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Abstract 

The population dynamics of a marine zooplankton species in the Fair Isle Current off northern Scotland have been 
investigated by modelling and field study. An age- and weight-structured model of a population of the copepods Culanus 
jinmarchicus and Calanus helgolandicus was embedded in a biomass based ecosystem model comprising nutrients, 
phytoplankton, and other non-Calanus zooplankton. The mode1 was configured to represent a Lagrangian water column 
drifting in the Fair Isle Current off the north of Scotland during June 1988, with physical characteristics derived from 
the results of a three-dimensional hydrodynamic model of the northwest European shelf. The time-series results from 
the model were compared to data from a semi-synoptic field study by assuming the system to be short-term steady 
state and transposing the spatially resolved field observations into pseudo-time series along the modelled column drift 
track. The hydrodynamic model correctly reproduced the general physical characteristics of the system which were 
destratification of an initially stratified water column as a result of advection through a tidally energetic mixing zone, 
and subsequent re-establishment of stratification with distance downstream. The biological components of the model were 
broadly successful at reproducing the main features of the phytoplankton biomass response to the physical processes. 
The field data indicated that, despite the short-term changes in phytoplankton abundance along the drift track, the stage 
composition and biomass of the Calanus population was relatively stable. However, the model revealed that the main 
diagnostic features of the response were at the individual level, reflected in the weight at age distribution and reproductive 
output. The study highlights the difficulty of obtaining adequate data for testing complex models of zooplankton responses 
to short-term spatio-temporal variations in physical forcing. Crown Copyright 0 1997 Published by Elsevier Science B.V. 
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1. Introduction 

Modelling the short-term responses (less than one 
month) of zooplankton populations to resource fluc- 

tuations is a demanding task. Simple bulk biomass 
models can rarely capture the key diagnostic features 
of the response, which is likely to be most strongly 
reflected in the developmental stage composition of 
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the population rather than in the population biomass. 
Structured population models of zooplankton species 
have previously been published (e.g., Carlotti and 
Nival, 1992; Carlotti et al., 1993; Henderson and 
Steele, 199.5; Steele and Henderson, 1995; Car- 
lotti and Radach, 1996) but coupling to the lower 
trophic levels and to physical forcing in a way which 
adequately accounts for both spatial and temporal 
dynamics has not yet been achieved. Three-dimen- 
sionally resolved ecosystem models such as ERSEM 
(Baretta et al., 1995) typically carry a wide range of 
state variables at each spatial node, so that modelling 
the complete nutrient-plankton food web requires 
compromises in terms of the detail with which any 
one species or group of species can be represented. 
The inclusion of age and/or size resolved represen- 
tations of particular species is potentially very costly 
in computational terms and therefore problematic 
for incorporation in a three-dimensionally resolved 
model. In this study, we develop a Lagrangian water 
column model to represent the planktonic ecosystem 
in a parcel of water drifting through the frontal sys- 
tem in the Fair Isle Channel, and embed within this a 
structured population model of the copepod Culunus 
sp. (representing Calanus fmmarchicus and Calanus 
hefgolundicus which co-occur in the study area). The 
results are evaluated by reference to data from a ded- 
icated field study. The approach is a compromise on 
the physical structure which still retains both spatial 
and temporal characteristics, but which provides a 
platform for development of the structured popula- 
tion model. The next step (Bryant et al., 1997) will 
be to simplify the structured population model whilst 
retaining its essential dynamic properties, to an ex- 
tent that inclusion in a three-dimensionally resolved 
scheme becomes feasible. 

2. Study background 

2.1. General characteristics of the study region 

The spatial characteristics of hydrographic fronts 
in shelf seas are often correlated with distributions of 
biomass at all trophic levels and frequently coincide 
with biogeographic boundaries between biological 
communities (Simpson and Hunter, 1974; Le Fevre, 
1986). Often, the observed distributions of biomass 
can be accounted for in terms of the variation in 

vertical diffusivity across the front which controls 
the productivity of autotrophs through the supply of 
nutrients and the mean irradiance, and hence the sup- 
ply of resources to heterotrophs (Pingree et al., 1978; 
Holligan, 1981; Le Fevre, 1986; Tett et al., 1986). 
However, there is increasing evidence that horizontal 
transport processes may also play an important role 
in determining the structure and function of biologi- 
cal communities at fronts (Home et al., 1989; Mann 
and Lazier, 1991). The physical mechanisms in- 
volved in transport along frontal systems and the as- 
sociated upwelling have been described (Garrett and 
Loder, 1981), but the mechanisms of cross-frontal 
transport are less well understood. Such processes 
must involve large changes in water column poten- 
tial energy over relatively short time periods. One 
area where strong cross-frontal transport has been 
observed is in the Fair Isle Channel between the 
Orkney and Shetland Isles off the north of Scotland. 

The Orkney and Shetland Islands form part of 
a ridge extending northwards from the mainland 
of Scotland parallel to the continental shelf edge 
(Fig. 1). The area to the west of the ridge, between 
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Fig. 1. Location of the Fair Isle Channel in relation to the seabed 
topography together with standard sampling stations (filled cir- 
cles) and ‘key stations’ (open diamonds) where enhanced sam- 
pling was carried out during a survey in June 1988. 
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the islands and the shelf edge, is approximately 100 
km wide with water depths of 100 to 200 m. A pole- 
ward jet current flows along the shelf edge and warm 
high salinity water is mixed onto the shelf at various 
locations. Tidal currents west of the ridge are weak 
enough to permit seasonal stratification of the water 
column, although the exposure to wind and wave ac- 
tion causes frequent deep mixing events. East of the 
ridge, the waters of the northern North Sea basin are 
subject to intense summer stratification. The ridge 
itself is punctuated by two gaps. First, the Pentland 
Firth between Orkney and the Scottish mainland, and 
secondly the Fair Isle Channel between the Orkney 
and Shetland Isles. Maximum water depth over the 
ridge is approximately 90 m and tidal currents across 
the whole length of the ridge are sufficiently strong 
that the water column remains mixed throughout the 
year (Pingree and Griffiths, 1978). 

There is a small net residual flow through the 
Pentland Firth but a strong residual current flows 
eastwards across the ridge into the North Sea through 
the Fair Isle Channel, mid-way between Orkney and 
Shetland. The inflow is composed of water of both 
Atlantic and Scottish coastal origin. The Atlantic 
water is drawn from transport across the shelf edge 
west of Scotland, and the coastal water from in- 
shore areas off the north and west coasts of the 
mainland. The flow through the Channel has be- 
come known as the Fair Isle Current (FIC) (Dooley, 
1981, 1983; Turrell et al., 1990). Dooley (1981) 
noted that during summer months the source waters 
for the Fair Isle Current are stratified, whilst in the 
Channel itself the water column is mixed through- 
out the year. Downstream of the Channel the waters 
become progressively more stratified with distance 
into the North Sea. Persistent blooming of phyto- 
plankton was reported on the downstream side of 
the Fair Isle Channel, and Dooley suggested some 
relationship between the composition and abundance 
of algae and the strength of flow through the Fair 
Isle Channel. Dooley (1981) hypothesised that the 
basic control of the summer ecosystem in the Fair 
Isle Channel depends on de-stratification of the wa- 
ter column as the current enters the mixing zone 
and its subsequent re-stratification as the flow enters 
the North Sea. The breakdown of stratification on 
the upstream side of the Channel pumps nutrients 
from the subsurface layers into the euphotic zone 

which can then be utilised by autotrophs as the water 
column restabilises on the downstream side. 

The hypothesis of Dooley (1981) was based on 
field observations of hydrographic and biomass dis- 
tributions coupled with moored current meter deploy- 
ments. However, the feasibility of the hypothesised 
mechanisms and the extent to which any enhanced au- 
totrophic productivity may benefit heterotrophic pro- 
duction has never been quantitatively examined. Such 
questions are important since the Fair Isle Channel 
region is ecologically significant as a major seabird 
breeding area, supported mainly by the production of 
small planktivorous fish (Ammodytes marinus), and 
for pelagic fisheries (Clupea harengus). Against this 
background, the area is an attractive setting for devel- 
opment and testing of a structured population model 
of a zooplankton species. 

2.2. Sources of data 

The modelling work required data as external forc- 
ing, for setting initial and boundary conditions, and 
for evaluation of the results. Physical forcing data 
were prepared by processing the output from a three- 
dimensional hydrodynamic model. Chemical and bi- 
ological initial, boundary and evaluation data were 
available from a field survey. The principles behind 
the preparation of data for presentation to the model 
are described in the following sections. A brief sum- 
mary of the field data collection is given below. 

Field data were collected from MV Eastella be- 
tween 12 and 24 June 1988. The survey was con- 
structed from a series of radial transects centred on 
the Orkney Isles, each cutting across the core of the 
Fair Isle Current, and one longitudinal transect down 
the axis of the Current from west to east (Fig. 1). 
At each station along the transects hydrographic and 
chlorophyll fluorescence profiles were collected with 
a CTD system, surface water samples collected for 
nutrient analysis (nitrate and nitrite), and depth-inte- 
grated mesozooplankton collections carried out with 
a towed 200~wrn mesh plankton net. More detailed 
sampling was carried out at 10 ‘key stations’ where 
in addition to the standard sampling, 30 dm3 water 
samples from different depth were filtered through 
30-pm mesh nets to retain zooplankton, and further 
water samples preserved intact for the analysis of 
phytoplankton and microzooplankton, and nutrients 
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(nitrate and nitrite, ammonium, phosphate and sili- 
cate). Vertical profiles of u-radiance were measured 
with a lowered photomultiplier. Also, egg produc- 
tion rate by live female specimens of Calanus sp. 
caught with a vertical haul net was measured in 24-h 
incubations as described by Hay (1995). 

Bulk biomass estimates of phytoplankton (mg 
chlorophyll mW3) and mesozooplankton (mg C mm3) 
were derived from the samples collected at all sam- 
pling stations. In addition, full taxonomic analyses 
of the fauna and flora in the samples collected at 
the ten key stations were carried out, including the 
developmental stages of the main copepod species. 
Data from the water samples and the collections 
made with the various mesh sizes of nets at the key 
stations were then combined to produce quantitative 
depth-integrated estimates of the numerical abun- 
dance of phyto- and zooplankton siecies ranging in 
size from microflagellates of t3 pm diameter to 
large mesozooplankton (e.g., euphausiids) and larval 
fish (lo-20 mm length). Subsequently, the numer- 
ical abundances were converted to species biomass 
by reference to a database of species mean carbon 
weights, and all except C. jinmarchicus and C. hel- 
golundicus were aggregated into functional group- 
ings. The two Calanus species were treated as a 
single species (Calanus sp.) since they cannot be 
distinguished by light microscopy in naupliar and 
immature stages, but retaining the stage resolution of 
the original data. 

3. Modelling approach 

As outlined in Section 1, the main incentive for 
the study was development and testing of a structured 
population model of Culunus sp. capable of simulat- 
ing the short-term dynamics of abundance in a rel- 
atively complex hydrodynamic system. The popula- 
tion model required an environment in which to op- 
erate, and this was provided by coupling to a simple 
nutrient-phytoplankton ecosystem model with the ad- 
dition of a coarse representation of the other zooplank- 
ton competing with Culunus for prey. One-dimen- 
sional (vertical) implementations of similar models 
have been developed previously (e.g., Carlotti and 
Radach, 1996) but in these cases the systems have 
been forced with physical data representing the tem- 
poral dynamics at a fixed (Eulerian) location. Ap- 

proaches such as these could not easily incorporate 
the horizontal fluxes of nutrients and biota at any 
fixed location in the Fair Isle Current which are very 
significant in relation to the vertical fluxes. Imple- 
menting a coupled population and ecosystem model 
system in a three-dimensional setting capable of sim- 
ulating these effects would present many difficulties. 
As a step in this direction, the approach taken here has 
been to implement a Lagrangian one-dimensional wa- 
ter column model and simulate the temporal dynamics 
of the biological components as the column is trans- 
ported through the mixing zone by the Current. The 
spatial trajectory of the column and the physical con- 
ditions within the column (vertically resolved eddy 
diffusion and temperature) are derived from the output 
of a three-dimensional Eulerian hydrodynamic model. 
Hence, the temporal dynamics of the forcing data re- 
flect both regional temporal variations (e.g., season- 
ality and storm passages) and spatial variations due 
to the instantaneous geographical location of the col- 
umn. Exchange between the modelled column and the 
outside is permitted only at the open deep boundary. 

The integrity of the Lagrangian water column ap- 
proach relies on two main assumptions regarding 
vertical shear in the model region, and the coherence 
of the tracked water mass. First, vertical shear is 
assumed to be negligible. If strong vertical shear is 
present then the various layers in the initial water 
column will in reality be advected along very differ- 
ent trajectories and the concept of an intact drifting 
column will be invalidated. And second, horizontal 
exchange with water masses of different properties is 
assumed to be zero. If the streamlines in the region 
diverge or converge, then this would indicate signifi- 
cant horizontal exchanges between water masses and 
invalidate the drifting column concept. 

Testing of the integrity of these assumptions in the 
Fair Isle Channel area is described in the following 
sections. 

4. The hydrodynamics of the fair isle current 

4.1. Description of the hydrodynamic model 

The physical setting for the Lagrangian water col- 
umn model was provided by the output from a three- 
dimensional hydrodynamic model (HDM) specifi- 
cally formulated to predict the temperature stratifica- 
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tion of the North Sea (Pohlmann, 1996a,b,c,d). The 
full model domain extended from the shelf edge in 
the northwest to the continental European coast in 
the east and included the North Sea region 50”-62”N 
S’W- 13”E. The Orkney-Shetland region occupied 
only a small part of this region. 

The horizontal node spacing of the HDM was ap- 
proximately 20 km. The vertical node spacing was 
devised to have the greatest resolution over the region 
of thermocline development. The upper 50 m was di- 
vided into ten layers of equal thickness whilst below 
50 m the layer thickness became progressively greater 
with depth (10 m, 15 m, 25 m, 50 m, and so on). 

The surface forcing parameters for the HDM were 
temporally resolved sea surface temperature, wind 
stress and air pressure fields. At the open boundaries 
of the HDM, the forcing due to the M2 tide and 
all other significant far-field effects were provided 
by a vertically integrated two-dimensional baroclinic 
model extending westwards into the Atlantic Ocean. 

The HDM outputs (three dimensional flow vec- 
tors, temperature, salinity, vertical eddy diffusion 
and Schmidt number at each model node) were 
provided by the model originators (the Institut fur 
Meereskunde, Hamburg, Germany) at a time resolu- 
tion of one hour for the years 1988 and 1989. 

4.2. Coherence of streamlines in the HDM frow field 
and column integrity 

The first test of water column integrity involved 
the release of particles from a grid of start points 
covering the western boundary of the model domain. 
Particles were launched at fixed depths and tracked 
until they left the model domain or grounded. This 
was carried out for a range of depths (layers in the 
HDM) down to 150 m. Taken layer by layer, the 
particle trajectories or streamlines derived from the 
HDM were tightly packed, suggesting the presence 
of a core current. The origin of the core current 
was at the western boundary of model domain cen- 
tred about latitude 59”2O’N. The particle trajectories 
from north and south of this position showed strong 
divergence from the core streamline bundle suggest- 
ing that they represented water masses distinct from 
the core current. These features were a persistent 
pattern in the particle trajectories for all but the 
top layer. The wind-induced horizontal shear occa- 

sionally caused the surface Ekman layer (top 5 m 
of water) trajectories to differ markedly from the 
pattern observed for deeper layers. 

Within the core, the water column is assumed 
to progress through the channel between Shetland 
and Orkney without significant dislocation along the 
column length, i.e. minimal vertical shear. To test 
the validity of this hypothesis, a number of particles 
(one at each HDM layer) were released at the core 
origin. Animation of the ensemble of trajectories 
revealed that the particles spread out as they progress 
through the shallowest section of Orkney-Shetland 
gap. However, the prevailing tendency was for the 
particles to regroup in deeper water southeast of 
the gap. Furthermore, the amount of spread was 
generally not significant compared to the overall 
length of the trajectory and was mostly along the 
trajectory path rather than across it. 

The final test involved tracking column stream- 
lines as opposed to individual layer streamlines. 
Here the particles along a line of depth were cou- 
pled to form a column. The column was displaced 
by some average of the individual particle velocities. 
The details of the weighting scheme for determin- 
ing the column velocity are described later. For this 
test, a set of 22 columns were launched from a line 
of constant longitude (4’24’E) covering the latitude 
range from 58”42’N to 59”45’N. The columns were 
started at 01:OO h on 1st May 1988 and tracked for 
80 days at the HDM time-step of one hour. The ex- 
ercise was repeated using the 1989 HDM flow field 
for the same start time/date. The column trajectories 
for May-July 1988 are shown in Fig. 2. Note that 
the column positions are plotted at daily intervals 
so that the tidal ellipse component of motion does 
not confuse the overall picture. These trajectories 
(or streamlines) include a tightly packed bundle of 
tracks that pass through the gap with little lateral dis- 
persion, revealing the core current in the HDM flow 
field. A closely similar pattern was present in the 
1989 HDM output for the same months. Further tests 
have demonstrated that the core current is a generally 
stable feature in the HDM data throughout the years 
1988 and 1989; only severe meteorological forcing 
conditions completely disrupt the streamline bundle. 

The dimensions of the tidal ellipse (major axis) 
traced out by the column-streamlines during each 
tidal cycle were not constant. The ellipse length min- 
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Fig. 2. Trajectories (daily resolution) of columns released along a line of constant longitude on 1 May 1988. Column tracks representing 
the core of the Fair Isle Current are shown heavy, columns outside the current core are shown faint. Dots indicate the locations of 
horizontal grid nodes for the subset of data from the North Sea hydrodynamic model. Dry nodes (land) and the boundary to the shelf 
model are indicated by filled grey boxes. 

ima (-2-4 km) were in deep water at the beginning 
and end of the track. The maximum length of the 
ellipse was mid-way in the shallowest water where 
it ranged from -8-10 km. These dimensions define 
the scales over which water in the core must be con- 
sidered to be laterally well mixed. The dimensions of 
the tidal ellipse (2-10 km) are, however, small when 
compared to the overall length (without the elliptical 
excursions) of the trajectory (-250 km). 

Taken together, the findings from these tests lend 
support to the following hypotheses that: 
??a core current does exist; 

??it is a persistent feature for the majority of 
weather/forcing scenarios for the years 1988 and 
1989; 

??the vertical shear in the core current is small 
compared to the trajectory length; and, 

??over small scales the core current is likely to be 
laterally well mixed. 
In conclusion, the sensitivity analyses established 

the validity of representing the spatial and tempo- 
ral variability of the physical characteristics of the 
Fair Isle Current by a Lagrangian water column open 
only at the bottom boundary. Adopting this approach 
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greatly simplifies the task of implementing a stage- 
resolved model of Calanus in tandem with a bulk 
biomass representation of the remaining plankton 
ecosystem. Details of the calculations required to 
compile the physical parameters required to force the 
biological dynamics of the water column model from 
the HDM data, are described in the following section. 

5. The Lagrangian water column system 

The requirements of the physical component of 
the Lagrangian water column system were to de- 
rive the geographical position of the column at each 
time step, and extract from the HDM output the in- 
stantaneous values of temperature and vertical eddy 
diffusion for each depth layer in the column. 

5.1. Water column trajectory 

The horizontal components of the water column 
velocity at each model time step were a depth 
weighted average of the HDM u (east-west) and v 
(north-south) velocity components at the fixed grid 
points in the HDM surrounding the instantaneous po- 
sition of the column. The biological model required 
that the column length remain constant throughout 
the simulation. The maximum possible water col- 
umn length was therefore limited to the minimum 
seabed depth encountered along the modelled tra- 
jectory. It should be noted that the bathymetry of 
the HDM is itself a smoothed model of the actual 
bathymetry with a horizontal resolution of -20 km. 
A preliminary study was necessary to determine the 
maximum column length which could pass through 
the Orkney-Shetland gap under a wide range of con- 
ditions without grounding. These exploratory tests 
revealed that, for a column released at the standard 
start position, the minimum seabed depth along the 
track was in the range of 80 to 100 m. Displacing the 
start position by 5-10 km, or the start time by 14-28 
days did not alter these findings. In fact, the col- 
umn trajectory from the standard start position was 
found to be stable for the majority of flow regimes 
in the hydrodynamic model data for 1988 and 1989. 
The water column length was therefore set to 75 m, 
which was the lower boundary of the 12th layer in 
the HDM data. Thus, using the east-west (u) veloci- 
ties as an example, the horizontal components of the 

velocity of the column at time t, u,(t) and vC(t>, were 
the layer-thickness weighted averages of the layer 
velocity components along the length of the column: 

k=12 

7 Uk(t)dk 

c dk 
k=l 

where uk(t) is the u-component of flow velocity at 
time t for layer k, and dk is the thickness of layer k. 

The HDM velocity field varied considerably in 
magnitude and direction over distances comparable 
to the model node separation (-20 km). Also, the 
HDM bathymetry contains steep gradients to the 
north of Orkney where the column trajectory passes 
through the gap; for some adjacent model nodes the 
bottom depth steps from 30 m to 100 m. The model 
domain therefore is a highly dynamic system. 

Many particle tracking schemes employ a bi-lin- 
ear interpolation algorithm to determine inter-node 
parameter values. Bi-linear schemes do, however, 
possess several drawbacks. Two-stage interpolations 
make use of only three of the four bounding nodes. 
Three-stage interpolations give an estimate using all 
four nodes, but the estimate is sensitive to the design 
of the scheme for all but degenerate cases, e.g., when 
the inter-node position is at the exact centre of the 
four bounding nodes. Both the two- and three-stage 
bi-linear schemes could therefore introduce a bias in 
the estimate for inter-node magnitude. A more accu- 
rate estimate can be obtained by assuming continuity 
between the four bounding nodes, i.e. a surface fit 
interpolation. This was implemented for the particle 
tracking in the form of a neighbourhood averaging 
scheme whereby the magnitude at the inter-node po- 
sition was a weighted average of the values at the four 
bounding nodes. The weight applied to each bound- 
ing node value was proportional to the l/(distance)* 
from the inter-node position. Rather than evaluate a 
set of weights at every unique position in the col- 
umn trajectory, weights on a fine scale sub-grid were 
pre-determined and reused throughout the simulation. 
The weights at the nearest sub-grid node to the actual 
column position were used in the summation for the 
average. Tests revealed that a sub-grid l/20 the di- 
mension of the actual node separation was sufficient 
- finer scales than this for the sub-grid produced 
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insignificant changes in the column trajectory. The 
HDM model node spacing in the east-west direc- 
tion was latitude dependent, therefore a set of weights 
were evaluated for every ‘row’ of model data. 

As stated earlier, this region is very compact and 
the bathymetry gradients steep. A tracking algorithm 
which does not allow for encounters with a HDM 
dry node would result in the termination of most 
tracks mid-way through the Orkney-Shetland gap. 
The tracking algorithm devised for this particular 
application permits the column to ‘clip’ dry nodes. 
When encountered, a bounding dry node is set to 
the average of the (bounding) wet node values. The 
pre-determined weights are then used to evaluate 
the inter-node value. This strategy for substituting 
bounding dry node data with estimates is tolerated so 
long as at least one of the four bounding nodes is wet. 
This must be so at each of the 12 HDM layers which 
correspond to the column length. If this condition is 
not met the trajectory is terminated. Otherwise, the 
column is tracked until it either leaves the system 
or reaches a specified maximum age. Note also that 
this ‘clipping’ procedure works effectively with the 
surface fit interpolation algorithm. 

The latitude range of the region of interest is 
fairly small: approximately 3” centred on latitude 
6o”N. But even here the imposition of a fixed Carte- 
sian co-ordinate system would result in significant 
displacement errors over the dimensions of the en- 
tire region. To avoid this problem, at each time- 
step the Cartesian xy displacements were converted 
to latitude-longitude displacements (which include 
correction for latitude). The xy displacements were 
evaluated using a simple forward Eulerian method 
for each of the components U, and v,. The track for 
a column launched from the standard start position 
(59”2O’N 4”3O’W) at 01:OO h on the 1st June 1988 
is shown in Fig. 3. This is designated the standard 
June 1988 track - physical forcing parameters were 
extracted from the HDM for this trajectory. 

5.2. Extraction of eddy diffusion and temperatures 
along column tracks 

The travelling column may be visualised as a 
line in the z-plane which cuts through the four- 
dimensional space-time data from the hydrodynamic 
model. The position in time depends on the start date 

and age of the track and the position in space de- 
pends on the track trajectory. 

The physical forcing parameters for the biological 
model were temperature and vertical eddy diffusion. 
The temperature and eddy diffusion data were pre- 
dicted by the HDM at the same temporal and spa- 
tial resolution as the current velocity components - 
hourly time-series for every wet node in the model 
domain. As with the velocity components, inter-node 
values were estimated using the pre-determined 
weights evaluated at the sub-grid scale. The tempera- 
ture and diffusion parameters were extracted from the 
HDM data field as the tracking simulation progressed. 

Even though the method described above pro- 
duced a very finely resolved spatio-temporal data 
set for forcing the biological model it was clearly 
unrealistic to suppose that features on a spatial scale 
smaller than the node separation in the original HDM 
were representative of small scale processes. The raw 
model time-depth data were therefore filtered to re- 
move sub-grid scale ‘noise’. This was achieved by 
means of frequency domain filtering implemented 
using standard fast Fourier transform library rou- 
tines. A low-pass filter was applied to the extracted 
time-depth map layer by layer. The cut-off period 
for the filter was set to 100 h. This time corresponds 
to a net horizontal displacement for the column of 
approximately 20 km, which is equivalent to the 
HDM horizontal node spacing. The filtering there- 
fore ensures that only those processes commensurate 
with the grid scale of the HDM persist in the physical 
forcing time-series for the biological model. 

Following the low-pass filtering, the irregu- 
lar-spaced depth layers were interpolated to a regular 
grid to be subsampled as necessary to extract forcing 
data for the biological model (Fig. 4). For this track 
(June 1988), the bathymetry driven vertical eddy 
diffusion and the erosion of the thermocline in the 
shallow section of the trajectory is readily appar- 
ent. Tracks for other periods also show storm-driven 
surface mixing events. 

6. The biological model 

6.1. Model structure and formulation 

The operating environment of the Calanus popu- 
lation model was provided by dynamic coupling to 
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Fig. 3. Definitive track (hourly resolution) of the Lagrangian water column released on 1 June 1988 and used to derive forcing data for 
the biological model. 

an ecosystem model of lower and competing trophic ??

levels. In developing the ecosystem model it was 
considered important not to loose sight of the overall 
objective, which was to provide a simulated envi- 
ronment for the model Calanus population, and not 
to develop a comprehensive model of the plank- 0 
ton ecosystem. The ecosystem model was adapted 
mainly from that published by Ross et al. (1993, 
1994) and included six modelled components: 
??total dissolved inorganic nitrogen (nitrate, nitrite 

and ammonium) 
??dissolved organic nitrogen 
??detrital nitrogen 

nitrogen biomass of two phytoplankton categories 
representing species with low maximum growth 
rate, nutrient half saturation constant and sinking 
rate (notionally flagellates), and species with high 
values of these parameters (notionally diatoms) 
depth-integrated nitrogen biomass of all non- 
Calanus zooplankton species, including micro- 
zooplankton, having a notional depth distribution 
which adapted to the distribution of prey. 
Two phytoplankton groups were included to rep- 

resent the different species compositions encoun- 
tered in stratified and vertically mixed waters. From 
hereon they are referred to as flagellates and diatoms 
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Fig. 4. Low pass filtered time-depth maps of temperature and vertical eddy diffusion interpolated from the physical model to 1 m depth 
resolution, which formed the physical forcing input to the biological model. 

although it is clear that the distinction between the 
groups is not sufficient to explicitly distinguish these 
taxa. The non-Calanus zooplankton were modelled 
as herbivores even though the group implicitly in- 
cludes many omnivores. However, the purpose of 
including the group was solely to represent the com- 
petitive interaction with Culunus. In this case the 
consequence of carnivorous feeding (other than on 
Calanus) is merely to effect an increase in respiration 
rate and flux to detritus. 

The model was implemented in a one-dimen- 
sional (vertical) depth-resolved water column with 

temperature and vertical eddy diffusion coefficients 
provided as forcing data from the column tracking 
model. Thus, the time dynamics of the system could 
be transposed to spatial dynamics along the column 
trajectory. 

The Culunus model was constructed as a depth- 
integrated metapopulation of individuals feeding in- 
teractively off the two phytoplankton categories and 
in return contributing to the pools of dissolved nu- 
trients and detritus. The implicit depth distribution 
of animals i.e. the depth at which the population 
fed and returned nutrient and detritus to the ecosys- 
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tern, was dynamically linked to the modelled depth 
distribution of prey. The population was constructed 
as an ‘escalator-boxcar train’ (De Roos, 1988) of 
up to 80 age classes each of 1 d width. In this 
model, individuals were recruited initially as eggs, 
and moved along the train with time, increasing in 
weight according to a physiologically based model 
of ingestion, assimilation and allocation of resources 
in an individual Calanus. Mortality was imposed as a 
simple function of body weight to mimic the mortal- 
ity pattern of taxonomic stages. Egg production was 
modelled for individuals which survived to the age of 
maturity, as a function of ingestion and body weight. 
At each output time step the modelled abundance 
of individuals at age was converted to abundance at 
taxonomic stage for comparison with field data. This 
was accomplished by assigning the individuals in 
each age class to a stage according to the modelled 
individual weight-at-age and a standard weight range 
for each stage (Hay et al., 1991; Appendix A, Table 
A5). 

The fact that juvenile stages of C. jinmarchicus 
and C. helgo1andicu.s could not be discriminated 
in the field samples used to initialise and test the 
model presented a conceptual problem for the for- 
mulation and parameterisation. The detailed physio- 
logical differences between the two species are not 
well understood, although they seem to related more 
to temperature than to prey responses, and result in 
different latitudinal ranges and seasonal patterns of 
reproduction. The distributions of the species overlap 
in the Fair Isle area, C. jnmarchicus having a peak 
in abundance in the spring, and C. helgolandicus in 
the autumn (Planque and Fromentin, 1996). Unfortu- 
nately, many physiological studies reported in the lit- 
erature do not unequivocally identify which species 
was being studied (e.g., Thompson, 1982), so it is 
not possible to produce species-specific parameters 
for the physiological responses to temperature. Some 
of the response may be behavioural as reflected in 
different patterns of vertical distribution in relation 
to temperature in stratified water columns when the 
surface temperature exceeds 14°C (Williams, 1985). 
However, these conditions did not occur in the study 
area during June 1988. Taken overall there seemed 
to be no justification for attempting to distinguish 
between the two species in the model. Thus, the 
modelled depth distribution of Culanus stages was 

entirely driven by prey abundance considerations, 
and the temperature dependence of physiological 
responses was generic. 

Mathematically, the ecosystem and Calanus mod- 
els were formulated as a series of coupled ordinary 
and partial differential equations, all of which are 
detailed in Appendix A. To solve the equations, 
the partial differentials were reduce ordinary differ- 
entials by applying the ‘method of lines’ (see for 
example Al-Rabeh, 1992) and solved with standard 
techniques for stiff equations (Gear, 1971; Dew and 
Walsh, 1981). Note that this can in principle be done 
to any arbitrary level of depth resolution. In practice 
a resolution of 10 m was applied. 

6.2. Initial and boundary conditions for the 
biological model 

Initial conditions for each of the components of 
the ecosystem model were supplied as vertical pro- 
files of nutrient concentration, diatom, flagellate and 
non-Calanus zooplankton biomass derived from field 
survey data collected in the area west of Orkney. The 
initial age composition and abundance of the mod- 
elled Culanus population was derived from measured 
stage abundance data by reference to estimates mean 
stage durations at the observed water temperature 
taken from the literature (Thompson, 1982; Pederson 
and Tande, 1992; Miller and Tande, 1993). 

The water surface was taken to be a closed bound- 
ary in the ecosystem model, so that the flux for all 
quantities at the surface of the water column was 
zero. However, the boundary condition at the bottom 
of the column was more difficult to specify. The 
tracking model showed that the water depth along a 
typical streamline decreased to around 75 m as the 
water column entered the shallow region between 
Orkney and Shetland, and then gradually increased 
again on moving into the northern North Sea. Hence, 
the length of the modelled column must be not more 
than the water depth at the shallowest part of the 
track. The column length was set at 75 m and the 
bottom boundary condition switched between being 
open or forced when the water depth was greater 
than 75 m and closed otherwise. The open condi- 
tion was applied to phytoplankton and detritus, while 
dissolved inorganic nitrogen (DIN) and dissolved or- 
ganic nitrogen (DON) were prescribed (outside the 
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75 m depth region) by time-series of concentrations 
at 75 m derived from the field survey data. 

7. Biological data assimilation 

The data from the field survey carried out in 
June 1988 were processed to establish the initial and 
boundary concentrations of state variables in the bio- 
logical model, and to provide time series for compar- 
ing with model results. The approach to data process- 
ing assumed that the ecosystem was approximately 
in steady state over the time scales relevant to this 
study. These time scales were set by the time taken 
to complete the survey (12 days) and the duration of 
envisaged model runs (40-50 days). Accepting this 
assumption, the field measurements at different loca- 
tions were equated to temporal changes in a column 
of water travelling through the system. The assump- 
tion of steady state is justified by the stability of 
thermally stratified conditions in the northern North 
Sea which controls the frontal structures around the 
Fair Isle Channel. Stratification is intense during 
mid-summer and other studies have shown that for 
a period of l-2 months when the heat flux is at 
the seasonal maximum, the nutrient-phytoplankton 
system approaches a steady state (Henderson and 
Steele, 1995). Thus, the steady state assumption is 
tenable for the period covered by the field data, but 
would not be so for other times of year. 

The method for converting the semi-synoptic field 
data to time series was first to interpolate the data 
at particular depth horizons onto uniform grids cov- 
ering the study region (58”00’N-60”30’N, 04”3O’W- 
00”30’E, one depth layer per grid) and then to project 
the surfaces so formed onto the path of the mod- 
elled water column. The data were gridded onto a 
150 x 150 matrix of nodes (1’ latitude x2’ longi- 
tude or approximately 1.85 x 1.85 km) using an in- 
verse-distance algorithm. The column track was then 
overlaid onto each grid in turn, and the temperature 
at the xy (longitude, latitude) location corresponding 
to each hourly interval along the trajectory calcu- 
lated by interpolation. The accumulated data from 
each layer were then equivalent to time-dependent 
profiles of each variable produced by the models. 
Calanus egg production rate, temperature, nitrate 
plus nitrite, and ammonium data were treated exactly 
as described above. Some variations were necessary 

in order to process the phytoplankton and zooplank- 
ton abundance data, and these are described in the 
following sections. 

7.1. Phytoplankton abundance and composition 

The aim was to produce separate time series 
for diatom and flagellate groups. The data available 
were: (1) species-resolved numerical abundance at 
the 10 key stations, and (2) total chlorophyll at 
approximately 1 m intervals at the 70 or so standard 
stations (including key stations). To maximise the 
amount of information extracted from these data, 
both sets were combined, thus obtaining high spatial 
resolution from the standard station data and species 
resolution from the key stations. 

Time series of chlorophyll concentration in each 
10 m depth layer were produced exactly as for 
temperature, and converted to carbon using a car- 
bon : chlorophyll ratio of 30 mg C/mg Chl (Riemann 
et al., 1989). The proportional contributions of di- 
atoms and flagellates to the depth-integrated phyto- 
plankton biomass at the 10 key stations was then 
calculated, gridded and projected onto the column 
track. Diatoms constituted ~10% of the biomass at 
the beginning and end of the track, and up to 50% 
in the middle region. Finally, these proportions were 
applied to the total carbon biomass in each layer to 
obtain the time series for each phytoplankton group 
at 10 m depth intervals. 

7.2. Zooplankton abundance and composition 

In the case of zooplankton data the problem was 
to dissect the total biomass into that attributable to 
each developmental stage of Culanus sp., and that 
due to all other zooplankton. As with the phyto- 
plankton, detailed taxonomically resolved informa- 
tion was available at the key stations only, and more 
general data (total depth-averaged mesozooplankton 
biomass) from the spatially extensive standard sam- 
pling. The procedure was as follows: 

A time series for the depth-integrated total meso- 
zooplankton biomass was produced by gridding and 
interpolation. The proportion of depth-integrated 
biomass accounted for by Calanus sp. (all stages) 
at the key stations was then calculated from the tax- 
onomic data and likewise gridded and projected. The 
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product of these two time series then provided sep- 
arate series for both Calanus sp. and non-Calanus 
mesozooplankton biomass along the column track. 
Next, the Calanus sp. stage composition data at each 
key station were used to estimate the proportional 
contribution of each stage to the total Calanus sp. 
biomass. These proportions were then gridded and 
projected. Finally, the time series of Calanus sp. 
biomass was apportioned to stages and converted 
to numbers of individuals using average weight-at- 
stage data (Hay et al., 1991; Appendix A, Table 
A5). 

It remained to add microzooplankton biomass 
to the non-Calanus mesozooplankton time series to 
produce a series for all non-Calanus zooplankton. 
This was achieved by griding of depth-averaged 
microzooplankton data from the key stations and 
projecting onto the column track in the usual way. 
The results were then added to those for non-Calanus 
mesozooplankton biomass derived earlier. 

7.3. Summary of the observed data 

The temperature time series synthesised from the 
field data is in accordance with the hypothesised 
physical effects occurring along the column path 
and compared well with the results from the hydro- 
dynamic model. Initially stratified conditions were 
broken down in the Fair Isle Channel, and re-estab- 
lished on the downstream side. The data showed an 
increase in depth-integrated chlorophyll correspond- 
ing to passage through the well-mixed region. At 
the same time nutrients were mixed upwards towards 
the surface and phytoplankton mixed downwards out 
of the photic zone. Flagellates dominated the phy- 
toplankton population in the stratified waters, and 
diatoms dominated in the mixed region. This was 
in accord with the principle that flagellates have a 
competitive advantage in stratified waters since they 
sink only slowly, while diatoms are generally able 
to compete more effectively in mixed waters where 
redistribution due to vertical mixing overrides the 
effects of sinking (Joint, 1987). 

Adult Calanus (C6) numbers were roughly con- 
stant throughout. If the steady state assumption is 
accepted then this implies that adult mortality must 
have been broadly in line with the rate of promotion 
from C5. Egg numbers were especially low, and nau- 

plii and Cl numbers were also low, in the early part 
of the track. Eggs and nauplii increased rapidly after 
23 and 37 days, respectively (see Section 8). There 
are some apparent inconsistencies in these data: (1) 
the increase in egg abundance at day 23, together 
with the fact that the average duration of the egg 
stage was less than two days at in-situ temperatures, 
suggests that there should have been be a corre- 
sponding increase in nauplii numbers around day 25, 
not day 37 as observed; and (2) there were apparently 
no eggs at all prior to day 10, yet there were sig- 
nificant numbers of nauplii before this time. These 
discrepancies most likely reflect the sparse nature 
of the original data on eggs and nauplii which was 
based only on the 30 dm3 water samples from the 
ten key stations. The copepodite stage Cl and older 
abundances were based on both water and towed 
net samples which contained many more individu- 
als. Similarly, the observed rates of egg production 
by female Calanus were highest (approximately 23 
eggs female-’ day-‘) during the early part of the 
track and declined with passage through the mixing 
zone (see Section 8), which was inconsistent with 
the absence of eggs from the water column in the 
upstream area and the increasing abundance with 
distance along the track. In view of these uncertain- 
ties, specification of the stage abundance of Calanus 
population at the start of the track for use as initial 
conditions in the model was problematic. The solu- 
tion was to accept the copepodite abundance data as 
being reasonably robust, but to extrapolate the time 
series for eggs and nauplii back from the more stable 
abundances in the mid-part of the track to produce 
estimates of numbers at the start. 

8. Model results 

In the following sections, results from the default 
configuration of the model are presented, followed 
by those from a refined configuration including ad- 
justments to the physical forcing. 

8.1. Default model results 

Vertical eddy diffusion data from the water col- 
umn tracking model are shown, for completeness, 
in Fig. 5, and predicted DIN and phytoplankton in 
Figs. 6 and 7. 
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DIN concentrations (Fig. 6) were over-predicted 
in the surface layer and under-predicted elsewhere. 
Note that the only feature in the observed data 
sufficiently pronounced as to not be attributable to 
noise was the fall in concentration after 10 days 
below 50 m; this was greatly overstated in the model 
predictions. 

Flagellates (Fig. 7) dominated throughout, and 
were greatly over-predicted except towards the bot- 
tom of the column in the first part of the track. 

Extensive sensitivity analysis of biological pa- 
rameters, in particular the phytoplankton ii-radiance 
and nutrient uptake parameters, showed that the val- 
ues which would be required to reconcile the model 
performance in the upper layers with the obser- 
vations would be orders of magnitude outside the 
range of published values. The physical forcing data 
were therefore investigated for an explanation of 
the large discrepancy between the default model re- 
sults and the observations. Returning to the observed 
DIN concentration data along the particle track in 
Fig. 6, consider in particular the differences between 
concentration at the surface and at 10 m. The con- 
centration gradient of around 0.15 mmol m-i was 
maintained throughout, despite the high eddy dif- 
fusion rates predicted by the hydrodynamic model. 
Smaller, but still significant, gradients occurred be- 
tween 10 and 20 m and between 20 and 30 m. A 
simple first order calculation shows that, for a typical 
value (300 m2 d-i) of the eddy diffusion at 5 m in 
the forcing series, maintenance of the observed O-10 
m DIN concentration gradient would require gross 
primary productivity to be in the order of 500 mg C 
rnp3 d-l, i.e. 5 g C m-* d-i in the upper 10 m of 
the water column alone. This is clearly unrealistic. 
For example, Wood et al. (1973) estimated annual 
average gross annual primary production to be only 
0.2 g Cm-* d-’ in the top 10 m of an irradiance-lim- 
ited system in a Scottish sea-loch. The raw nutrient 
data were carefully checked, but no evidence could 
be found of systematic bias between measurements 
at 4 m for the routine stations and in subsurface sam- 
ples from the key stations which could provide an 
explanation. It was concluded that the eddy diffusion 
rates in the surface layer of the HDM were higher 
than could be sustained by the observed nutrient and 
phytoplankton data. A similar conclusion was drawn 
from an investigation of the performance of a water 

column implementation of the ERSEM model forced 
by the same physical data (I. Allen, ERSEM project 
document 1 O/9/95). 

8.2. Rejined model results 

A resolution of the inconsistency between the 
eddy diffusion rates and the observed data was ac- 
complished by scaling the predicted values of the 
eddy diffusion at 5 m by a constant amount, and in 
the absence of measured data this scaling factor was 
treated as a fitting parameter. Similarly, the eddy dif- 
fusion rates at 15 and 25 m were reduced by (other) 
constant amounts. No other model parameters were 
changed during this process. Reduction of the eddy 
diffusion rates at 5, 15, 25 m by factors of 75, 25, 5 
respectively was found to result in more reasonable 
behaviour of the nutrient-primary producer system 
- the remainder of the results presented in this 
section are calculated with this modification in place. 

DIN concentrations (Fig. 8) were now somewhat 
under-predicted in the surface layer, but extremely 
close to the observed data elsewhere. 

Phytoplankton results are shown in Fig. 9. Note 
firstly the sharp peak in observed flagellates at 
around 15 days. Examination of the horizontal dis- 
tribution of nitrate and chlorophyll in the surface 
waters indicates that this was a consequence of a 
small-scale, localised upwelling of nutrients in this 
region. Since the phenomenon occurred on too small 
a scale to be resolved by the hydrodynamic model 
(20 km node spacing) it could not be represented 
in the vertical mixing rate driving data and there 
was therefore no mechanism by which the model 
presented here could reproduce this feature. 

Flagellates were again over-predicted in the upper 
two depth layers, though by no means to the same 
extent as in Fig. 7. The model matched the data at 
the remaining depths reasonably well. Diatoms were, 
however, uniformly under-predicted at all depths and 
the decline in diatom abundance towards the-end of 
the model run was not reproduced. 

‘Other’ zooplankton (Fig. 10) were over-predicted 
by around 25% - this was a result of the over-pre- 
diction of (total) phytoplankton in the depth layers 
in which they were most abundant. The results of 
the structured Calanus model portrayed two main 
cohorts maturing and reproducing during transit of 
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the Fair Isle Channel (Fig. 11). The first cohort was 
present in the initial conditions as immature stages 
C4 and C5, which matured and spawned around days 
10-20. The resulting eggs attained ‘stage C4-C5 by 
the end of the model run, with a few individual 
reaching C6 and initiating a further wave of spawn- 
ing. It is extremely difficult to discern discrete co- 
horts propagating through time in the observed data. 
This is almost certainly because the original data 
were not in fact a time series but a semi-synoptic 
map along the drift track which has been converted 
to a time series by assuming a stable equilibrium 
over the time scale of the column trajectory. Never- 
theless, it can be concluded that the actual Culunus 
population was stable along the trajectory, there be- 
ing no evidence of significant decline in any of 
the stages, and this property was reproduced by the 
model. It should be emphasised that maintaining a 
roughly constant population through time whilst sup- 
porting reproduction and growth is by no means the 
default behaviour for sensitive models of this type. 

Investigation of the individual weight at age re- 
sults for the modelled Calanus population (Fig. 12) 
revealed that individual weight at age decreased, 
or in other words stage duration as specified by a 
weight interval increased, during the first 20 days 
of the simulation and then remained relatively con- 
stant. The conclusion is that modelled phytoplankton 
abundance in the early part of the track was insuffi- 
cient to sustain the initial weight at age distribution, 
but the increased production on entering the mixing 
zone in the Fair Isle Channel redressed this situ- 
ation. No spatially resolved field data on Calanus 
weight-at-stage were available for comparison with 

the model results, but the study clearly demonstrates 
the diagnostic potential of such information. 

The ratio of egg numbers: C6 numbers in the 
modelled population (Fig. 13) reflected the gamete 
production rate. Since the modelled egg stage du- 
ration was 2 days and the daily egg mortality rate 
was 0.9, then the average residence time of an in- 
dividual egg stage was approximately 1.1 d. Hence 
the ratio egg numbers : C6 numbers was within 10% 
of the egg production rate per C6. The ratio re- 
mained low during the first 20 days of the simula- 
tion (~10 eggs/C6), but increased sharply to >20 
eggs/C6 around day 25-30 and then declined to 7 
eggs/C6 by the end of the run. These results differ 
markedly from the ratio eggs : C6 in the observed 
population which, as described earlier, contained in- 
consistencies in egg numbers in the early stages of 
the track, but showed some agreement with the direct 
measurements of egg production by Calanus females 
in bottle incubations carried out aboard the ship. 
The observed rates agreed closely with the modelled 
stage ratio from day 20 onwards. However, on the 
upstream side of the Channel (day O-20), measured 
egg production per female was relatively higher than 
the modelled stage ratio. The reasons for this dis- 
crepancy are far from clear since the observed phy- 
toplankton concentration on the upstream part of the 
track agreed well with the model and seems insuf- 
ficient to support the observed egg production rates. 
One possible explanation could be that on the up- 
stream side of the Channel the Calunus were feeding 
on other zooplankton as well as on phytoplankton, 
whilst this feeding link is not present in the model. 

9. Discussion 

9.1. General strategy 

The work described combines both spatial and 
temporal components of physical variability into the 
dynamics of a water column model. The focus is 
on the population dynamics of a single species 
(Calanus) which is explicitly represented in the 
model, but in an ecosystem context. We explicitly 
account for the entire biomass of other species com- 
peting with, and forming a resource for Culunus, 
but at a lower taxonomic resolution as a platform 
to support the explicit population model. A La- 
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Fig. 12. Modelled time series of individual weight at age in the Calanus sp. population along the column track. 
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Fig. 13. Modelled time series of the ratio of egg numbers to C6 
numbers (continuous), together with the observed (dotted) time 
series of egg production (female-’ d-l) produced by projecting 
gridded data on egg production rates measured at sea onto the 
column track. 

grangian rather than a more conventional Eulerian 
three-dimensional modelling approach was chosen 
in this case to circumvent the need to represent 
horizontal mixing exchanges of Calanus individuals. 
The latter would have required holding the entire age 
and weight structure at each node in the model, with 
attendant overheads on computation costs. There are 
precedents for the Lagrangian approach (e.g., Woods 
and Onken, 1982; Wolf and Woods, 1988; Woods 
and Barkmann, 1995), but few if any involving the 
explicit representation of a particular species in dy- 
namic competition with the rest of the ecosystem. 

The field data available to this study were compre- 
hensive in terms of their taxonomic and spatial res- 
olution, but we were forced to make assumptions of 
steady state in order to synthesise Lagrangian tempo- 
ral dynamics from the data. Other studies have relied 
on Eulerian data with superior temporal resolution, 
but poor or no spatial dimension (e.g., modelling of 
the FLEX studies by Henderson and Steele, 1995). In 
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Fig. 11. Modelled (bold) and observed (dotted) time series of Calanus sp. numbers in stage in the water column. Model run using the 
refined forcing data on vertical eddy diffusion. 
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reality, neither situation is entirely satisfactory. In the 
former case, the spatial distribution of state variables 
was almost certainly not in steady state on the time 
scale of the drift trajectory of our water column in the 
Fair Isle Current, so that our inferred time series data 
could not be a completely accurate representation of 
the evolution of a drifting water column. In the latter 
case (FLEX), it is almost certain that horizontal trans- 
port must have contaminated the time series signals 
at the Eulerian sampling station. The solution would 
appear to be a tracking study based on time series 
sampling close to a drifting marker or a dye tracer 
patch. However, such approaches also have attendant 
problems of accounting for vertical shear and patch 
diffusion. The maximum practicable duration for such 
studies in shelf seas appears to be lo-15 days, being 
limited by the extent to which drifting markers may 
deviate from the movements of the surrounding water 
in tidally energetic areas or dye patches remain iden- 
tifiable. Nevertheless, a long duration tracking study 
with comprehensive time series sampling, carried out 
in a strongly varying physical environment or at a 
dynamic time in the seasonal cycle, could provide a 
strong basis for future modelling. 

9.2. Physics-nutrient-phytoplankton model 

The modelled nutrient-phytoplankton system was 
intentionally simplified in several respects. Inorganic 
nutrients were represented only by DIN, there was 
no explicit representation of the microbial food web, 
and phytoplankton were represented only by two 
competing groups (nominally diatoms and flagel- 
lates). This minimal representation of the lower 
trophic levels, compared to for example the ERSEM 
model (Baretta et al., 1995) was adopted in order 
to minimise the degrees of freedom in the parame- 
ter space outside the main focus of interest which 
in this case was Calanus. It was necessary only 
that the modelled lower trophic levels broadly re- 
produced the spatial and temporal dynamics of the 
total phytoplankton biomass with a minimum of pa- 
rameter fitting. The nutrient-phytoplankton model 
was successful in achieving this, although not with- 
out the introduction of fitting parameters to scale 
the vertical eddy diffusion rates in the upper three 
layers of the water column. The main discrepancy 
was in relation to diatoms which were consistently 

under predicted by the model. The functional dif- 
ferences between the modelled diatom and flagellate 
categories were solely in the nutrient half-saturation 
constant, maximum growth rate and sinking rate, 
but adjustment of these parameters within acceptable 
ranges would probably not resolve the discrepan- 
cies. Initial investigation suggests that the key lies 
in the prey preferences of the modelled Calanus 
and other non-Calanus zooplankton. As presently 
implemented, neither group shows any preference 
for diatoms over flagellates, which means that the 
zooplankton groups respond only to the total phy- 
toplankton abundance. This was intentional, to sim- 
plify the parameter space and focus attention on the 
structured Calanus model. However, in future devel- 
opments we would introduce differential grazing of 
the diatoms and flagellates by the zooplankton. 

Despite extensive investigation, it was not possi- 
ble to reconcile the eddy diffusion rates in the upper 
30 m of the water column derived from the HDM 
with the observed data on vertical distributions of 
DIN and phytoplankton biomass. The observations 
alone suggest that the HDM eddy diffusion rates 
were excessive, but the reasons are not clear. The 
values produced by the HDM at 5 m depth were 
around 200 to 300 m2 d-’ during the period when 
the column was stratified which according to the 
equation of Davies (1986) should be equivalent to a 
wind speed of approximately 2.5 m s-i. Reduction 
of the eddy diffusion rate by the fitting factor of 75 
only changes the estimated wind speed to around 0.5 
ms-’ , which is still consistent with the calm weather 
conditions which prevailed during the field survey. 
HDM eddy diffusion rates at 5 m towards the mid- 
dle of the track, where the column entered the tidal. 
mixing zone, were higher (1000 m2 d-l), and from 
this point onwards the observed temperature gradient 
in the upper 10 m of the water column was steeper 
than that predicted by the model suggesting that the 
propagation of bottom-generated mixing towards the 
surface was overestimated in the model. This is an 
acknowledged area of uncertainty in physical mod- 
elling of shelf seas (Soulsby, 1990; Henderson and 
Steele, 1996). Further extensive analysis of the verti- 
cal eddy diffusion rates produced by the model has 
been presented by Pohlmann ( 1996b). 

Another contributory factor may be the nature 
of the thermal forcing of the HDM. The heat in- 
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put forcing of the HDM was provided by gridded 
sea surface temperature data at 14-d intervals, rather 
than by heat flux data (Pohlmann, 1996b). Tempo- 
ral dynamics in vertical structure and eddy diffusion 
rates in the model were a response to changes in 
surface temperature and wind stress. However, there 
was no attempt at temporal smoothing of the sur- 
face temperature data so that the time variations at 
any geographical location showed high frequency 
fluctuations superimposed on a sinusoidal seasonal 
cycle, which may not be realistic. During 14-d peri- 
ods when the forcing data implied net heating of the 
surface waters, the model responded by predicting 
intensification of stratification and reduced eddy dif- 
fusion rates. Conversely, during periods of implied 
surface cooling the model responded by increasing 
the eddy diffusion to generate a heat flux into the 
deeper layers even under constant wind stress. Thus 
it is conceivable that forcing the HDM with noisy 
surface temperature data may have contaminated the 
short-term dynamics of vertical eddy diffusion in the 
upper layers of the modelled water column. It is pos- 
sible that this may have contributed to the internal 
inconsistencies encountered in our study. 

9.3. Calanus population model 

The attraction of explicitly modelling the popu- 
lation structure of zooplankton species is that stage 
composition appears to be a more robust indicator 
of population status than biomass alone (Steele and 
Henderson, 1993). However, it is clearly meaning- 
less to model the entire zooplankton community on 
this basis as if it were a single species, hence the 
approach we have taken in modelling one species 
explicitly, and the remaining members of the com- 
munity as a bulk biomass group. This ‘twin-track’ 
approach is necessary to correctly simulate the com- 
munity grazing impact. The lower trophic levels 
must be modelled dynamically if it is believed that 
the main species of interest has the capacity to de- 
plete its food resource, and/or suitable phytoplankton 
forcing data are not available. In our study, Calanus 
represented around 20% of the zooplankton commu- 
nity biomass. Forcing the Culunus population model 
with the observed time series of chlorophyll pro- 
duced qualitatively similar results to the dynamic 
version, but at other times of year Calanus can con- 

stitute up to 70% of the biomass and under these 
circumstances the dynamic interaction with the phy- 
toplankton system should be more important. 

Close examination of the field data on the popu- 
lation composition of Culanus sp. revealed some in- 
ternal inconsistencies with respect to the abundances 
of eggs and nauplii. These almost certainly reflected 
the difficulty in obtaining quantitatively comparable 
estimates of the numbers of both the eggs and early 
stages, and the adult stages of copepod species in 
the same population. The differences in individual 
size and typical concentration mean that a single 
sampling device is rarely suitable. Usually, as in this 
study, it is necessary to sample the population with a 
range of mesh sizes and sample volumes and then at- 
tempt to combine the data into an integrated popula- 
tion structure. Nevertheless, an important conclusion 
of the study is that quantitative sampling of eggs and 
nauplii, as well as the more easily collected cope- 
podites, is essential for interpreting the population 
dynamics of species. Furthermore, the model results 
indicate that the immediate signatures of the Culunus 
response to the enhanced autotrophic production in 
the Fair Isle Channel were at the individual level 
in terms of weight-at-stage and reproductive output, 
rather than the population level. Such observations 
are not usually available from field studies to the 
same resolution as biomass data since they are ex- 
tremely time consuming to obtain, However, more 
effort needs to be devoted to these measurements to 
support studies such as this. 

An important point to emerge from the develop- 
ment of the Calanus model was the need for better 
taxonomic precision in field and laboratory studies 
of zooplankton. The inability to distinguish between 
juvenile stages C. jinmarchicus and C. helgolandicus 
led to conceptual difficulties in formulating the indi- 
vidual model. In June, when this study took place, 
water temperatures should be increasing towards 
the point where reproduction of C. helgolundicus 
is favoured over that of C. $nmurchicus. However, 
there are few quantitative data available to param- 
eterise such a distinction between the species, and 
in any case, the eggs, nauplii and early copepodites 
could not be distinguished in the field samples. Un- 
fortunately, the two species were not discriminated 
as C5 and adults in either the net samples or the 
egg production experiments in this study. In future 
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studies, this aspect should be given careful attention 
to provide at least some indication of the validity of 
modelling the whole CaZunus population as a single 
unit. 

Component Symbol 

9.4. Overall conclusions 

In conclusion, the study has confirmed the fea- 
sibility of the hypothesis proposed by Dooley 
(1981) for the physical forcing of the nutrient- 
phytoplankton ecosystem in the Fair Isle Current. 
The zooplankton system, however, is shown to be 
more complicated than first imagined, and the physi- 
ological ability of individuals to respond to the rapid 
fluctuations in autotrophic production is of key im- 
portance. Better field data than currently exist will 
be required to unequivocally determine the conse- 
quences of the physics of the Fair Isle Current for the 
propagation of carbon and nutrients up the pelagic 
food web. Particular points to emerge regarding the 
conduct of future field studies are (1) the desirabil- 
ity of data from time series sampling at drifting 
locations, (2) the need to quantitatively sample egg 
and naupliar stages of zooplankton as well as cope- 
podites, (3) the need for more individually based 
physiological data, and (4) the need for improve- 
ments in the precision of taxonomic identification of 
individuals in both field and laboratory studies. 

Dissolved inorganic nitrogen (DIN) 
Dissolved organic nitrogen (DON) 
Detrital nitrogen 
‘Diatom’ nitrogen 
‘Flagellate’ nitrogen 
Non-Calanus zooplankton nitrogen 
Coupling to Calanus model 

N 
D 
R 
PD 

PF 

0 
Z (subscripted) 

A.2. Nutrient-phytoplankton system 

A.2.1. Rate equations 
The one-dimensional water column has a surface ZQ and max- 

imum depth zmax. The rates of change of each of the nutrient and 
phytoplankton categories given depth-dependent diffusivity K(z) 
and vertical advection rates ups, u,+, VR for diatoms, flagellates 
and detritus respectively, are: 

+Eo,,+EzD-ub-uq (1) 

T =; (K(z)?) - ; (upon) 

+ UP, - EpD - IpD - MpD (2) 

T =; (K(&) - ; (W’&)PF(Z)) 

i-U&-Eq-Iq-Mq (3) 
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+Eg+Eq+E&+EZN-Bg 
(4) 

Appendix A. Model formulation 

+Jz+IMz-~M~+M~-BR (5) 

where BD represents bacterial remineralisation of DON, BR de- 
composition of organic detritus to DIN, and Up the rates of 
uptake of DIN by diatoms (P = pD) and flagellates (P = 4). 
Ip, similarly, is grazing of zooplankton on phytoplankton, and 
Mp is lysis. E is excretion, with the subscripts PO, PF, &, 
0~ denoting the source: phytoplankton are assumed to excrete 
DON, and zooplankton (Z, 0) both DIN and DON. Jz repre- 
sents Calanus faeces production, Mz is zooplankton mortality 
rate, and 1 the proportion of zooplankton tissue which is readily 
decomposed (i.e. non-skeletal). 

A. I. The Ecosystem Model 
A.2.2. Boundary conditions 

The model comprises six dynamic components and a connec- The water surface is taken to be a closed boundary, so the 
tion to the separate model of Calanus sp.: flux for all quantities N, PD, PF. D, R at the surface of the water 
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column is zero. Hence for all r z 0 and with P representing Po 
or PF. then z = ~0 and, 

aN(z> r) = o 
a2 (6) 

am, 0 K(z, t)---- a2 - UPCZ, r)P(z, t) = 0 (7) 

amz, t) = o 
a2 (8) 

a&z, t) 
K(z,t) az - - V,Q(Z, t)R(z,t)= 0 (9) 

The bottom boundary may be open or closed depending on 
the depth of water beneath the column (open or forced bottom 
boundary condition when the water depth is greater than 75 
m and a closed boundary otherwise). The open condition is 
applied to phytoplankton and detritus, while DIN and DON are 
prescribed (outside the 75 m depth region) by a time-series of 
concentration at 75 m, FN(r). FD(t). Thus, if tt represents the 
time at which the depth shallows to 75 m and r2 that at which it 
increases beyond 75 m again, for z = zmax and t < tt or t > r2, 

N(Z, t) = FN(t) (10) 

P(z, t) = 0 (11) 

D(Z, t) = FD(t) (12) 

R(z, r) = 0 (13) 

while for rl 5 t 5 t2, Eqs. 6-9 apply with z = emax. 

A.2.3. Irradiance and nurrienr limirarions 
Both the phytoplankton categories are assumed to have fixed 

carbon : nitrogen ratios (q) and the uptake of nutrient is gov- 
erned in a multiplicative manner by irradiance (1) and dissolved 
nutrient concentration (A’) given by: 

LrP(Z, t) = f8,PP(Z, ouf,lnax 
L(Z, r) N(z, r) 

1k-v t) + KP,, N(z. r) + KP,N (14j 

The depth profile of irradiance follows Lambert-Beer, 

d(z, t) = to(t)e-Ji rdr (15) 

The surface irradiance, to(r) is taken from a time series 
derived for the region by P2tsch (1994), and the attenuation 
coefficient K takes the form 

K=Ko+Kl(h+&.) (16) 

where KO is the background attenuation coefficient and K, ac- 
counts for self-shading by phytoplankton, with the same coe.f- 
ficient applying to both functional groups. The coefficients KO 

and KI were calculated from the observed vertical profiles of 
irradiance and chlorophyll at each of the ten key stations. 

The term fe,p reflects temperature dependence for PD. PF, 
for which a Qtn relationship is applied, 

(+%,P)llO 
fe,p = Q,o.P (17) 

A.2.4. Fluxes to detrirus, dissolved pools and zooplankton 
Following Ross et al. (1993), it is assumed that phytoplankton 

excretion is of the form 

EPCP. z, t) = X,,PUP + fti.pxpP (18) 

and that xU,p and XP are constant for each phytoplankton group, 
so ignoring time- and space-dependence of mortality and excre- 
tion rates. Similarly, decomposition of detritus and remineralisa- 
tion of DON are also assumed to be first-order, with constants r 
and d respectively: 

BR(R,z, t) = fe.srR. BDW, z, t) = fB.BdD (19) 

with (cf. phytoplankton temperature dependence) 
(@-Bo.a)llO 

fb = Q,o.s (20) 

Both diatoms and flagellates are ingested by zooplankton. 
In the absence of good data on preferential feeding, it is as- 
sumed that phytoplankton are taken up in proportion to their 
relative abundance, so if Iz and lo represent total uptake of 
phytoplankton by Calanus and ‘other’ zooplankton respectively 
then 

Ig = 

f% 
Iq= PD+& 

- uz + lo) 

For simplicity, vertical advection rates upb, ~9, ua are as- 
sumed to be constant, neglecting the effect of phytoplankton 
nutrient status on sinking rate and the fact that ‘detritus’ is an 
aggregation of variously-sized components. The diffusion coef- 
ficient K and temperature 8 are the time- and depth-dependent 
driving functions. 

Zooplankton faeces and skeletal remains are assumed to 
be refractory and therefore not remineralised on the timescales 
considered here. This undecomposed material is integrated over 
depth and accumulated in a supplementary variable A: 

dA L- 
dt= L0 s 

(Jz + (1 - 0Mz)dz (23) 

An =0 (24) 

A.3. Non-Calanus zooplankton 

Non-Calanus zooplankton (‘Other Zooplankton’) are repre- 
sented as a single lumped nitrogen biomass, 0, with a depth 
distribution PO(Z) which follows that of the adult Calanus (see 
later), 

do=, -E -M 

dr ’ ’ ’ 

00 = 0) = 00 (26) 

where lo, Eo, MO represent depth-integrated uptake of (all) 
phytoplankton, excretion, and mortality, and take the forms 

ZW 

lo 0) = J fe.o(z)Po(z)O(t)~o,,., 
P(z) dz 

20 P(z) + KO.P (27) 
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EoQ) = boo(r) +solo(f) (28) 

(2% 

where P = po + 9. Note that the form of the expression for 
Eo is intended to represent the sum of basal metabolism (b,) and 
specific dynamic activity (s,,). 

A.4. The Calanus model 

Description of the Calanus model is in two parts. First, the 
‘Individual Model’ which is concerned with the growth, and 
reproduction of an individual animal through its life from egg 
to senescent adult, and second, the ‘Population Model’ which 
deals with the age demography and number of individuals in the 
population. 

A.4. I. Individual Calanus model 
The Individual Model accounts for both carbon and nitrogen 

fluxes, and variable names are labelled with subscript C or N 
accordingly. It is assumed that an individual is characterised by 
its carbon-weight UC, and that it maintains a fixed N : C ratio, so 
ON = 9ZW. 

A.4. I. I Ingestion 
The relationship between an individual’s ingestion rate I and 

the local abundance of food F(!$ = pD + 9, FC = FN/qp) is 
given by a type II functional response, characterised by a search 
volume V and a handling time r, both of which scale as powers 
of the individual’s weight: 

lc = VFc 
1 + VT& 

I,=zI, 

V(0) = u@P’ 

T(w) = sow” 

(The subscript C on w is omitted for clarity). 

(32) 

(33) 

Of the ingested material, a fraction f is lost as faeces, and 
a fraction x is lost as dissolved material through cell lysis etc. 
Thus, the assimilation efficiency E is given by 

EC = I - fc - XC (34) 

&N=l-fN--XN (35) 

defecation (J) and excretion (L’) rates are 

Jc = fck JN = fNIN (36) 

EC = XCIC. EN = XNIN (37) 

and the rate U at which material enters the body proper is 

UC = &ClC (38) 

UN = ENIN (39) 

A.4.1.2 Metabolism 
Metabolic losses are assumed to be due to three distinct 

processes: 
(I) Basal metabolism (b), associated with tissue maintenance 

and background swimming activity 
(2) Specific dynamic action (s), associated with digestion and 

synthesis of new tissues 
(3) ‘Reproductive Action’ (r), associated with the production 

of gametes etc. 
The weight-specific proportionate losses of carbon and ni- 

trogen through metabolism may differ (by a factor (Y), but it 
is assumed that the extent to which they differ is the same for 
basal, activity and specific dynamic action costs. The propor- 
tionate nitrogen cost associated with gamete production may be 
rather higher since gametes are typically protein rich. Following 
Carlotti and Sciandra (1989) and Carlotti and Radach (1996) it 
is assumed that basal metabolism is a constant fraction of body 
weight. Following Marshall and Orr (1958), the temperature 
dependence is assumed to be exponential, so 

bc = Qlo.,exp(@ - lO)/bVow (40) 

bN = qzbc (41) 

Kiorboe et al. (1985) conclude that specific dynamic action 
is proportional to the ingestion rate. Hence, the terms for carbon 
and nitrogen respectively are represented as: 

IN sc = Bslcexp -P--- ( ) 4zk 

SN = aqZsC (43) 

Similarly, the carbon and nitrogen costs of gamete synthesis are 
assumed to be proportional (factor y) to the mass of gametes 
produced r, 

rc = ycrc (44) 

tN=Yd?N (45) 

The net quantity of material available for growth and/or gamete 
production is then given by 

NC = UC - bc - SC (46) 

NN = &.J - bN - SN (47) 

A.4.1.3 Allocation 
After meeting its metabolic demands, any remaining assim- 

ilate is partitioned between somatic growth and gamete pro- 
duction. It is assumed that the fractional allocation to gamete 
production n(o) is an increasing function of weight, taking the 
form of the Dirac-Fermi function (Blakemore, 1987): 

where w,, is the weight at which 50% of net assimilate is 
committed to gamete production and 0 specifies the slope of the 
function at this point. 
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The carbon costs of reproduction are assumed proportional 
(factor yc) to the carbon weight of the gametes, and nitrogen 
costs are assumed proportional (YN) to the nitrogen weight of 
the gametes produced. It is assumed that there are no further 
costs involved in somatic growth (these costs are paid in SDA). 

Since, in the model, the animals maintain a fixed N : C ratio, 
then an individual can grow (or produce gametes) only at the 
rate determined by the more limiting of the two elements. The 
condition qzyc < ye implies that carbon is the limiting element 
for growth, and qzyc/(l + yc) < m/(1 + m) implies carbon is 
the limiting element for gamete production, so the rate of gamete 
production r is: 

r = nbmf,+ 
C I+yc’ 

rN  =  stnbW,+ 
1 + YC 

if C is limiting (49) 

rc = n(w)N,+ r = fl(&V?, 
qz(I +I&’ N 

- if N is limiting 
l+m 

(50) 

Now, the net rate of change in body carbon and nitrogen 
associated with feeding, metabolism and reproduction can be 
calculated. Since the animals have a fixed internal quota of 
nitrogen to carbon, the model requires one final step: that of 
eliminating the excess, h, of whichever element has been con- 
sumed in excess of the quantity in which it can be utilised. Up to 
this point, the net change in body weight A is 

AC = NC - rc (51) 

AN=NN-~ (52) 

and it is required that 

AN-AN 
- =9z 
AC-& 

(53) 

so carbon is limiting if AN/AC > qz and nitrogen otherwise, 
and 

Ic = 0, AN = AN-qzAc if C is limiting (54) 

Ac=Ac-*, AN = 0 
42 

if N is limiting (55) 

Finally the growth rate G of the Calanus may be written as 

G= 
AC--& for feeding stages 

(56) 
Go for non-feeding stages 

A.4.1.4 Mortality 
Zooplankton mortality rates are notoriously difficult to mea- 

sure and appear to be highly variable in time and space, even for 
a single developmental stage (e.g. Wood and Nisbet, 1991). Mor- 
tality appears to be highest in the egg stage and adult phase, but 
little is known about the actual magnitude of the per capita mor- 
tality rates. Accordingly, we apply a simple scheme in which per 
capita mortality rates D(w) are assumed to be constant within 
each stage, and assume zero mortality for all stages except eggs 
and C6. In the absence of any data, mortality rates of eggs and 
C6 are treated as fitting parameters. 

A.4.2. Calanus population model 
The starting point for the population model is the 

McKendrick-von Foerster equation as applied to the Calanus 
population density 2 at time t and weight o, 

~+-&(GZ)+sZ=o (57) 

with the boundary condition that 

G(r, we. P)Z(r, we) = 
s 

Q, ,509 w, P)Z(r, w)dw 
wg 

where we is recruitment weight, and initial condition 

(58) 

Z(0, w) = Z,(o) 

The population fecundity p is given by: 

(59) 

j+ (60) 

The functions G, 6, j3 represent the per capita growth, mortal- 
ity and reproduction rates respectively of an individual Calanus 
of weight o under phytoplankton density P. 

The equation is solved by the ‘escalator-boxcar train’ (EBT) 
method of solution, described in De Roos (1988). In the termi- 
nology of de Roos, the system is restricted to a one-dimensional 
i-state space R bounded on the left by wg. The system is further 
simplified by allowing only a fixed number of cohorts in the EBT 
scheme, discarding the oldest (after checking that it is ‘empty’) 
each time a new one is created, and by considering only a second 
order scheme. 

Zj(t) is defined to be the number of individuals remaining at 
time t of those which were recruited during time-interval j, and 
Bj is their total biomass. Note that the mean individual weight in 
each interval can be. recovered as Oj = Bj/Zj. 

Applying the EBT method, simplified as described above, to 
equations Eqs. 57-59 results in the following system of ordinary 
differential equations:for each time interval Aj, j = 1, ., m 
dZj 
- = Rj-GjZj 
dt 

dB, 
2 = WeRj f GjZj - 6j Bj 
dt 

where 

(62) 

Rj = 

I 

CkbkZkv j = 1 

0, j>l 
(63) 

In order to avoid the computational complexity and cost of 
solving two-dimensional pde’s, the depth distribution of animals 
is implicit. The individual Calanus is envisaged as being ‘clock- 
work’, spending a prescribed proportion of time in each depth 
layer. The depth-dependent distribution function p(z) represents 
the proportion of time an individual spends in the depth layer 
zi_t/a 4 z c er+t,a. In this particular study p is set to 1.0 for 
the depth layer with the highest phytoplankton concentration and 
zero elsewhere, thereby maximising the food availability for the 
animals. 

The growth rate G will depend on the phytoplankton density 
P and the individual weight o. In particular, the ingestion rate 
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I = I (P, w) of phytoplankton by an individual Calanus of 
weight w will be depth-dependent through the dependence on P. 
Writing Ii (z, t) for the total uptake of phytoplankton by Calanus 
of all weights at depth z and time r, then 

IZ(z. r) = c IN(Z, Oj)Z(@j3 r)P(Z3 Wj) (64) 
I 

where IN(P, w) is the form of the individual uptake function. 
Note that IN must be expressed in terms of N mass. Similarly, 
the total depth-specific excretion rate & is given by 

Ez(Z, t) = C EN(Z, o,)Z(O, > r)P(Z, @j) (65) 

I 

with EN the excretion by an individual of weight w. Depth-spe- 
cific faeces production JZ is 

Jz(z, t) = c JN(z, Oj)z(Oj, f)P(Z, Oj) (66) 

j 

and depth-specific contribution to detritus-N due to mortality MZ 
is 

MZ(z+ t) = c DN(Z, Oj)z(Wjv f)P(Z, Oj) (67) 
i 

DN is obtained from the product of per-capita mortality rate 
D(z, o) and N-mass WN. 

Table A 1 
Phytoplankton parameters 

Weight-specific depth-integrated growth, mortality and repro- 
duction rates, Gj, S, and pj are given by 

Gj E G(r, Wj, P) = 
s 

:mar 
G(z, Wj)P(Z. oj)dz (68) 

TO 

s 

+XlX 
Sj Z 6(t, Wj, P) = D(z, oj)p(z, wj)dz (69) 

20 

s 

:max 1 

Bj S~(f,CLJj, P) = --TC(Z, Wj)P(Z. w,)dz (70) 
Xl me 

Finally, since the field data on Calanus abundances are clas- 
sified by development stages rather than weight or age, it is 
necessary to convert model results from number-in-age-class to 
number-in-stage. At each output interval we assign each age 
class to a development stage according to the modelled individ- 
ual weight and a standard weight for each stage (Table A5). The 
number of individuals in each stage is then obtained by summing 
over all corresponding age-classes. 

A.5. Parameters 

Parameters for the phytoplankton, dissolved and particulate 
organic material, Calanus and non-Calanus zooplankton groups 
are given in Tables Al-5 Note that diatom parameters are 
largely from Ross et al. (1993); corresponding flagellate param- 
eters are obtained from these by scaling according to the same 
factors used by Varela et al. (1995). 

Parameter 

4 
c 
Ko 
Kl 

Diatoms 
KP0.L 
KPD.N 

~PuJnaX 
upb 
Q10.g 
%Pu 
XU.PiJ 
xpb 

Flagellates 
KPW 
KPF.N 
“& ,max 
u9 
QIOA 
e0JF 
XU.pb 
x9 

Description Value 

C : N ratio 7 
C : Chl ratio 30 
background attenuation coefficient 0.074 
self-shading coefficient 0.0086 

half-saturation constant for irradiance 5.2 
half-saturation constant for N 4.2 
max growth rate 1.2 
sinking rate 0.5 
Qtu coefficient 2.3 
reference temperature 10 
fraction of uptake excreted 0.05 
fraction of biomass excreted 0.17 

half-saturation constant for irradiance 5.2 
half-saturation constant for N 2.1 
max growth rate 0.96 
sinking rate 0 
Qto coefficient 2.3 
reference temperature 10 
fraction of uptake excreted 0.05 
fraction of biomass excreted 0.15 

Units 

mg C (mg N)-’ 
mg C (mg Chl)-’ 
m-’ 
m-’ (mg Chl me3)-’ 

Einst m-* d-’ 
mg N mm3 
d-’ 
m d-’ 

“C 
- 
d-’ 

Einst mm2 d-’ 
mg N me3 
d-’ 
m d-’ 

“C 
- 
d-’ 

Source 

Ross et al., 1993 

from field data 
from field data 

Ross et al., 1993 
Ross et al., 1993 
Ross et al., 1994 
Smayda, 1970 
Eppley, 1972 
Eppley, 1972 
Ross et al., 1993 
Ross et al., 1993 

Ross et al., 1993 
Varela et al., 1995 
Varela et al., 1995 
Smayda, 1970 
Eppley, 1972 
Eppley, 1972 
Ross et al., 1993 
Varela et al., 1995 
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Table A2 
Dissolved organic nitrogen and detritus parameters 

Parameter Description Value Units Source 

QIO.B QIO coefficient 2.95 _ Baretta-Bekker et al., 1995 
6O.B reference temperature 10 “C Baretta-Bekker et al., 1995 
d DON remineralisation rate 0.20 d-’ Ross et al., 1993 
r detritus remineralisation rate 0.1 d-’ Andersen and Nival, 1988 
VR detritus sinking rate 10.0 md-’ Smayda, 1970 
1 non-skeletal zooplankton tissue fraction 0.95 - BBmstedt, 1986 

Table A3 
Non-Calanus zooplankton parameters 

Parameter Description Value Units Source 

Qo 
bo 
SO 

fO.lllSX 

KO.F 
m0 

0 ref 

N : C ratio 
basal metabolism coefficient 
SDA coefficient 
max ingestion rate 
half-saturation for ingestion 
density-dependent mortality coefficient 
reference density for mortality 

0.21 mgNmgC-’ 
0.05 d-’ 
0.51 - 
2.0 d-’ 
150 mg C mW3 
0.10 d-’ 
25 pg C mm3 

BBmstedt, 1986 
Ross et al., 1994 
Ross et al., 1994 
Ross et al., 1994 
Ross et al., 1994 
Fitted 
Fitted 

Table A4 
Calanus parameters 

Parameter 

m 
d 

42 
UO 

V’ 
TO 

5’ 

xc 
XN 

fc 
fN 

; 
BS 

YC 

YN 
QIO.B 

eg 
Wz 

Lss 
8C6 

s other 

Description 

number of age classes 
width of each age class 
N : C ratio 
search volume coefficient 
search volume exponent 
handling time coefficient 
handling time exponent 
fractional excretion of ingested C 
fractional excretion of ingested N 
fractional defecation of ingested C 
fractional defecation of ingested N 
N : C metabolic ratio 
basal metabolism coefficient 
SDA coefficient 
C costs of gamete production 
N costs of gamete production 
QIO for basal metabolism 
reference temperature for basal metabolism 
weight at 50% of assimilate to gametes 
shape factor in gamete allocation 
egg mortality 
adult mortality 
mortality in remaining staees 

Value Units 

80 
1 d 
0.28 mg N mg C-’ 
6x lO-5 m-3 d-1 ~g C-U’ 

0.85 - 
0.64 d pg C-’ pg C-r’ 
-0.80 - 
0.1 mg C mg C-’ 
0.1 mgNmgN-’ 
0.2 mg C mg C-’ 
0.1 mg N mg N-’ 
1.0 mg N mg C-’ 
0.04 mg C mg C-’ d-’ 
0.1 mg C mg C-’ 
0.1 mgCmgC_’ 
0.2 mg N mg N-’ 
I.0 - 
12.0 “C 
70 tigC 
2.0 CLgC 
0.9 d-’ 
0.3 d-’ 
0.0 d-’ 

Source 

- 

Comer and O’Hara, 1986 
Hansen et al., 1990 
Marshall and Orr, l955a 
Hansen et al., 1990 
Hansen et al., 1990 
Assumed 
Comer et al., 1965 
Marshall and On; l955b 
Marshall and On; l955b 
Assumed 
Marshall, 1973 
Corner et al., 1965 
Marshall and Orr, 1958 
Marshall and Orr, 1958 
Marshall and On; 1958 
Marshall and Orr, 1958 
Carlotti et al., 1993 
Assumed 
Fitted 
Fitted 
Fitted 
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Table A5 
Calanus individual weight-in-stage (after Hay et al., 1991) 

Stage Weight (pg C individual-‘) 

Eggs 0.168 
Nauplii 0.920 
Cl 1.996 
c2 4.224 
c3 10.100 . 
c4 19.180 
c5 47.892 
C6 57.468 

Comer, E.D.S., Cowey, C.B., Marshall, S.M., 1965. On the nu- 
trition and metabolism of zooplankton III. Nitrogen excretion 
by Calanus. J. Mar. Bioll Assn. UK 45, 429-442. 

Davies, A.M., 1986. Application of a spectral model to the 
calculation of wind drift currents in an idealised stratified sea. 
Cont. Shelf Res. 5, 579-610. 

De Roos, A.M., 1988. Numerical methods for structured popula- 
tion models: the escalator boxcar train. Numeric. Meth. Part. 
Diff. Eqs. 4, 173-195. 

Dew, PM., Walsh, J.E., 1981. A set of library routines for 
solving parabolic equations in one space variable. ACM Trans. 
Math. Software 7, 295-314. 
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