determining
the suppression of nitrate uptake in presence of ammo-
nium. For diatoms, the nutrient limitation is the mini-
mum of nitrogen, silicate or light limitation.

The loss of diatoms due to sedimentation of resting
spores and aggregates is assumed to be caused by nu-
trient depletion. This, in nature, complex process is de-
scribed by a formula given in Wassmann & Slagstad

Variable Value Units Meaning
agi 0.02 mg C (mici}:lﬁ)" h™  Chlorophyll a-normalised photosynthetic efficiency of diatoms
(mmol m?s™)
o lé’ 0.035 mg C (m% Cﬁhlfz)’l h'  Chlorophyll a-normalised photosynthetic efficiency of flagellates
(mmol m2s7')!

P”?Dl- 1.05 mg C (mg Chla)! h™'  Chlorophyll a-normalised maximum gross photosynthetic rate of diatoms

P,fF 2.0 mg C (mg Chla)! h™'  Chlorophyll a-normalised maximum gross photosynthetic rate of flagellates

N_C 0.16 - Nitrogen to carbon ratio

Chla_C;  0.03 - Chl a : C ratio in the diatoms

Chla_C,  0.02 - Chl a : C ratio in the flagellates

ky 0.4 mmol m= Half-saturation constant for nitrate

Uy 0.05 = Mortality rate of diatoms

W 0.05 ! Mortality rate of flagellates

grj‘rﬁx 0.63 d! Maximum specific grazing rate of microzooplankton on flagellates at 0 °C

C ;}‘1 V/ AZi 5/5 mg C m™ prer feeding threshold for microzooplankton feeding on flagellates and
diatoms, respectively

C gn/ AZi 30/30 mg C m™ C_ritical concentr_ation for microzooplankton feeding on flagellates and
diatoms, respectively

C TA}/:[lr A//[ gi 5/10 mg C m? Lowe.r feeding thresl?old for mesozooplankton feeding on microzooplankton
and diatoms, respectively

Cg:[lu/l/[gl 20/100 mgCm3 Criticgl concentratiop for mesozooplankton feeding on microzooplankton
and diatoms, respectively

W, 0.05 d! Mortality rate of microzooplankton

a, 0.7 - Assimilation efficiency of microzooplankton

k, 0.04 m’! Attenuation coefficient for pure sea water

a, 0.7 - Assimilation efficiency of mesozooplankton

\j 1.4 (mmol N m™)! Parameter describing the inhibition effect on nitrate uptake by ammonium

dmn 0.004 h! Parameter (Eqn 6)

dmx 0.02 h! Parameter (Eqn 6)

dg 0.1 -

Parameter (Eqn 6)
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(1993) which transform diatoms into the compartment
of fast sinking detritus
—min{GL G2}/ d
S = (dmn + (dmx - dmn))e £ (6)

where S is the specific rate of conversion from diatoms
to fast sinking detritus, d,_, d and dg are parameters
given in Table 2. A constant specific rate of dead dia-
toms and flagellates (often associated with respiration)
are turned into slow sinking detritus.

The functional relationship of the photosynthetic ac-
tive radiation (/) and the specific photosynthetic rate
(f)) is described by the following formula

fr=1-e @B (7)
where ¢ is the chlorophyll a-normalised photosynthetic
efficiency and P2 is the chlorophyll a-normalised maxi-
mum gross photosynthetic rate (see also Jassby & Platt
1976; Sakshaug & Slagstad 1991).

An apparently important grazer in the investigated
area is microzooplankton. This functional group con-
sists of several species, which vary in biomass during
the season (Ratkova & al. 1999; Verity & al. 1999).
Microzooplankton is usually assumed to feed on flag-
ellates (Hansen & al. 1993), but observations on dia-
tom grazing have also been observed (Nejstgaard 1994).
Here we assume that microzooplankton prefer flagel-
lates. Mesozooplankton consumes microzooplankton in
this context represented by C. finmarchicus, which was
found to dominate the mesozooplankton biomass dur-
ing the period of study (Halvorsen & Tande 1999). We
have not modelled this species dynamically, but used
linearly interpolated measured biomass values (see be-
low) as a forcing function in the model. C. finmarchicus
is assumed to feed both on diatoms and microzooplank-
ton. The biomass of the mesozooplankton is specified,
but its impact on the ecosystem through grazing, excre-
tion and fecal pellets production is simulated. Since the
mesozooplankton is dominated by Calanus, parameters
for this functional group will be closely related to this
species in the model. The species has a high biomass in
spring and early summer. In June C. finmarchicus al-
ready starts to migrate to deep water and its biomass
decreases, in accordance with the mesozooplankton bio-
mass which has been found to stay close to the surface
during the spring but shift gradually towards the depth
during the summer (see Falkenhaug & al. 1997;

m
/8
Halvorsen 1997). This is modelled as a reduction in the
active biomass involved in the ecological interactions
in the euphotic zone. Monthly, spatial averaged biomass
values (Table 3) were interpolated in time. It was fur-
ther assumed that half of the biomass found below 50
meters was actively feeding in the surface layer.

The mesozooplankton was allowed to graze on both
diatoms G, and microzooplankton Gi%# following a
functional relationship described by Carlotti & Radach
(1996). Maximum grazing rate was set equal to 24% of
body weight per day. A linear functional relationship
between available food and grazing were used. On the
other hand, if the maximum grazing rate at a given tem-
perature cannot be sustained, the additional food is taken
from diatoms. A linear functional relationship is used
(see Table 2), starting from a lower feeding threshold
(CMy and levels out at the critical concentration (C2).
Grazing on diatoms started at a lower threshold value
of 10 mg C m™ and a critical concentration of 100 mg
C m> was set, whereas the corresponding grazing pa-
rameters for microzooplankton were 7 mg C m? and
20 mg Cm. The assimilation efficiency (a,, ) was equal
to 0.7 and the excretion rate (£,,) was 10 % of the graz-
ing rate + 1 % of the mesozooplankton biomass per day.

Detritus is divided into a slow and a fast sinking com-
ponent. The slow sinking component encompass non-
assimilated material, dead bodies from microzooplank-
ton and dead diatoms and flagellate cells, whereas the
fast sinking component is made up by fecal pellets and
dead bodies from mesozooplankton and sedimenting
diatom cells (resting spores, aggregates, etc.). The fast
sinking component has a sinking rate of 50 m d! and
degradation rate of 0.33 d™!, whereas the slow sinking
component has a sinking rate of 1 m d™! and a degrada-
tion rate of 0.05 d! (see Table 1 for model equations).

SIMULATED RESULTS

The model is run according to the above specification
along the following simulation steps (see also Fig. 1,
lower panel):

1. Regional model for a period of about eight months
and with saving the boundary conditions for the
nested hydrodynamic model.

2. Nested hydrodynamic model with saving daily av-
erage of flow field, temperature and vertical mix-
ing coefficients.

Table 3. Monthly average biomass (g C m™) of copepods from the shelf within the study region outside Troms.

Depth intervall March April May June July August  September
0-50 m 0.16 0.29 7.13 1.26 0.96 0.8 1.6
50 m — bottom 0.16 0.95 0.64 2.43 1.87 2.0 0.81




3. Regional ecological model using no gradient as the
open boundary conditions for the biological state
variables. The boundary conditions for the nested
model domain are being saved.

4. Nested ecological model takes input from the pre-
vious simulated flow fields, boundary conditions
and cloud cover and produce results which are saved
for later analysis. Typical time for one simulation
run (7 months) is 4 days on an Ultra Sparc work-
station.

StATION C WITHOUT ADVECTION

In order to test the dynamic behaviour of the ecological
model a 1D scenario was run. Simulated time series of
temperature and vertical eddy diffusion coefficients from
a position corresponding to Stn C on Nordvestbanken
(Fig. 1) were used as input. The primary production
started in March and increased rapidly to 1 gCm=d" in
mid April, when deepening of the mixed layer reduced
the production again. The spring bloom reached a maxi-
mum production of (3.6 g C m2 d') around 20 May (Fig.
3 F) and terminated due to nitrate limitations a few days
later. During the following summer the nitrate concen-
tration in the upper 30 m was below 1 mmol m~, but the
surface concentration of silicate remained high (above
4.5 mmol m=). The production showed large fluctua-
tions as a result of mixing events, bringing nutrients into
the euphotic zone with average values around 0.5 g C
m2d™". The phytoplankton was dominated by flagellates.
In late May, when the microzooplankton was controlled
by mesozooplankton grazing, concentrations of flagel-
lates up to 6 mmol N m~ (i.e. 450 mg C m~) were found
(Fig. 3C). When the grazing pressure from
mesozooplankton was reduced in June and the biomass
of microzooplankton increased, the flagellate concentra-
tion was reduced to about 15 mg C m™.

Total, annual primary production was estimated to
137 g C m?, of which 58 % was new production. It is
important to note that only 17 % of the production were
provided by diatoms. Total export through a 75 m sur-
face was 32.3 g Cm~2 yr' while 27.5 g C m™ yr' reached
the bottom at 147 m. Integrated mesozooplankton graz-
ing was 48 g C m2 yr.

StaTioN C WITH ADVECTION

The outcome of the 3D simulation (Fig. 4) demonstrates
that the surface nitrate was depleted in a short period
at the end of May. Average surface nitrate was 2 mmol
m~3during the period, although values less than 1 mmol
m™ were also found. The utilisation of silicate is about
the same as in the non-advection scenario, with a dia-
tom fraction of total production estimated to 22 %.
The variation in concentration of diatoms was low
and values in the mixed layer were between 10 and 20
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mg C m> from early April to September. The flagel-
lates were found in high concentrations (up to 400 mg
C m™) from late May to mid June in a period where the
mesozooplankton concentration was high. After this pe-
riod mixed layer concentration was around 15 mg C m.

An elevated primary production was observed in this
run totalling to 164 g C m2 yr! of which 66 % was new
production. Total export through a 75 m surface was
40.1 gCm?yr'and30.5 g C m?2yr' reached the bot-
tom at 147 m. The mesozooplankton grazed 43 g C m=
yr! that mostly was obtained on microzooplankton.
Microzooplankton grazing on flagellates and diatoms
was integrated to 61.4 and 10.6 g C m~ yr!, respec-
tively.

DISCUSSION

In the present model we have obtained modelled data
which can be compared and contrasted with field ob-
servations from 8 cruises of one week duration each
separated by approximately one month (see Nordby &
al. 1999) during the simulation period. The validation
of the model should be conducted by great care, since
great variability in the spatial distribution of phytoplank-
ton has been found on the Northern Norwegian shelf
even when sampled within time intervals of days with
spatial resolution less then two nautical miles (see for
instance Babichenko & al. 1999). In the following we
discuss the validation of model results in two separate
scenarios, with and without advection.

VALIDATION AT STATION C WITHOUT ADVECTION

The modelling results derived from Stn C without
advection (Fig. 3) indicate clearly that large differences
exist between modelled and observed data during 1994.
For example, the model nitrate is depleted in the sur-
face layers in May while that rarely was the case in the
field (see Wassmann & al. 1999), but the modelled dis-
tribution of silicate is more coherent with the data. The
phytoplankton carbon was dominated by flagellates (81-
99 % of biovolume), while that of diatoms was low
(Ratkova & al. 1999) as predicted. The modelled bloom
of flagellates in May and June with a predicted maxi-
mum of 450 mg C m* spreading from the surface down
to 60 m depth is opposed by field data, which revealed
maximum average concentration in the upper 100 m of
50 mg C m™ (Ratkova & al. 1999). The field data dem-
onstrated that no major accumulation of phytoplankton
(in terms of diatom chlorophyll and flagellates) occurred
on the shelf during the productive period in 1994 (see
Wassmann & al. 1999; Ratkova & al. 999). Also the
distribution pattern and the concentration of micro-
zooplankton predicted by the model differ from the data,
but the predicted vertical flux of carbon was similar to
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Fig. 3. Model dynamics at Stn C on Nordvestbanken without advection. A. Nitrate (mmol N m~). B. Silicate
(mmol m). C. Flagellates (mg C m=). D. Diatoms (mg C m~). E. Microzooplankton (mg C m). F. Total
primary production (g C m-2d™"). G. Solid line, export through the 75 m surface and as dashed line, export to
the bottom (g C m d™'). H. Net “export” to mesozooplankton (g C m= d™').

the patterns observed on the shelf (Andreassen & al.
999). Obviously the prediction by the model at Stn C
under the exclusion of advection is not well validated
by observed data.

VALIDATION OF STATION C WITH ADVECTION

The model at Stn C with advection reflects the observed
data far better. The decline of silicate is slow and both
nitrate and silicate are not depleted in the surface lay-

ers (Fig. 4). The biomass of the flagellates dominates
the phytoplankton biomass, while diatoms never accu-
mulate in great numbers, except during summer in the
surface layers. Microzooplankton accumulates in June/
July and the rates and patterns of vertical carbon export
at 75 m fit well to those recorded during the field inves-
tigation (Andreassen & al. 1999). Both the time and
depth variations of vertical carbon export, as well as
the rates are well mirrored by the model. The seasonal
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mesozooplankton grazing rate fits well to rough calcu-
lations presented by Verity & al. (1999). The reasons
for the improved coherence between modelled and ob-
served data when advection is being introduced may
have several reasons. One feature which we would like
to emphasis is that in the non-advection case, nutrient
supply comes only via vertical mixing, while with ad-
vection nutrients are being advected into the euphotic
zone via topographically steered upwelling (Moseidjord

& al. 1999). This latter mechanism for upwelling oc-
curs in areas which is situated mainly at the entrance to
Malangsdjupet, 2-3 days upstream to our Stn C (see
Fig. 1) and provide a time period which is well within
the response time for phytoplankton.

While many of the dominant patterns, concentrations
and rates seem adequately reflected in the model with
advection, not all the predictions are in accordance with
the observations. The minimum silicate contact concen-
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tration was lower and the concentrations of flagellates,
diatoms and microzooplankton (Ratkova & al. 1999;
Wassmann & al. 1999) higher compared to the model.
Why is this so? One reason could be that the model is
set to represent Stn C while the field observations used
in the validation are close to the shelf edge. High fluc-
tuation is observed between various sites across the
shelf, where for instance copepod biomass was found
to differ by a factor of 2-3 in, and around, Malangsdjupet
during a sampling interval of 2-4 days (Babichenko &
al. 1999; K.S. Tande, unpublished). The inherent vari-
ability driven by the instability of the model, the ana-
lytical precision of the various variables and the restric-
tions in the sampling design and frequency will obvi-
ously affect the observed differences between the model
and the field data. Nevertheless, the model seems to
reflect the ecosystem dynamics at the shelf of Nord-
vestbanken to an acceptable and adequate extent. In the
following we have used the modelled data to address
the three objectives stated in the Introduction.

ANALYSIS OF MODELLED DATA
CARBON BUDGET

In order to compare the modelled carbon flow with pub-
lished data from other boreal regions, we have compared
data from our model with calculated rates from the Bering
Sea shelf (Table 4). The different annual carbon budgets
from the outer and middle Bering Sea shelf are clearly
rooted in different trophodynamic structures in the
pelagic community (Walsh & McRoy 1986). The outer
shelf is close to an oceanic basin, which acts as an
overwintering site for large copepods. The simulated
annual primary production is about the same for the North
Norwegian shelf as found for the outer and middle Bering
Sea shelf. The winter nutrients concentrations on the
North Norwegian shelf is less than half those of Bering

Table 4. Carbon fluxes on the Bering Sea Shelf (values in g C
m~ yr') and for the period from March to September for the
North Norwegian Shelf (values in g C m™ for the simulation
period from 1 March to 30 September) as calculated by the
model outlined in the present paper. Bering Sea data adopted
from Walsh (1988).

Notes. ! grazing from mesozooplankton is exclusively medi-
ated via microzooplankton, see text for further explanation.

Group Bering Sea Shelf North
Outer Middle Norwegian
Shelf
Total primary production 166 166 157
Microzooplankton - - 100
Mesozooplankton 68 26 - 60!
Detritus (export) 94 130 57
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Sea shelf (Whitledge & al. 1986; Wassmann & al. 1999a).
Therefore, a large fraction of the annual primary pro-
duction on the North Norwegian shelf is based on nutri-
ent supplied to the euphotic zone after the spring bloom.
On the outer shelf primary production supports an es-
sentially pelagic food web, with a strong component of
zooplankton grazers or predators like on Nordvestbanken.
The situation is reversed on the middle and inner shelves,
where less of primary production is grazed by
zooplankton but settles instead to the bottom as detritus
(Table 4). These differences are rooted in a different com-
position of grazers, composing two size classes with dif-
ferent life histories. The larger long-lived species, such
as Neocalanus cristatus, N. plumchrus, and euphausiids
occupy mostly the outer shelf, while short-lived small
organisms such as Pseudocalanus spp., Oithona spp.,
and Acartia longiremis predominate on the inner and
middle Bering Sea shelf (Heinrich 1962; Walsh 1988).
At the relatively narrow shelf outside Troms, the site spe-
cific differences in species composition are much less
prominent than the seasonal shifts. After the seasonal
descent of C. finmarchicus to deeper waters (300-500 m)
in late summer, other species like Pseudocalanus spp.,
Temora sp., Acartia sp., and Oithona sp. will be respon-
sible for the carbon turnover in surface waters (Halvorsen
1997). This shift is not being mirrored in our grazing
model. We scaled grazing according to the biomass of
C. finmarchicus, which is found to compose approxi-
mately 80 % of the > 180 um depth integrated biomass
during the study period (Halvorsen 1997; Halvorsen &
Tande 1999). This may not fully cover the functional
relationship between grazing and ambient food concen-
trations that are in operation, since the seasonal shifts
towards small sized grazers, will promote grazing on
small particles (i.e. diatoms) at low concentrations as
well.

The highest similarity in species assemblages may
exist between the outer Bering Sea shelf and the north
Norwegian shelf in 1994, in which the routing of car-
bon to mesozooplankton has been estimated to approxi-
mately 60 g C m2 yr! in both areas. An important dif-
ference in the routing of the flow is present, where on
the Norwegian shelf mesozooplankton grazing in the
model was being fuelled mainly by microzooplankton
(see Table 4). In the model setup we specified meso-
zooplankton grazing being balanced by a microzoo-
plankton and a diatom source, with two important con-
ditions. Firstly, we defined ciliates being strongly linked
to both flagellates and diatoms via a threshold value of
5 ug C I, and secondly we modelled the functional
relationship between mesozooplankton and diatoms
with a lower threshold value of 10 ug C 1! (see Table
2). The functional relationship for the ciliate grazing is
in accordance with data obtained from the Sargasso Sea



}@‘ Slagstad & al. — Modelled carbon fluxes 313

Distance (grid points)

Distance (grid points)

Fig. 5. Annual simulated primary production (g C m). The white, broken lines show the 200 m

and the 500 m isobaths.

(Lessard & Murrell 1998). The latter threshold is lower
than the experimentally determined threshold for
copepods from literature (Gamble 1978). Preliminary
test runs demonstrated the need to adopt a low thresh-
old value in order to mimic the temporal patterns of a
low standing crop of diatoms observed in our field data.
A slightly higher lower threshold (about 40 ug C I'")
may have proved to be more adequate, but it may have
failed to dramatically increase the flow of carbon be-
tween diatoms and mesozooplankton.

During the simulation period the diatom concentra-
tion was only occasionally above the lower threshold
value defined, which then directed the carbon consump-
tion from mesozooplankton directly to microzooplank-
ton. It is now being established that mesozooplankton
graze or, under certain conditions, prefer ciliates as prey
(i.e. Stoecker & Capusso 1990; Kleppel 1993;
Nejstgaard & al. 1994). Ohman & Runge (1994) showed
that a ciliate dominated carbon intake of 2.2-10 % com-
pared to a diatom dominated diet was sufficient to sus-
tain comparable egg production and lipid synthesis in
C. finmarchicus. On the other hand, in a turbulent area
like the north Norwegian shelf the mesozooplankton
species are apparently not able to decimate the stand-
ing stocks of ciliates. Our investigation during 1994 was
not designed to resolve the partitioning of phytoplankton
carbon between microzooplankton and mesozooplank-
ton (i.e. the planktonic food chain vs. the microbial food
chain) in a scientifically solid way, but the consistent
low phytoplankton crop at the shelf from March to Sep-
tember is tantalising.

SPATIAL DIFFERENCES IN PRODUCTION

This scenario demonstrates that there is substantial vari-
ability in primary production within the modelled area
(Fig. 5) with a maximum annual primary production
(ca. 190 g C m™) found along a band just inside the
shelf break (defined by the 500 m isobath). The reason
for this could be linked to supply of nutrient rich water
via vertical mixing and topographical steered upwelling.
Outside Vesterélen, the shelf narrows and the average
depth decreases, which will tend to enhance the speed
of the coastal current to more than 0.6 m s' on the av-
erage, with maximum modelled velocities well above
1 m s'. Simulated values correspond reasonably well
with ADCP measurements (Orvik & al. 1995; see also
Nordby & al. 1999). During the summer, the stratified
water masses flowing into this region from south tend
to destabilise due to turbulence created by the bottom
friction and alternating up and down welling caused by
the strong currents flowing on the irregular bottom to-
pography. At the northern tip of Andeya, the Andfjorden
trench makes a 400 m deep cross-shelf cut through the
shelf. A large fraction of the flow on the shelf (about
45 %) makes a right turn into Andfjorden and flows out
again on the southern flank of Sveinsgrunnen. When
this westward flowing current meets the strong current
at the shelf break, it is forced to flow above the south-
western corner of Sveinsgrunnen (see for instance
Nordby & al. 1999, for details of the study site). This
topographically steered upwelling acts as a chimney
where water, rich in nutrients is supplied to the euphotic
zone. The same mechanisms are found at the outlet of
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Fig. 6. Time dependent, net organic carbon import to Malangsdjupet (A) and Nordvestbanken (B).
The smoothed, thick line was obtained by 10-day low-pass filtering of the total import. The lower
panel (C) shows the wind velocity and direction in May-June in the nested model area. The direc-
tions of the arrows correspond to the model orientation.

the trenches further north (see Fig. 5), and thus a gen-
eral feature along the shelf. The upwelling creates also
the base for the high new production rate in the areas
where most of the primary production is based on ni-
trate.

LATERAL CARBON FLUX

The elevated production found just inside the shelf break
(shelf break is defined along the 500 m isobath) is
advected into the cross-shelf trenches along their south-
ern slopes. The residence time for water along the high
production zone just inside the shelf break is short and
a large fraction of the carbon is exported either into the
shelf trenches or off-shelf across the shelf break. In

Malangsdjupet the simulated, average residence time
of surface water is 2.5 days, but increases to more than
10 days below 150 m. Carbon that sinks out from the
euphotic zone is likely to be consumed in the region
before it is exported. The average net import to
Malangsdjupet (Fig. 6A)is 0.29 gCm2d ' or 62.6 gC
m? yr! from the outer shelf. This is about 50 % of the
new production in the area of Malangsdjupet. Further
north, Nordvestbanken area appears to provide a net
export of organic carbon (Fig. 6B). The average resi-
dence time here is about the same as in Malangsdjupet,
but the increase with depth is much smaller. The aver-
age net export from the bank is 12.7 g Cm=or 13 % of
the new production. The type of this export varies con-
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siderably during the study period, with a predominance
of phytoplankton in early June and detritus in July-Sep-
tember.

The average, simulated transport of the Norwegian
Coastal Current and the Norwegian Atlantic current on
the shelf is about 1.3 Sv measured across a section be-
tween the northern tip of Andeya and the shelf break.
The model simulates a net, average water transport from
the shelf break in the investigation area (along a transect
of 135 km between Andeya and Nordvestbanken) of
0.22 Sv. The average net export is 12.5 kg C m™' d!
with a maximum of 40 kg C m™' d! in June. Since the
highest production is found just inside the shelf break,
a net export of organic carbon off the shelf is expected.
The average calculated export during the simulation
period is 12.5 kg m™ d~'. There are, however, large
differences along the shelf and export values of 350 kg
m~! d! are found outside the northern slope of Malangs-
djupet. The highest import values (i.e. onto the shelf)
are around 200 kg m™' d' found at the entrance to
Andfjorden and around the northwestern corner of Nord-
vestbanken.

Most of the net transport of organic matter between
the shelf and the oceanic region takes place from mid
May to the end of July, during a period where we find
the highest biomass and also the greatest horizontal gra-
dients. The noisy pattern that is seen in the lateral trans-
port in June is due to a period with strong shift in wind
direction and magnitude which coincide with the time
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