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Abstract

This paper gives an overview of the trophic interactions in the North Sea in 1981 when 55 000 fish stom-
achs were sampled and analysed. The study is based on the data base of the ICES Multispecies
Assessment Working Group (MS WG), and published information. A balanced, steady-state model of
interactions and biomasses at all trophic levels is constructed using the ECOPATH II software. The re-
sults indicate that the food consumption rates used by the MS WG for three of the important gadoid
species are unrealistically low, whereas other parameters appear very reasonable. Results from mixed
trophic impact analysis, trophic aggregation, and other network analyses are presented, and the results
are compared with earlier studies of the North Sea food web. Summaries are given to illustrate the dis-
tribution of flows between demersal and pelagic components, and between large ecological groupings.

Keywords: trophic model, food web, ecosystem dynamics, required primary production, ecological cost,
‘mixed trophic impact, North Sea.

Introduction

Going back to Andersen & Ursin (1977) and Jones (1978), fisheries biologists have
worked with multispecies modelling of the North Sea fish resources. In the last
decade this has lead to the development of a multispecies virtual population analysis
(MSVPA) by the Multispecies Working Group (MS WG) of the International Coun-
cil for Exploration of the Sea (ICES), see Sparre (1991). This MSVPA is now being
used increasingly for stock assessment in the North Sea area, and efforts are under
way to repeat the success in the Baltic Sea (Sparholt 1991), and in the tropics
(Christensen 1995a). The MS WG programs account for the trophic interactions in
the exploited, upper part of the ecosystem based on extensive stomach data and di-
gestion studies. As concluded by Hilborn & Walters (1992) ‘the methods hold con-
siderable promise, with a very expensive price tag’.

The MS WG analyses largely ignore the lower trophic levels, and therefore give
a very incomplete picture of the overall flows in the North Sea. Control of mass bal-
ance on the lower trophic levels of the ecosystems is therefore not carried out, and
the possibilities this offers for constraining parameter ranges are not considered.
It is therefore of interest to produce a summary of the trophic interactions in the
North Sea, to check the basic parameters and assumptions in the MS WG programs

*Dedicated to the memory of the late Rodney Jones, whose pioneering work on the energy flow structure
in the North Sea was of major importance for our understanding of the North Sea as an ecosystem.
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where possible, and to consider if the physiological rates are realistic. Noting the
importance of the advice that are or may be based on the MS WG analyses a form
for ‘ecological auditing’ is appropriate. To do so properly is a major exercise, here
only a limited ‘auditing’ can be attempted due to the limited knowledge of flows at
the lower trophic levels.

The present contribution is also of relevance in view of the increasing need for
managing ecosystems. The ICES Working Group on Ecosystem Effects of Fishing
Activities represents an important step in that direction, but so far only few and
rather preliminary attempts to do ecosystem management have actually been con-
ducted, (e.g. Nicol & de la Mare 1993). One reason for this is that both suitable
models and especially data have been lacking. Analytic models as data-demanding
as the MSVPA are not likely to be used widely in a foreseeable future. As a starting
point it may, however, not be realistic nor necessary to describe the dynamics of a
system (how it will evolve following perturbations), instead simpler, and less precise
analysis of how the resources interact in a given ecosystem may be of interest. This
will give the minimum of what is needed for managers to attempt to manage a full
ecosystem rather than a few parts of it components.

One model of interest for such analysis is the ECOPATH II model, which was de-
signed exactly for this purpose (Christensen & Pauly 1993b). The data require-
ments are much lower than for the analytical models, yet an overview of the trophic
flows in a system is produced. The models are easy to construct and update, they
can be used to assess the relative importance of different components of the ecosys-
tem, and how these impact on each other trophically. Further, the data they require
are part of what is needed for the more complex, analytical models; they can thus
be seen as a stepping stone.

The major purpose of this contribution is to use ECOPATH II to give an overview
of the trophic interactions at all trophic levels in the North Sea based on data from
the ICES MS database supplemented by published information. A number of at-
tempts to describe the North Sea trophic flows have been carried out earlier, e.g. by
Jones (1978, 1984) and Bromley et al. (1993), these have, however, been of a very
preliminary nature, and can with present knowledge and methodologies be taken
some steps further.

Model methodology

The ECOPATH model was originally developed by Polovina (1984) to describe a
coral reef ecosystem, and to obtain biomass estimates for the ecosystem compo-
nents. It was in essence a simplification of the Bering Sea model developed by
Laevastu and co-workers (Laevastu & Larkins 1981). Since then the model has been
further developed into the ECOPATH 1II software system! described by Christensen
& Pauly (1992a,b, 1995), extensive network analysis facilities have been added
based notably on the work of Ulanowicz (1986), and the approach has up to now
been used to describe more than 50 ecosystems worldwide, see e.g. the contribu-
tions in Christensen & Pauly (1993c).

1. Available with data files through the author.
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Model parameterization

ECOPATH II models can be constructed using ranges for all input parameters. The
estimation routine in a Monte-Carlo fashion balances the model, evaluates the run
for mass balance and physiological considerations, and use this to come up with the
most likely model giving constraints. In the present application a simpler approach
is used, however, in which only average input parameters are used. The present
ECOPATH II model therefore describes the North Sea ecosystem in a given, possible
static situation only.

It is assumed that input equals output for the time period considered, allowing
for accumulation and depletion of biomasses, and the model is constructed so that
there is mass balance. For each of the groups 7 in the system it is assumed that

Qi=Pi+R;+ U; (1)

where Q; is consumption for group i, P; the production of i, R; respiration, and U;
is faeces and excreta from i; All rates are expressed per unit area and time, in the
present model as g w.wt - m~2-y~. From Eq. 1 the respiration is estimated once the
other flows have been quantified.

Of the parameters in Eq. 1 the production is estimated from

P;= M2; + MO, + EX; + BA; (2)

where M2, is the predation mortality of group 7, MO; is the non-predation mortality
of i, EX; is the export of 7, and BA; is the biomass accumulated (or depleted if nega-
tive) of ¢ during the period considered.

Using the balance expressed in Equations (1) and (2), and noting that the preda-
tion term in Equation (2) can be estimated as the consumption of all predators on
group 7, and thus ‘links’ the predators and prey, it becomes possible for a given
group to estimate any one of the basic parameters: biomass, production rate, con-
sumption rate, and the non-predation mortality. The three remaining basic para-
meters and the diet composition must be given.

The term ecotrophic efficiency, EE, is used here to express the proportion of
the production for any group that is utilized for either predation, catches or bio-
mass accumulation in the system. EE scales from 0 to 1, and can for most groups
be expected to be closer to 1 than to 0. The EE is linked to the non-predation mor-
tality, MO,

EE; =1 - (MO;/P)).

As our knowledge of the non-predation mortality is very incomplete, this parameter,
or rather EE, is estimated for most groups.

Network analysis

A major advantage of expressing the trophic interactions in a system in form of a
quantified food web is that in addition to control of mass balance it opens up for
the use of network analysis on the system (e.g. Wulff et al. 1989, and Christensen
1995b). For the present study several forms for network analyses are of interest, e.g.
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trophic aggregation, required primary production, and mixed trophic impacts.
These analyses are all implemented and described in the ECOPATH II system.

The trophic aggregation routine is based on an approach described by Ulanowicz
(1995), which distributes the flows within groups onto discrete trophic levels. The
first step is to assign a (fractional) trophic level to all groups in the system. To do
this, primary producers and detritus are given a trophic level of one. For each of the
n consumers the (mean weighted) trophic level is then calculated as 1 plus the sum
of the trophic levels of its prey multiplied by the prey’s proportion in the diet. In
practice this in done by constructing a linear equation system with # equations and
n unknowns, and solving for the unknown parameters using a standard inverse
method. Once each group in the system has been assigned a trophic level, the flows
can be aggregated on to discrete trophic levels reversing the routine used for calcu-
lation of the fractional trophic levels.

Based on the quantified food web all food chains in the system can be identified.
Using an approach developed by Christensen & Pauly (1993a) an estimate of the
amount of primary production (and detritus) required to sustain the consumption
by each of the groups in the system can then be obtained. For each step in the food
chains the flow is raised by the ratio between consumption and production. The
summed requirements can then be seen as a measure of the ecological cost of main-
taining a group in the system. Similarly the amount of primary production (and de-
tritus) required to sustain the catches can be estimated from the catches and the food
chains leading to the catches.

The mixed trophic impact routine is derived from economic input—output ana-
lysis as described by Ulanowicz & Puccia (1990). This analysis quantifies all the
direct and indirect trophic impacts of all groups in the system based on the assump-
tion that the direct impact between group a and group b can be estimated from the
difference between the proportion that group a contributes to the diet of group b,
and the proportion that group a takes from the production of group b.

Data sources

For the present model the North Sea was treated as one strata with a total area of
570000 km? (Jones 1982b). The model includes 29 groups, 15 of which are fish
groups, 7 invertebrates, 6 are groups of small plankton, and the remaining a detritus
(DOM and POM) group. All rates and biomasses were expressed in wet weight and
on an areal basis to facilitate comparisons with other systems.

The key data originate from the ICES Multispecies Assessment Working Group
data base. The core of this data base describes the 1981 “Year of the Stomach’ where
more than 55000 fish stomachs were sampled and analysed in detail through an
ICES coordinated stomach sampling project. Where necessary, supplementary pub-
lished information were also used. Not all the data pertain to 1981, notably the data
for the groups not included in the ICES data base had to be taken from whatever
published information could be found. Of course this to some degree invalidates the
present description; still the main purpose is not to give a detailed picture but a
broad overview.
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A run of the ICES MSVPA program provided summary statistics on the con-
sumption in 1981 for each of the MS predators, i.e. of cod, whiting, saithe, mack-
erel, and haddock. For the MS species (above mentioned predators plus herring,
sprat, Norway pout, sandeel, plaice, and sole) information on average stock
biomass was also available from the MSVPA. For these species the production
could be estimated as stock size at the end of the year less stock size at the begin-
ning of the year plus biomass predated plus biomass lost due to residual natural
mortality and fishery.

As the MSVPA treats all other prey than the MS species as ‘other food’ more
detailed diet compositions for cod, whiting, saithe, mackerel and haddock were
obtained from Daan (1989) and Daan et al. (1990). The age-specific information
was converted to stock estimates using information on size-specific stock compo-
sition from ICES (1991), and an assumed relative consumption rate proportional
to the weight at age raised to the power #3.

Information on consumption rates for other groups than the MS predators was
obtained from the literature where available, supplemented in some cases by qual-
ified guesses. This is described in more detail below in Appendix 1.

For all groups except the copepods it was assumed that 80% of the ingested
food is assimilated. For copepods it was assumed that 60% is assimilated. These
assumptions generally lead to realistic estimates for respiration/biomass ratios
(Christensen & Pauly 1993a,c¢).

A summary of the input parameters is given in Table 1 along with parameters
that are estimated using ECOPATH II. The diet compositions are presented in
Table 2. An overview of how and from where the group-specific information was
obtained is given in Appendix 1.

Representations of the North Sea food web

The description you give of an ecosystem is bound to be dependent on your interest
in it. Fisheries biologists tend to look only at the fish groups while marine biolo-
gists often consider only interactions on the lowest trophic levels. In the present
model an attempt is made to consider all levels at least to some degree. In addition
to showing results for the model with all 29 groups, two separate representations
of the model will be given below in order to focus the presentation of results, and
to facilitate comparisons with other models and studies. All three representations
are based on the same data, and differ only with respect to how the ecological
groups are aggregated in the presentations; the calculations are made in disaggre-
gated mode.

Focus on the plankton food web

The dominant flows in a marine ecosystem can be attributed to small plankton
and decomposers as discussed by Fenchel (1988} in a review of the marine plank-
ton food web. Fenchel also pointed out that two trophic levels should be added
to the traditional description of the planktonic food web, namely nano- and pico-
plankton.
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Table 1. Parameters used for describing the North Sea food web of 1981. P/B gives the production/biomass
ratio, Q/B is consumption/biomass. Gross efficiency is the ratio between production and consumption.
EE, the ecotrophic efficiency, expresses the proportion of the production that is used for predation, catches
and biomass accumulation. For copepods only total production and consumption is known, not biomass
(B), P/B and Q/B; similarly it is the total production and consumption that is estimated for the groups of
small plankton, the split on B and P/B resp. Q/B is arbitrary. Legend: * indicates values estimated assuming
mass balance, * indicates Q/B estimated from (P/B)/(P/Q), where P/Q estimates are qualified guesses. Such
are also input estimates of EE = 0.95 for several groups. PS means photosynthetic, and PT phagotrophic.

Catches, Biomass, P/B, Q/B, Gross eff., EE
Group name gm%y!l gm? y! y! (P/Q)
1 Cod 0.57 0.57 1.11 3.2 0.35* 0.77%
2 Whiting 0.37 0.66 0.84 3.6 0.24* 0.60%
3 Saithe 0.21 0.65 0.58 3.3 0.18* 0.64*
4 Mackerel 0.11 0.46 0.29 5.8 0.05* 0.48*
5 Haddock 0.38 0.83 1.37 3.8 0.36* 0.64%
6 Herring 0.29 0.84 1.04 4.6 0.23* 0.75*
7 Sprat 0.34 0.55 1.21 8.6 0.14* 0.50%
8 Norway pout 0.81 1.94 2.48 16.5 0.15~ 0.69*
9 Sandeel 1.16 2.58 2.02 13.5 0.15~ 0.82*
10 Plaice 0.22 0.64 0.65 2.8 0.23* 0.86*
11 Sole 0.03 0.08 0.66 4.4 0.15~ 0.85%
12 Ray 0.00 0.53 0.44 2.9 0.15 0.00~
13 Other predatory fish 0.00 1.5 0.87 5.8 0.157 0.00*
14 Other prey fish 0.00 4.4 0.48 3.5 0.14* 0.95
15 Juvenile fish 0.00 2.0% S 25 0.207 0.95
16 Copepods 0.00 10 18 60 0.30% 0.93*
17 Euphausiids 0.00 9.1* 2.4 16 0.157 0.95
18 Other crustaceans 0.00 16* 3 20 0.157 0.95
19 Echinoderms 0.00 24 2 13 0.15 0.78*
20 Polychaetes 0.00 32 2 13 0.15~ 0.73*
21 Other macrobenthos 0.00 49 2 13 0.15~ 0.70*
22 Other invertebrates 0.00 13 3 20 0.15~ 0.95
23 Phytoplankton (PS micro) 0.00 43 54 0 - 0.23*
24 PT microplankton 0.00 11* 54 133 0.40% 0.95
25 PS nanoplankton 0.00 3.0 200 0 - 0.95
26 PT nanoplankton 0.00 4.4 200 500 0.40~ 0.95
27 PS picoplankton 0.00 0.93 1000 0 - 0.95
28 PT picoplankton 0.00 1.4 1000 2500 0.40% 0.95
29 Detritus 0.00 50 - - - 1.00*

To focus attention on the dominant flows in the ecosystem a special version of
the model was prepared in which:

* all fish groups were aggregated in one group;

* copepods and euphausiids were aggregated in one group called ‘zooplankton’s
® all other invertebrates were aggregated in one group called ‘other invertebrates’;
e it was assumed that groups feeding on phytoplankton actually feed 50% on pho-
tosynthetic microplankton and 50% on phagotrophic microplankton;

the following seven groups were kept separate as in the original representation:
phagotrophic microplankton, photosynthetic microplankton, phagotrophic nano-
plankton, photosynthetic nanoplankton, phagotrophic picoplankton, photosyn-
thetic picoplankton, and detritus.

The model thus includes 10 groups; it is parameterized top—down so that the flows
at the lower levels are calculated to match the food demands of the upper levels.
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Demersal and pelagic groupings
In order to compare the relative roles of the demersal and pelagic sub-systems in the
North Sea a representation was made in which the original groupings were aggregated
in six ecological groups. As criteria were used ecological and trophic relationships,
e.g. the fish groupings were based on whether the fish take most of their food from
pelagic or benthic sources, not on what kind of fishery they are usually caught in.
The pelagic fish groups were defined as consisting of saithe, mackerel, herring,
sprat, Norway pout, sandeel, other predatory fish, and the juvenile fish. The demer-
sal fish group included cod, whiting, haddock, plaice, sole, ray, and other prey fish.
The pelagic invertebrates included copepods, euphausiids, and the other crusta-
ceans, while the demersal invertebrates were echinoderms, polychaetes, other ma-
crobenthos and other invertebrates. The two remaining groups were (photosyn-
thetic and phagotrophic) microplankton and detritus/decomposers including the
small plankton. The nano- and picoplankton were ignored for this comparison as
the corresponding benthic groups also were ignored.

Model sensitivity

By varying all input parameters between — 50% and +50%, and calculating the im-
pacts this has on the estimated parameters of all other groups in the systems the re-
sults in Figure 1 are obtained. Trivial impacts are not shown, e.g. the actual calcu-
lations only deals with flows, therefore if for a given group the production (P) is
fixed in order to balance the demands of consumers a reduction of the biomass (B)
estimate of the group will result in a corresponding increase in the production/bio-
mass ratio (P/B) of the group to keep production (B - P/B) constant.

Figure 1. Sensitivity of model output Changes in output parameters
parameters to changes in input para- 0.5
meters. Shows all impacts for all fish
groups where a 50% change results in
at least a 10% change in an output
parameter. Trivial within-group impacts
are not shown. All impacts are found
to be due to changes in consumption
rates as follows: a is for Norway pout
on the biomass (B) of euphausiids, Yy~
b for N. pout on B of other inverte- 0
brates, ¢ for N. pout on the ecotrophic
efficiency (EE) of copepods and of

other macrobenthos, d for N. pout on

the EE of polychaetes, e for saithe on

the EE of N. pout, f for N. pout on the

EE of echinoderms and for sandeel on

B of other crustaceans, g for N. pout

on B of other crustaceans, » for whit-

ing on the EE of sprat, i for N. pout -0.5 ' I

on B of juvenile fish, and j for whit- -05 0 0.5
ing on the EE of sandeel. Change in input parameters

STt O T D
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The main conclusion that can be drawn from Figure 1 is that the model is quite
insensitive to changes in the basic input parameters (B, Q/B, P/B, and EE). The net-
work has a dampening effect at least if the parameters vary randomly, and changes
caused by parameter changes are mainly reflected within the group where they
occur. This result is a function of the parameter combination. In this model the
ecotrophic efficiency, EE, is calculated for nearly all groups. Because of this there is
only limited ‘cascading’ in the food web, e.g. we do not have that an increased con-
sumption for a top-predator must lead to increased production (and hence con-
sumption) for a prey, whose prey in turn would produce (and consume) more, etc.
Here the impacts are only passed one step down the food web.

Results and discussion
Parameter estimates

Some of the major results from this description of the 1981 North Sea food web struc-
ture are presented together with the input parameters in Table 1. A graphical represen-
tation of the quantified food web for the North Sea in 1981 is given in Figure 2. Here
all groups are balanced so that input equals output. The flow chart is constructed fol-
lowing some rules of standardization aimed at enhancing visual interpretation (Pauly
& Christensen 1993). The most important of the rules are given in the figure legend.

Some of the parameter estimates need commenting. Lindley (1980) gave esti-
mates of production and biomass of two (out of three) dominant species of Euphau-
siacea, Thysanoessa inermis and T. raschi, in the NE North Sea and NW Skagerrak
in 1966 and 1967. Assuming a carbon/wet weight conversion factor of 10, a mean
depth of the northern North Sea of 100 m, that euphausiids occur in half of the
North Sea, and that the third dominant species, Meganyctiphanes norvegica, adds
50% to the biomass, a biomass of 1.8 g-m~2 could be estimated. In the present
model a much higher biomass of 9.1 g- m~2 is required to meet the consumption in
the system, mainly of Norway pout (16.5 g- m~2-y~!). This discrepancy may be due
to sampling problems for the euphausiids, and should certainly warrant increased
attention to this trophically important, yet rather ignored group.

The ‘gross food conversion efficiency’, GE, given in Table 1 is for any group the
ratio between its total production and total food consumption. This ratio is for most
vertebrate groups constrained physiologically to the range from 0.05 to 0.25,
whereas it can be higher for some groups of small invertebrates. It appears that GE’s
are unrealistically high for three of the four gadoid MS species (cod with 35 %, whit-
ing 24%, and haddock 36%). Efficiencies in the range of 5-15%, depending on
species, size, food type etc., are much more realistic for fish groups (Paloheimo &
Dickie 1966, Jones 1982a,b).

The conversion efficiencies for these MS predators are high because low con-
sumption rates are used in the MS WG programs. These low consumption rates
have however been adopted deliberately in order not to overestimate the effect of
predation in the MS WG programs (H. Gislason, pers. comm.) Apart from these es-
timates the other estimates used here from the MS WG seem very reasonable, and
the present model could easily be balanced with them.
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Making ends meet — balancing supply and demands

Previous studies have discussed how food requirements of the North Sea fish can
be met by the system. Steele’s (1974) rather crude estimates of consumption by fish
were based on known landings and assumed natural mortalities multiplied by 10 to
account for food conversion efficiency. Steele found that as parameterized there
would only be enough food if the fish were all herbivorous which of course is far
from the case. The present study shows that the fishery is operating at a trophic level
of around §, i.e. the average catch is three trophic levels above the primary produc-
ers, and thus the demand for primary production is much higher than if all fish had
been herbivorous. Incidentally the addition of the two extra trophic levels among
the small plankton only adds little to the trophic level of the fishery, which when
estimated without the extra small plankton groups would decrease by only half a
trophic level.

The studies of the North Sea ecosystem by Jones (1978, 1982b, 1984) were more
detailed, incorporating several invertebrate groups, yet the overall conclusion was
the same as Steele’s (1974): there was not enough primary production to sustain the
catches. Jones concluded that either the primary production was underestimated or
the transfer efficiencies between trophic levels was higher than 10% or both.

The present study comes to a different result than the previous studies: here less
than half of the primary production is required to sustain the consumption in the
system. This is well in line with the findings of large-scale autolysis of phytoplank-
ton reported for the North Sea by, e.g. Fransz & Gieskes (1984), and Nielsen &
Richardson (1989).

When comparing with the previous studies (Table 3) it seems that a major reason
why it is now possible to balance the model is that the primary production estimate
has been increased (from 1000 to 2300 g w.wt-m~2-y~! for microplankton), but
also that feeding on detritus has been included. It is estimated here that around half
of the flows in the system originates from the detritus, and this pool of organic ma-
terial was overlooked in the previous studies. An additional reason why it is now
possible to balance the model based on the available primary production is that the
transfer efficiencies in the present study are estimated from production and con-
sumption rates, and they are for many of the important groups higher than 10%.

Table 3. Estimates of production and consumption (g w.wt-m~2-y~!) from three studies of the trophic
structure of the North Sea ecosystem.

Steele (1974) Jones (1982, 1984) This study
Prod.  Cons. Prod.  Cons. Prod. Cons.
Microplankton 900 - 1000 - 2300 560
Nano- and picoplankton - - - - 1500 2300
Detritus - - - - 4900 -
Zooplankton 175 600 175 - 200 750
Benthos 300 10 300 300 2000
Pelagic fish 8 96 - 17-46 13 69

Demersal fish 2.6 31 - 10-20 15 95
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To check the mass balance in the model we can see how respiration balances the
primary production. We would expect the two rates to approximately balance as
the system only to a limited extent is a net importer or exporter of organic material,
and as respiration in ECOPATH II models is calculated as the difference between
assimilated consumption and production, we can use this as a check of the model
parameterization. For the present model we have that the total primary production
by microplankton is some 2300 g w.wt-m~2-y~! while the photosynthetic nano-
and picoplankton add another 1500 g-m~2-y~! bringing the total to around 3800
g-m~2-y~1 which corresponds closely to the total primary production.

An additional requirement for a realistic flow pattern is that the respiration
should be dominated by the lowest trophic levels. Here we find that the respiration
of the phagotrophic micro-, nano- and phytoplankton amounts to 2200 g- m=2-y-1,
or more than half of the total respiration. This seems to be a very reasonable esti-
mate, especially as the respiration of the photosynthetic plankton is ignored since
we only consider the net primary production.

The plankion food web

To focus on the plankton food web a special representation of the model was made
where all fish groups were aggregated; so were all zooplankton, and all other large
invertebrates, while the smaller plankton were described in six groups as discussed
above. A summary of the flows is given in Figure 3. It illustrates the importance of

Trophic fevel
4

230

730

T DOM + POM

T T T T
1 10 10? 108 10* 10°
Size, um

Figure 3. Flows in the aggregated version of the 1981 North Sea food web model focusing on the plank-
ton compartments. All flows are expressed in g w.wt-m~2-y~1. The groups are arranged after approxi-
mate size on the x-axis and after estimated trophic level on the y-axis.
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the lower trophic levels; around half of the total energy throughput for all of the
living groups combined is estimated to be due to the nano- and picoplankton, two
usually overlooked groups. Cautionary it may be added that the picture given of the
plankton food web here is very uncertain. Different assumptions on ecotrophic
efficiencies and diets of the consumers of these groups would lead to very different
parameter estimates. The main purpose of including the groups here therefore really
is to flag the importance they have for the overall flow patterns.

Primary production required to sustain consumption and catches

The primary production and detritus that is required to sustain the consumption of
each of the groups in the systems and the catches can be quantified using the ECO-
PATH II routine described above. Here all food chains in the food web are identified
along with the amount of energy they transfer, and the transfer efficiencies with
which this is done. Based on this the amount of primary production and detritus
that is required for each of the food chains is calculated, and summed up for the ter-
minal elements of the food chains.

Summing up the requirements we find that 29% of the primary production and
detritus is required to sustain the catches in the system. Results for comparison from
other aquatic systems are sparse, however Pauly & Christensen (1995) estimated
for the global fisheries using a different approach than the present that 8% of the
global aquatic primary production was necessary to support the worlds catches,
while the requirements ranged from 24 to 35% of the system-specific primary pro-
duction in freshwater-, upwelling- and shelf systems. Their results therefore seem
very comparable with the present.

For the world’s terrestrial systems Vitousek et al. (1986) estimated that close to
40% of the terrestrial primary production was used directly or indirectly by hu-
mans. As aquatic systems in general are less accessible to human utilization than
terrestrial systems the 29% utilization in the present study is high.

Figure 4 gives the primary production and detritus required to sustain consump-
tion and catches by ecological groups. Interestingly we know very little about the
groups that require most, notably euphausiids, Norway pout, and copepods. As an
ecological valuation measure the ratio between the required amount of primary pro-
duction and detritus, and the consumption is also given on the Figure. As expected
the fishes top the scale, and we find the piscivorous saithe and whiting at the very
top. Comparing herring with the species that increased most in abundance after her-
ring abundance declined in the late 1970s, sprat and sandeel, there is a marked cost
difference; herring is 5-8 times as ‘expensive’ to have in the system.

The ecological cost factor presented here may be of interest as a measure of the
‘food web price’ for having a group in an ecosystem, and as such it is a measure re-
lated to the ‘emergy’ concept of Odum (1988). Emergy expresses how much solar
energy equivalents a flow in a system represents. An advantage of the ecological cost
factor as estimated here is that it is a quantifiable measure derived directly from the
trophic dynamics of the ecosystem; there is no assumed conversion factor from ma-
terial type to solar energy equivalents as for the emergy.
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Figure 4. Estimates of primary production and detritus required (g-m~2-y~!} to sustain consumption
(total bar area) and catches (grey bar area) in the North Sea ecosystem. The groups are arranged after
ecological cost, i.e. after the ratio between the required primary production and detritus, and the con-
sumption. The ecological cost ratio is given next to the group names.

Trophic aggregation

To clarify the trophic structure of the North Sea even further the flows in the system
can be aggregated in discrete trophic levels using the method suggested by Ulano-
wicz (1995) and introduced above. The trophic aggregation routine of ECOPATH
IT produces the results in Table 4. The table shows that the important groups on
trophic level I are the phagotrophic plankton along with larger invertebrates, on
level III it is the phagotrophic plankton and zooplankton that dominate. On level
IV the upper trophic levels are dominated by the Norway pout, and again the eu-
phausiids and the juvenile fish.
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Table 4. Absolute flows (g w.wt-m~2:y~1) by discrete trophic levels (I to VIII). The groups are sorted
after their trophic levels (TL). Total flows (g w.wt-m~2-y~1) and total biomasses (g w.wt-m~2) trophic
level is also presented. The total biomasses excludes detritus, and are uncertain as some input biomasses
are assumed.

TL Group I I I v v VI VI VI
5.1 Saithe - - 0.0 0.8 0.7 0.3 0.2 0.1
4.5 Herring - - 0.7 1.7 0.7 0.4 0.4 0.0
4.5 Other predatory fish - - 1.7 3.8 1.4 0.8 0.9 0.0
4.5 Whiting - - 0.4 1.1 0.4 0.2 0.2 0.0
4.5 Mackerel - - 0.5 1.2 0.5 0.3 0.2 0.0
4.4 Norway pout - - 73 13 5.6 3.8 2.7 0.1
4.1 Cod - - 0.7 0.6 0.3 0.1 0.1 0.0
3.9 Juvenile fish - - 26 10 4.9 7.3 0.1 -
3.9 Euphausiids - - 80 33 14 21 0.6 -
3.8 Haddock - - 1.5 1.1 0.3 0.1 0.1 0.0
3.8 Ray - - 0.8 0.5 0.1 0.1 0.0 0.0
3.8 Sprat - - 2.7 0.9 0.4 0.6 0.0 -
3.7 Sandeel - - 21 6.8 2.8 4.0 0.1 0.0
3.2 Plaice - - 1.6 0.1 0.0 0.0 0.0 -
3.0 Sole - - 0.3 0.0 0.0 0.0 - -
3.0 Other prey fish - 3 11 0.9 0.3 0.4 0.0 -
3.0 PT microplankton - 560 340 510 - - - -
2.9 Copepods - 310 110 68 103 - - -
2.7 Other invertebrates - 130 95 14 17 4.2 - -
2.6 PT nanoplankton - 890 1300 - - - - -
2.5 Other crustaceans - 220 62 13 18 1.7 - -
2.4 Other macrobenthos - 520 52 31 47 - - -
2.2 Echinoderms - 290 13 7.7 12 - - -
2.0 Polychaetes - 430 - - - - - -
2.0 PT picoplankton - 3500 - - - - - -
1.0 PS microplankton 2300 - - - - - - -
1.0 PS nanoplankton 590 - - - - - - -
1.0 PS picoplankton 930 - - - - - - -
1.0 Detritus 4900 - - - - - - -
Total flow by trophic level: 8700 6900 2200 720 230 45 5.7 0.3
Total biomass by trophic level: 47 120 33 16 11 3.1 0.7 0.06

The groups are arranged after estimated fractional trophic levels in Table 4, and
it is interesting to observe that herring has a higher trophic level than cod, and that
the herring is way above the sprat and sandeel. The flatfishes are as expected placed
on the lowest trophic levels among the fish groups.

Mortalities

For the fish species the ecotrophic efficiencies indicate that only 48 -86% of the pro-
duction is actually used in the system, except for ray and ‘other predatory fish’ who
do not seem to be used in the system, and therefore have an EE of 0 (Table 1). The
efficiencies reflect that the residual mortalities in the MSVPA run have not been
fully accounted for in the ECOPATH II model. The MSVPA only includes preda-
tion by the MS species. To compensate for this the MS WG assume an other pre-
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Table S. Mortality rates (all annual) based on ECOPATH and MSVPA analyses. Z is the total mortality
rate, and is assumed to equal P/B, F is the fishing mortality, BA is the biomass accumulation rate, M2 is
predation mortality, while MO is non-predation mortality, and M1 is predation by other fish predators
in the MSVPA. For ECOPATH 1l models Z = F + BA + MO + M2; for the MSVPA run Z = F + BA + MO
+ M1 + M2. The M2 of ECOPATH II corresponds to M1+M2 of MSVPA.

ECOPATH MSVPA
Group Z F BA MO M2 MO M1 M2
1. Cod 111 1.01 -0.23 0.27 0.07 020 0.07 0.06
2. Whiting 0.84 0.56 -0.30 0.34 0.24 020 0.17 0.21
3. Saithe 0.58 0.31 0.06 021  0.00 0.20 0.00 0.00
4. Mackerel 0.29 024 -0.10 0.15 0.00 0.15 0.00 0.00
5. Haddock 1.37 046 -0.01 0.50 0.43 0.20 035 036
6. Herring 1.04 0.35 0.21 0.26 0.22 0.10 0.16 0.22
7. Sprat 121 0.63 -0.55 0.60 0.53 020 039 0.54
8. Norway pout 2.48 0.41 0.48 0.77 0.81 0.20 0.57 0.81
9. Sandeel 202 045 047 0.37 0.73 020 028 0.62
10. Plaice 0.65 035 021 0.09 0.00 0.10 0.00 0.00
11. Sole 0.66 033 023 0.10  0.00 0.10 0.00 0.00
12. Ray 0.44 0.00 - 0.44 0.00 - - -
13. Other predatory fish  0.87  0.00 - 0.87  0.00 - - -
14. Other prey fish 0.48 0.00 - 0.02 045 - - -

dation mortality (M1) and a non-predation mortality (MO) for all groups. These
mortalities are parameterized based on very limited information, especially MO
which is assumed to take values between 0.1 and 0.2 - y~! for the different groups.
The M1 term is not included in ECOPATH models where all predation mortality
is assumed accounted for.

The mortality rates from the MSVPA and the present ECOPATH II model are
presented in Table 5 for comparison. For most groups the M2 values are slightly
higher in the ECOPATH II model than in the MSVPA as more predators are includ-
ed. Yet the ECOPATH II predation mortality, M2 is lower than the summed mor-
talities, M1 and M2 from the MSVPA indicating that not all of the (assumed) M1
mortality can be accounted for in the ECOPATH II model. This is reflected by the
other mortality, MO values of ECOPATH II being higher than the MO of MSVPA.
The MO values of the ECOPATH II model also include discards, which are treated
as contribution to detritus. This should have no serious consequences for the model.

Trophic impact

Based on economic input-output analyses the trophic impact any of the groups in
a system has on other groups can be quantified. Result from the mixed trophic im-
pact analysis are shown in Figure §. The figure gives a very information-rich picture
of how the different groups in the system impact each other trophically through di-
rect as well as indirect interactions. These impacts may be cascading down the
trophic web; whiting for example has a negative impact on Norway pout due to
predation, but a positive impact on the euphausiids, the main prey of Norway pout.
Generally the fish predators impact each other negatively and all fish but the ‘other
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Figure 5. Mixed trophic impacts in the 1981 North Sea ecosystem. The bars quantify the direct and in-
direct trophic impacts that the groups indicated on the left have on the groups mentioned at the top. The
impacts are relative but comparable between groups. Positive impacts protrude above the baseline while
negative are shown below it. Only impacts for fish groups and larger invertebrates are shown.
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predatory fish” have a positive impact on the fishery. Whiting is found to have no
impact on cod, the positive impact of whiting being a prey for cod is counteracted
by the negative role whiting has as a competitor for food. Had the predation by
whiting on juvenile cod been quantified in the model the impact would probably
have changed to an overall negative.

Herring and sprat are assumed to compete for the same food resources. The im-
pacts here are however negligible, indicating that the changes in abundance of her-
ring and sprat over time are unlikely to be explained from food web dynamics as
studied here. This may be in line with the findings of Corten (1986), who concluded
that the changes in the sprat stock size should most likely be explained by environ-
mental conditions.

Among the invertebrates the negative impact of euphausiids on sprat and sand
eel is interesting. Tentatively one could speculate how changes in the fishing pattern
could lead to changes in the abundance of various groups in the system. As an ex-
ample, would increased catches of saithe lead to more Norway pout, less euphau-
siids, more copepods, sprat and sandeel? It is tempting to speculate over such cas-
cading effects; the mixed trophic impact routine is however not designed for making
predictions as it does not have a time dimension and cannot anticipate changes in
the food web. Therefore it can mainly be used to increase our understanding of eco-
logical linkages in systems, and certainly the brain exercises are good for creating
hypotheses about trophic linkages.

In addition to allowing interpretations about such ecological impacts the mixed
trophic impact routine can be seen as a simple sensitivity analysis. It gives an idea
of how important the different groups in the system are for the systems trophic dy-
namics, and therefore of where gains from improved parameter estimation can be
expected. Here for instance little can be gained from a better parameterization of
sole or ray.

Demersal and pelagic subsystems

Aggregating 25 of the groups in the original model in six groups as described earlier
a summary of the flows within and between the pelagic and demersal compartments
can be made (Figure 6). For this comparison the flows involving the small, nano-
and picoplankton groups, are ignored as the corresponding flows involving small
benthic groups are also ignored.

The biomasses are found to be approximately evenly distributed between the
pelagic and demersal fish, yet the turn-over rates are much more rapid for the pela-
gic groups, e.g. P/B is 2.2 - y~! for the pelagics and only 0.67 - y~! for the demersals.

The interaction between the demersal and pelagic subsystems is quite well defined,
even with the rather coarse separation used here. This is illustrated by the demersal
fish who only take some 18% of their diet from the pelagic groups and of this the
8% are pelagic fish (many of which spend part of the day schooling near the bottom).
For the pelagic fish as little as 4% of the food is found to be taken from the demersal
subsystem. A good part of the interaction is through the heterogeneous ‘other crus-
taceans’ group which includes both pelagic and benthic species, and which here have
been assigned to the pelagic group where the majority of the flow takes place.
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Figure 6. Flows in the demersal and pelagic subsystems in the 1981 North Sea food

web. All flows are expressed in g w.wt-m™2-y~!, while biomasses are in g w.wt-m~2.

Double-headed arrows indicate fishery catches.

Estimation of the primary production and detritus required to sustain the con-
sumption in the two subsystems leads to some interesting findings. The pelagic and
benthic invertebrates require approximately the same amount while the pelagic fish
because of their higher metabolic rates and slightly higher trophic levels require
fourtimes as much as the demersal fish.

The flow chart derived here (Figure 6) resembles many previous attempts to il-
lustrate the North Sea food web, see e.g. Steele (1974), Jones (1982b, 1984), and
Bromley er al. (1993). A major difference is however that the previous representa-
tions operate at the coarse level of detail illustrated in Table 3 and Figure 6, whereas
the present is based on aggregation from a much more detailed level. This can be
expected to add robustness to the present representation.

Conclusions

The model presented here gives but one possible representation of the trophic in-
teractions in the North Sea in a certain year and state. Other assumptions would
lead to somewhat, but at least for the upper trophic levels not very, different repre-
sentations. Especially would better parameter estimates for the non-MS groups help
to restrain the range of possible descriptions of the system.

The problem with the low consumption rates for the gadoids is indicative of the
problem of acquiring or maintaining an overview of large, complex models. As the
costs for development and parameterization of such models are huge, effort should
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not be spared when it comes to additional data analyses of the quality of the data
set, especially when this can be done without additional data acquisition. Appli-
cation of the present methodology is one example of this.

The limited availability of parameter estimates of the main invertebrate groups
of the North Sea on an annual basis reflects a need for process-oriented studies
aimed at producing such estimates. Valuable ecological work is conducted, but more
studies focused on production aspects and on energy flows between the important
invertebrate groups and to their predators are called for.

Fisheries biologists have over the last decade focused on energy flow studies in
order to improve fisheries management, notably to parameterize the MS WG pro-
grams. A similar development in invertebrate biology could lead to both increased
communication between the disciplines and better understanding of the ecology of
the North Sea as a whole.

Of importance is also that such a development will address the increasing need
for management of marine ecosystems so that the interests of not just the fishing in-
dustry are taken into account (Pauly 1994). As stressed by ICES also environmental
concern should be taken (Anon. 1992). It is hoped that studies such as presented
here may help to support this development.
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Appendix 1. Group-specific information

MS predators

Information on biomass, consumption and production for the MS predators, i.e. for
cod (Gadus morbua), whiting (Merlangius merlangus), saithe (Pollachius virens),
mackerel (Scomber scombrus), and haddock (Melanogrammus aeglefinus), is avail-
able from the MS WG database. For these species detailed diet compositions could
be derived from information presented by Daan (1989) and Daan et al. (1990). The
mackerel group is modelled to include both the North Sea mackerel, and the West
mackerel occurring in the northern North Sea in the second and third quarters of
the year.

Herring (Clupea barengus)

Information on biomass and production is available from the MS WG database.
The consumption rate is from Pauly (1989). The weighted average diet composition
is based on information from Last (1989) as follows: A mean of prey weights is
taken over the three February surveys; the surveys in February, May and August are
assumed to be representative for 5, 3, and 4 months, respectively, and it is assumed
that the relative consumption rates in the survey periods are 1, 2, and 2, respectively,
indicating a consumption rate in the summer half of the year twice as high as in the
winter months.

Sprat (Spratius sprattus)

Information on biomass and production is available from the MS WG database.
The consumption rate is based on an estimate for Sprattus fuegensis given in Pauly
(1989), which results in a reasonable gross food conversion efficiency of 14%. The
actual diet composition is assumed but based on information in Last (1982, 1985).

Norway pout (Trisopterus esmarkii)

Information on biomass and production is available from the MS WG database. The
consumption rate is estimated from an assumed gross food conversion efficiency of
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15%. The diet composition for Norway pout is based on information presented by
Raitt & Adams (1965, figure 1B & 2B). Raitt & Adams present average diets based
on percent volume and on average volume per stomach. The percent volume under-
estimates the importance of stomachs with large fullness of mainly fish prey, while at
the same time over-representing large prey due to differential digestion time. Therefore
the percent volume representation is accepted here as a compromise. The overall diet
composition is assumed to be represented by the average diet composition of juveniles
and adults. The diet information found by Raitt & Adams (1965) is supported by
studies of Gordon (1977) and by a recent study in the Norwegian Deep (Albert 1994).

Sandeel (Ammodytes spp.)

Information on biomass and production is available from the MS WG database.
The consumption rate is estimated from an assumed gross food conversion efficien-
cy of 15%. Sandeels are predominantly zooplanktivorous, with small fish and ben-
thos contributing to the diet (Baden 1986). Meyer et al. {1979) reports that cope-
pods and Sagitta elegans contributes around 40% by weight each to the diet of
American sand lance, the remaining being mainly animal remains. The actual diet
composition is assumed based on these sources.

Plaice (Pleuronectes platessa)

Information on biomass and production is available from the MS WG database.
Consumption rate is obtained as an average of the consumption rates given for fe-
male and male plaice by Palomares & Pauly (1989). The diet composition is based
on mainly qualitative information of plaice feeding on invertebrates, mainly poly-
chaetes, bivalves, and echinoderms (Bagge 1978).

Sole (Solea solea)

Information on biomass and production is available from the MS WG database. As
no estimate for consumption rate was available a gross food conversion efficiency
of 15% was assumed. The diet composition is based on qualitative information
only, e.g. Lagardére (1987).

Ray (Raja radiata)

The biomass of ray is estimated from average trawl survey abundance as reported
by Sparholt (1990), and re-evaluated by Daan et al. (1990). The food consump-
tion/biomass ratio is estimated to 2.9 - y~! based on studies by M. Vinter, as reported
in ICES (1989). Based on the same sources (Tables 8.4.1 and 8.4.2) the diet com-
position can be quantified. The mortality rate (production) of ray is not known. It
is therefore estimated from the consumption/biomass ratio and an assumed gross
food conversion efficiency of 15%.

Other predatory fish

The parameters for ‘other predatory fish’ were mainly based on horse mackerel,
Trachurus trachurus. Biomasses for the ‘other’ fish species were based on average
data (winter and summer trawl surveys) for 1983-1985 as estimated by Sparholt
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(1990.) In these surveys horse mackerel constituted some 95% of the trawlable
biomass of the ‘other predatory fish’. Horse mackerel were only present in notice-
able quantities on the autumn survey, and the biomass estimate used here is the av-
erage annual biomass. Only inconclusive estimates of food consumption by horse
mackerel in the North Sea seem to be available {Dahl & Kirkegaard 1987). It was
therefore assumed that the ‘other predatory fish’ have the same consumption/bio-
mass ratio as mackerel. The diet is based on information for horse mackerel given
by Dahl & Kirkegaard (1987) assuming the prey fish to be juveniles.

Otbher prey fish

The ‘other prey fish> group is focused on dab, Limanda limanda. The biomass for
this group was as for the ‘other predatory fish’ derived from Sparholt (1990.) Here
the dab was estimated to contribute around 65 % to the biomass of ‘other prey fish’.
Consumption rates were derived from information given by Creutzberg & Duine-
veld (1986) for dab in the southern North Sea. The production rate for ‘other prey
fish’ is not known; therefore an ecotrophic efficiency of 0.95 is assumed, i.e. the
‘other mortality’ is assumed to be 5% of production, and production is estimated
within ECOPATH to meet demands. Creutzberg & Duineveld (1986) also give av-
erage annual diet compositions for dab on mud and sand bottom. Baden (1986)
reports various food studies of dab indicating that echinoderms and other benthos
predominate in the diet, while Knust (1990) reports that the main part of the food
of dab in the German Bight was brittle star, Ophiura albida, in spring, and crus-
taceans, chiefly amphipods, in summer. The actual diet composition is assumed
based on these sources. No catches are reported for the other prey fish but it is
known that there are considerable discards especially of dab in the southern North
Sea. Discards are treated as contributions to detritus in the present model, i.e. they
are included in the (1- EE) part of the production and thus estimated indirectly.

Juvenile fish
This is a heterogeneous group intended to encompass all juvenile fish in the North
Sea. Juvenile fishes are important prey for a large number of adult fishes, even
though the predation to some extent is limited due to the juveniles generally occur-
ring at shallower depths than adult fishes. The present implementation includes her-
ring, Norway pout, sandeel, and ‘other predatory fish’ (Trachurus) as predators on
the juvenile fishes, whereas the MS predators not are included even though they do
feed on juveniles. Because of this the juvenile fish group should be considered poorly
parameterized but it is considered important to ‘flag’ its existence nevertheless.
The data for juvenile fishes are mainly based on qualified guesses, i.e. a high nat-
ural mortality rate and a high gross food conversion efficiency is assumed. The diet

composition is likewise based on general knowledge of most juvenile fishes being
planktivorous, see e.g. Robb & Hislop (1980).

Copepods
For copepods in the North Sea, Crisp (1975) reports an annual consumption and
production of 60 and 18 g C- m~2, respectively, and these estimates are used here.
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This production is within the range of more recent estimates (Fransz & Gieskes
1984). Hannon & Joires (1989) reported a zooplankton production in the southern
North Sea of 15-20 g C- m~2- y~L. This again brackets the estimate of Crisp but also
shows that his value may be an underestimate as the copepod production may well
be highest in the northern North Sea. In lieu of a biomass estimate for copepods it
is assumed that the biomass is 10 g- m™2. Therefore P/B is estimated to 18 g-y~!,
while Q/B is 60 - y~1, both based on Crisp (1975) and a conversion factor of 10 from
carbon to wet weight. In the actual calculations only the total production and con-
sumption rates are used, not the factors P/B, Q/B and B, therefore the use of an as-
sumed biomass value does not influence the results.

The food conversion efficiency (production/consumption ratio) of 30% for cope-
pods used here is well in line with the estimated gross efficiency of 33% found by
Peterson (1988) to be nearly constant among different copepod species. Copepods
are assumed to feed 95% on microplankton (evenly distributed between photosyn-
thetic and phagotrophic forms) and 5% on detritus.

Euphausiids

Lindley (1980) gave estimates of production and biomass of two (out of three) dom-
inant species, Thysanoessa inermis and T. raschi, of euphausiids in the northeastern
North Sea and northwestern Skagerrak in 1966 and 1967. Based on this informa-
tion a production/biomass ratio of 2.43 - y~! can be estimated. Lindley’s estimate of
biomass could not be used (see Parameter estimates in Results and discussion on
page 9); instead it is assumed that the gross food conversion efficiency of euphau-
siids is 0.15, and that the ecotrophic efficiency of the group is 0.95. The diet is based
on qualitative information only.

Macrobenthos (polychaetes, echinoderms, and other macrobenthos)

In a review of available information about the biomass of macrobenthos in the
North Sea, Rachor (1982) estimated the average annual biomass to 28 g wet weight
(w.wt) - m~2- More recent studies have yielded higher biomasses at least partly due
to changes in methodology, see e.g. the discussion by Kinitzer (1990).

Heip et al. (1992) estimated the average total macrofauna biomass to 7 g ash-
free dry weight (AFDW) based on 197 stations sampled during the ICES coordinat-
ed North Sea Benthos Survey in April-May 1986. Using a conversion factor of 15:1
for w.wt to AFDW (see Kiinitzer 1990 based on Salzwedel et al. 1985) this biomass
estimate corresponds to approximately 105 g w.wt-m™2. This can be distributed
with 10%2° = 1.6 g AFDW -m™2? (24 g w.wt-m~2) to echinoderms, 10%32 = 2.1 g
AFDW -m~? (32 g w.wt - m~2) to polychaetes, and 49 g w.wt- m~2 to other macro-
benthos. These biomass estimates are spring-time values which ought to be correct-
ed for seasonal variation to obtain annual averages.

Stripp (1969) in a study of the seasonal variation of macrofauna in the Helgoland
Bight found biomasses to be 1.4 times as high during May to November as com-
pared to the period from December to April. However, Buchanan & Warwick
(1974) found only slight annual biomass variation for macrobenthos in an offshore
mudbottom study. Based on this an other information it is not clear how a seasonal
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adjustment should be made, and for the present study seasonal variation is there-
fore ignored.

The average production/biomass ratio for macrobenthos in the North Sea was
estimated by Rachor (1982) to be approximately 2-y~1, and this estimate is used
here for the group.

Salzwedel (1980) estimated for a common bivalve, Tellina fabula, that 22% of
the consumption was turned into flesh production; as detritivores may have a lower
food conversion efficiency than herbivores the consumption/biomass ratio for ma-
crobenthos was here estimated from a lower, assumed gross food conversion effi-
ciency of 15%.

Other crustaceans and other invertebrates

Only very limited information was available for these groups. For both, a pro-
duction/biomass ratio of 3-y~1, a gross food conversion efficiency of 15%, and
an ecotrophic efficiency of 0.95 were assumed. The diet compositions are as-
sumed based on qualitative information, e.g. various reports from the ICES
Benthos WG.

The meiofauna is included in the ‘other invertebrates’ group. Estimates — claimed
to be not much more than guesses - give a total meiofauna consumption of 10 g
C-m™2-y~!, a biomass of 1-2 g d.wt-m~2, a production/biomass ratio of around
15-y-1, and a reasonable constant production/assimilation ratio of 0.4; nematodes
are almost an order of magnitude more important than harpacticoids (Heip ef al.
1990). These estimates are however not used directly here.

Microplankton

Phytoplankton is the major primary producer in the North Sea (Reid ez al. 1990),
and production by benthic producers is not included in this model.

The small plankton is here divided in three size groups, micro-, nano-, and pi-
coplankton, all described largely based on Fenchel (1988). The microplankton en-
compasses the size group 20-200 pum. It is here separated in two groups, photosyn-
thetic organisms, called phytoplankton, including mainly diatoms and dinoflagel-
lates, and phagotrophic plankton, including ciliates, dinoflagellates, some small
metazoan zooplankton, a.o.

It is assumed based on Fenchel’s (1988) rule of thumb that phagotrophic micro-,
nano-, and picoplankton incorporate about 40% of their uptake (be it in carbon,
nitrogen or phosphorus), excrete about 30%, and mineralize or respire the remain-
ing 30%. In addition it is assumed that the ecotrophic efficiency, EE, for the
phagotrophic microplankton and for all nano- and picoplankton is 0.95, so that
95% of the production of these groups is consumed in the system. The EE for the
photosynthetic microplankton is estimated.

The primary production for microplankton is estimated to some 200 g C -
m~2-y~! based on Fransz & Gieskes (1984) and Reid et al. (1990). The estimate,
which may be conservative, corresponds to approximately 2300 g w.wt-m=2-y~1,
(conversion: 1 g C = 15 kcal; 1 g wet weight = 1.3 kcal; Jones 1984; ICES 1989,
Figure 9.3.).
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Based on information given by Hannon & Joires (1989) for the southern North
Sea the phytoplankton (microplankton) biomass is estimated to 3.7 g C- m~2 (or 43
g w.wt-m~2).

The phagotrophic microplankton is further assumed to take 60% of their uptake
from phagotrophic nanoplankton and 40% from photosynthetic nanoplankton.

Nanoplankton

The nanoplankton includes the 2-20 um size group. The photosynthetic group in-
cludes pigmented flagellates, chlorophytes, small diatoms and others while the
phagotrophic mainly are non-pigmented tlagellates. The phagotrophic nanoplank-
ton was assumed to feed 60% on phagotrophic picoplankton and 40% on photo-
synthetic picoplankton.

Picoplankton

Picoplankton are as small as 0.2-2 um, and includes both photosynthetic and
phagotrophic organisms. The phagotrophic picoplankton is assumed to feed exclu-
sively on detritus, primarily through uptake of DOM.

Detritus

ECOPATH II models always include a detritus box, and flow to the group consists
of import, excreted and unassimilated food, dead organisms etc. Flow out of the
detritus box is limited to detritus uptake by consumers and export.

For the detritus group an estimate of amount of dead organic material, i.e. detri-
tus biomass, of 4.3 g C-m™? (50 g w.wt-m~2) was reported by Hannon & Joires
(1989) for the southern North Sea.



