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1. INTRODUCTION AND GENERAL DISCUSSIONS

The Ecosystem Models Workshop was held in the Northwest and Alaska Fisheries
Center in Seattle from 16 April to 11 May 1979. The main purposes and objectives
of this workshop were:

1) To review the present state of the art of multispecies and ecosystem

models for fisheries assessment and management.

2) To compare two existing models (Andersen and Ursin model - The Danish
model, and the Laevastu and Favorite model - the NWAFC model).

3) To review all subject matter ' pertaining to fisheries ecosystem simulation
and to suggest which processes are of primary importance to be included
in the simulation models.

The main participants of the workshop (called collectively hereafter "the
workshop') were: E. Ursin (Danish Fisheries and Marine Research), N. Daan
(Netherlands Institute for Fisheries Investigation), T. Laevastu and P. Livingston
(NWAFC, Seattle), E. Henderson and E. Cohen (NEFC, Woods Hole), and J. Burdine
(Marine Mammals Laboratory., Seattle). In addition, other scientists from NWAFC
(F. Favorite and others) participated in the sessions of various subject matters.

It was recognized by the workshop that the conventional single species
population dynamics models are no longer adequate for solving many present
problems of stock assessment and fisheries management. The single species models
lack the interspecies interactions (mainly through food dependence). On the
other hand, the multispecies and ecosystem models take the trophodynamics
quantitatively into consideration. Furthermore, it was recognized that the terms
models and simulations, as well as multispecies models and simulation models, can

be considered as symonyms.



It was also suggested that multispecies models should not entirely replace

the single species models. The latter often provide input data for the
former. 1If a given problem can be solved with single species consideration, then
the single species model should be used, provided that proper evaluation of
adequacy is made and the limitations recorded.

The workshop noticed that the number of ecosystem models is increasing and
that it is difficult to follow all of them in detail. It was considered preferable
to document the essentials of the models in somewhat simplified form to enhance
the review and evaluation. Therefore, the skeleton forms of both models (the
Danish and the NWAFC Bulk Biomass model (BBM)) were prepared and given in the
appendices of this report.

The major part of the workshop time was spent in detailed scrutiny of the
BBM model and its scientific background, suggesting possible modifications for
future testing. The DYNUMES and Danish models were dealt with only in a comparative
manner, in hopes of studying their details in future workshops

As trophodynamics play a central fole in the ecosystem models, recommendations
for proper fish food studies were made. Furthermore, different numerical experiments
with size dependent feeding were recommended.

The ecosystem models require a great variety of data, some of which are scarce
in the literature. Furthermore, emphasis is often put on some data which were
not considered essential in past fisheries research. It was, therefore, suggested
that the reorientation of fisheries data needs could be discussed in a larger
meeting of fisheries scientists in the future.

The workshop considered a follow up of the present workshop essential, both for
furthering the scieuce and technology of the subject matter, and for promoting
the application of the models in research guidance and in fisheries management.
Dr. Daan promised to explore the possibilities of holding the next ecosystem

models workshop in the Netherlands.



2. DISCUSSIONS OF BASIC PROCESSES IN THE ECOSYSTEM MODELS

The energy based ecosystem models were considered not fully adequate as the
necessary conversions to numbers and/or biomass is quite uncertain due to lack of
proper data on caloric values. The number based models (e.g. the Danish model)
follow to a large extent the conventional single species approaches and the
outputs are easy to understand with conventional thinking. Furthermore, these
models usually have a strictly defined mathematical background. On the other hand,
the biomass based models (e.g. the NWAFC models) require some rethinking in
different terms than customary in the past (e.g. the presentation of recruitment).
They are mathematically less rigorous, requiring local simulations and considerable
personal interactions, and are difficult to describe in mathematical terms
(except in discrete, time stepping finite difference forms). The multi-habitat,
multi-layer approach is essential in both types of models (the Danish and NWAFC
models).

All existing ecosystem models require simplifications in presentation
(description) to make them understandable and acceptable to a wider circle of
users.

2.1 Growth

Growth rates are computed from empirical weight-age data. However, these data
on juveniles, specially in the first and second years of life, are scarce and/or
deficient in all species. Considerable year-to-year variations in growth rate could
occur. Thus it is desirable to obtain better empirical data on this subject.

In biomass based models the growth coefficient of the biomass of any species is
dependent on growth rate at any given age interval and the relative abundance (fraction)
of biomass in this age interval. Thus the growth coefficient should vary (with trophic

and environmental effects) also with the variation of recruitment and fishery
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(i.e. with factors affecting the age distribution of biomass). Thus it is
desirable to account for the age distribution change either by dividing the species
into several age groups or by computing the age distribution with another model

(or subroutine). This problem is of interest to some management approaches due

to changes resulting from rejuvenation of populations (re. Dementjeva) due to
fishery.

The empirical knowledge of distribution of numbers (and/or biomass) of fish
in prefishery juveniles is lacking in all species. This applies also to age
variable mortality rates at these younger ages. Thus any studies which provide
knowledge in these areas (i.e. changes of numbers and mortalities in prefishery
juveniles) are most desirable.

The effects of water temperature on growth are treated in the models according
to best available knowledge. However, there is very little empirical data
available on acclimatization of different species to different temperature ranges.

The effects of the availability of food and related partial starvation on
growth is treated in a manner consistent with available knowledge. However, no
special studies (using model outputs) have been conducted on this matter. It
was suggested that this matter be discussed further in the next workshop.

In some species the seasonal changes of growth are not fully in phase with
temperature and/or availability of food. In these cases it was suggested to
simulate the known seasonal variation with a harmonic formula (see Appendices

2 and 3).

2.2 Trophodynamics

Although both models can partition the food requirement (and utilization)
between growth and maintenance, it was considered that additional data (and
research) would be desirable on the seasonal change of feeding rates, specially

in pelagic species.
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Although the temporal dependence of feeding rate (and food uptake) on food
density is simulated in the Danish and NWAFC's BBM models, the simulation of the
spatial food density dependence is possible only in gridded models such as the
DYNUMES model.

The size-dependent feeding must be used in all realistic fishery-oriented
ecosystem simulation models. It was suggested that attempts be made to introduce
a vulnerability index into biomass based models instead of food preference indices
(via mean food composition).

The fundamental differences between single species models and ecosystem
models is that predation (and trophodynamics in general) is included in the latter,
thus quantitatively connecting the dynamics of all species in the ecosystem.
Trophodynamics forms a basis for modern fish stock assessment methods. However,
good quantitative fish food and feeding habit studies are rare (example of an
excellent study is the cod study by Daan). It was recommended that good

quantitative fish food studies be promoted in all areas.

2.3 Distribution of biomass with age

Detailed, direct knowledge (and evidence) of the distribution of numbers
(and biomasses) of prefishery juveniles is lacking in all species. The models
with age-constant mortality coefficients were considered unrealistic for computation
of the number distributions of juveniles. It was recommended that any direct
and indirect means be explored for furthering knowledge on the number and
biomass distribution in prefishery juveniles and on the age-dependent mortalities.
Changes in relative age and size composition occur in all species, from a
variety of causes (e.g. variation in recruitment, fishery, etc.) which in return
induce other changes in the ecosystem and its dynamics (e.g. with reference to

size-dependent feeding). It is imperative that the models compute the biomass



and/or number distribution as caused by a variety of known factors. It was
suggested that this subject (together with results from prospective studies of
the dynamics and consequences of time dependent changes in age composition of
species biomasses) be discussed more fully during the next workshop.

The effects of different spatial distribution of juveniles and adults on
e.g. predation can be simulated only in gridded models such as DYNUMES.

The turnover rates of most fish biomasses can be computed with BBM (and
other) models. However, more data (empirical or theoretical) on annual turnover
rates of zooplankton and benthos would be highly desirable from ecologically
different locations (regions). These latter data are especially needed for
more accurate determination of carrying capacities of different regions.

2.4 Effects of fishery

The fishery causes changes in age composition of the target species. These
changes are computed directly in the Danish model where all species are divided
into a number of age groups. In NWAFC models only one or two species at a time
are at present divided into different age groups. In non-divided species, the
changes in age composition must be depicted in a number of parameters, notably in
biomass growth rate. These age (size) composition dependent changes must also be
depicted in trophodynamics (re. size dependent feeding, composition of food, etec.).

In the species where schooling is pronounced, the fishery should be computed
as constant catch in time (i.e. the fishing mortality coefficient must be adjusted
each time step). This approach could also be used to demonstrate quantitatively
the manner of "crash'" (collapse) of pelagic stocks.

It was considered desirable to investigate numerically the effects of seasonally
varying fishery on the biomass of the target species. During the workshop it was
demonstrated numerically that the annual difference in catches is not proportional

to the difference in the change of biomass of the species, but the latter can be



many times greater (e.g. 400 kg/km2 annual increase of yield might result in
1200 kg/km2 decrease of biomass).

Spawning stress mortality was first introduced into Danish model and is now
used in the NWAFC models. There is a nonlinear interaction between fishing
mortality-constant over fully exploited year classes, and spawning stress
mortality-increasing ca 10% per year. Thus it was felt that it would be desirable
to compute numerical examples of the interactions of fishery and spawning stress
mortalities for different species with different number of year classes in
exploitable stock.

It was furthermore felt that the present and future data from commercial
catch sampling (e.g. length-age-frequency data) might not be fully comparable

with data from earlier years when fishery was less regulated than at present.

2.5 Mortalities

Several recent investigations show an age dependent spawning stress mortality,
without providing absolute proof of it. This age dependent mortality may also
be thought as being caused by decreased vulnerability to gear in larger fish
and/or emigration of larger (older) fish into deeper water. It was found
desirable that more basic research be conducted on spawning stress mortality
(and/or age dependent senescent mortality) in a variety of species; specially
observations on spawning grounds would be especilally desirable.

Mean (natural) mortality coefficient was considered unrealistic for any species.
The greatest component of the '"natural mortality'" in juveniles is the predation
mortality. Both models compute it at least partially as age (size) dependent
predation mortality (re. size dependent predation). However, it was felt that
there is a further need to study and describe age dependent mortality in all
species by various means (drafts of two related studies were available to the

workshop) .



Exceptionally cold winters are known to cause additional mortality in many
species. Furthermore, severe starvation might be expected to cause additiomal
mortality in fish. It was found desirable to summarize all quantitative observations
in these subjects.

The predation mortality must be quantitatively limited (density dependent)
when the density of prey becomes low. In the Danish model it is limited indirectly
via vulnerability coefficient. In the NWAFC biomass based model it is limited
by two factors: a) a prescribed monthly maximum percent of biomass allowed to be
consumed, and b) with a predation level factor (E/Bt - equilibrium biomass/actual
biomass).

The effects of spatially and seasonally changing predator-prey distributions
on the predation rates can be included (and studied) only in models with spatial
resolution (such as DYNUMES).

It was found desirable to summarize all available quantitative observations on
disease mortalities. TFurthermore, the possible range of errors in mortality

coefficients should be studied (and reported on in the next workshop).

3. DISCUSSIONS OF FULLY MODEL DEPENDENT SUBJECTS

3.1 Types of grids and initial analysis

The gridded models such as DYNUMES have several advantages, allowing the
presentation of space resolution, migrations, differences in space and time of
predator-prey relations, etc. On the other hand, these gridded models are
expensive in set up and in computer core and time requirements. The "box models"
(e.g. Danish model and NWAFC's BBM and PROBUB models) are sufficient for many
fisheries research and management problems. The computations in these models

are done either in mass and/or number units per unit area or per total box area.
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Whereas the Danish model takes initial input from various available assessments,
the DYNUMES model needs the initial analysis of input biomasses. This initial
analysis consists of computing a unique solution to the biomass equations with
predetermined food composition and food requirements using BBM or PROBUB models.
With this approach the mean carrying capacity (and/or equilibrium biomasses) can
be computed.

The ecosystem models require that all the components of its biota be presented
quantitatively in the simulation. This presentation is not always possible by
species, but by groups of species. Feeding habits and food composition are
recommended as the main criteria for grouping of species.

Use can be made of quantitative exploratory fishery survey data in biomass
based models for initial input (spatial analysis). However, these survey data
must be first converted to total biomass. For this conversion vulnerability
(to gear) coefficients and availability coefficients are needed.

It was suggested that the types of outputs taken from the models be presented
in the form similar to conventional fisheries data in order to make comparison
easier. Obviously there is no limitation of taking (outputting) of any specific

data pertinent to special studies.

3.2 Data inputs

The input data for the Danish model and for the NWAFC models are considerably
different. These differences are partly dependent on the type of model, but
initially (in the model designing stage) caused by the differences in availability
of data. This pertains also to derived (indirect) data, such as various
coefficients and rates. Due to differences in the ecosystems per se, different
geographic locations, and especially due to the nature (emphasis) and intensity
of past fisheries research, the ecosystems simulations must often be designed
differently depending on available data. However, it was felt that wherever
possible some conversion factors and methods should be derived for making

general fisheries data quantitatively comparable.
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Ecosystem models require more and different data than conventional single
species models. Thus there will be a reorientation of fisheries data collection
in the future, when ecosystem models come more into use. Thus the fisheries
data collection reorientation should be discussed in larger groups with diverse
fisheries research backgrounds.

The use of environmental data (and anomalies) in the ecosystem model was
discussed and emphasized in the areas where seasonal anomalies can be large

(e.g. in the Bering Sea).

3.3 Migrations

The migrations in box models can be described as 'boundary values" - i.e.
the fluxes through the boundaries. Growths and mortalities outside the boxes
cannot be computed. The migrations are treated in detail in gridded models,
provided some prior information on migrations is available. Furthermore, the
dispersal, aggegation, and passive transport by currents is computed in gridded
models such as DYNUMES.

The workshop considered that it would be desirable to develop special migration
submodels which can be fitted to existing ecosystem models. It was suggested that

the problems of migration be discussed in greater detail in another workshop.

3.4 Reproduction, recruitment

The accuracy of the prognoses of the fisheries resources is largely dependent
on recruitment. However, the processes controlling the recruitment are quantitatively
poorly known. Considerable time and effort of the workshop was spent in discussing
recruitment problems and the modeling of this process.

In the Danish number based model the spawning products are released in a given
month of spawning. The number of laryae surviving 1s controlled by an empirical
formulation which allows lower survival at high number of spawners and high survival

at low number of spawners.
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In the present NWAFC biomass based model the recruitment is a function of
biomass size and of the growth coefficient of the biomass. 1If a given species
under special study is divided into a number of age groups, then the recruitment
is a function of the biomass of the older (sexually mature) age group. Although
discrete spawning season can be simulated in biomass based models, it has been
found convenient to consider recruitment as a continuous process, as the spawning
of most species in the Bering Sea covers a period of three to five months. Further-
more, the eggs when released are considered as a part of the zooplankton and they
(and the larvae) are consumed during the first few months at the same rate as
zooplankton. The early recruitment to the biomass of the species is assumed to
occur at the age of four to six months. Thereafter the recruitment is largely
controlled by predation by other ecosystem components as well. The recruitment
level is controlled by modifying growth coefficient, making it inversely
proportional to biomass level (Bt/ﬁ -~ actual biomass/equilibrium biomass; and

Several suggestions were made for experimentation with recruitment modeling,
which included the separation of each biomass into two age groups.

It was generally concluded that the recruitment (in all prefishery age levels)
remains one of the important problems to be solved in fisheries research. It
was also felt that the year class strengths might be determined by predation

on larvae and juveniles rather than by early survival of larvae.

4. PLANKTON AND BENTHOS IN FISHERIES ECOSYSTEMS
Several ecosystem models deal exclusively with plankton production. The
attempts to compute fishery production exclusively from plankton production

have, however, not been successful in the past, mainly because the pathways of
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plankton utilization are diverse and greatly variable in space and time. One
of the main tasks of the fisheries oriented ecosystem models is to determine
quantitatively the species composition of the ecosystem and the resulting
utilization of available food resources. Consequently the fisheries oriented
ecosystem models also need as input the standing crops and/or production of
plankton and benthos.

The standing crop data of zooplankton is simulated on the basis of available
empirical data. The consumption of zooplankton is computed in detail in the
ecosystem models. However, there is in general a lack of data on turnover rates
of zooplankton, which is needed for determination of carrying capacity.

Furthermore, the workshop concluded that there is a lack of quantitative
data on the predators in the zooplankton, such as jellyfish, ctenophores, and
chaetognaths which might be important competitors and even predators on small
fish larvae. Furthermore, little is known on squids as predators of zooplankton
and fish larvae.

Standing crop of benthos is usually simulated in ecosystem models as a function
of depth and type of bottom. The knowledge on the turnover rate (re production)

of benthos is also poor.

5. VERIFICATION AND VALIDATION

The sensitivity analysis, verification, and validation of large ecosystem
models pose many problems which have not been attacked by conventional means in
the past. First, it was suggested that the ecosystem models be described in the
manner and form in which they would be understandable to a wider group of fellow
scientists. This would enhance the verification of the models. Beginning of this
task is made with the skeleton models given in the appendices of this report.
Detailed descriptions and documentations of the computerized models should be

available upon request.
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The error limits of the outputs can be estimated, in some cases, by considering
the possible error limits in the input data and the formulas used in the model
where these inputs are used as parameters. This will also lead to verification
of the results of individual processes.

It was considered desirable to estimate the accuracy and confidence limits
of various outputs by different means. Furthermore, special numerical studies
could be made of some new approaches used in the models, such as dampening of
errors in recruitment.

It was specially recommended that some of the model output be tailored to
produce data which can be validated with conventional fisheries data. Obviously
new research approaches must also be designed to validate several aspects of

ecosystem processes and results thereof.






Appendix 1

A Multispecies Fish Stock Assessment Model

R I S S R S S I S E ST EE S CE S E IS I ENII TSI E

By Erik Ursin

‘The Danish Institute for Fishery and Farine Research
Charlottenlund Stot
DK=2920 Charlcttenlund
benwmark

Abstract. The basic framewerk ¢f the Danish multispecies moael
(the North Sea model) is descrited in mathematical terms
with emphasis on why these terms were chosen. The full model
(Ardersen and Ursin, Meddr Danm. Fisk.= ¢g Havunders., NS,
T: 319-435) is complicated and difficult tc take in during a
single lecture. Wwhen corputerized, the basic structure
described in the lecture tehaves like a 'generalized' sea
with four species btehaving tco rigidly tc te identified with
any rarticular aniral species.



Introcuction

.The mccel is prirmarily a multispecies extension to the Beverton
and Helt (1957) fishery mccel. when corplete it also descrites
prirary producticn as a function c¢f sunlicht ana nutrient
concentration in the water. It keers account of nutrient
transfer from water to plant to animal; from one aniral to
another; from apijral to cead organic matter; from animal anc
dead crganic matter back intc incrcanic nutrient in the water.
It also traces bicmass transfer in such a way that corsumption
equals predation.

The rocel can be imclerented as a8 clesea box or with an exchange
of wratter with the surrounding ervircnrent (the ocean, rivers).
Jt can be set wup as a simple tox ¢r as a set of two or mcre
boxes with migraticons across tcx bcrcerse.

The nmecdel is basically analyticals, btut some empirical relations
had to be introduced tc cover crcblerms tor which no analytical
solutien c¢an be ctfered. The acvantace of the analytical mocel
abecve the purely empirical cne is that you can make use of not
ouantifiable inforrmration whereas the empirical model utilizes
one particular set c¢f cata. For instancer, if all you kncw about
the fcoa of herring is that it FPas teen ascertained in an
extensive investigation that 5C pCt cf acult herring's food s
crustacean plankton weighing less thar 2 mg, then you can adjust
the apprcpriate rarameter values of an analytical model in such
a8 way that the herring of the mocel feed in acccrdance with this
infcrration. An awkwarc effect of this is that the number of
degrees of freedom for pararmeter estimation is not defined. The
parareters can bte ccunted, tut the nurter cf ctservatiors is a
Fisty aquantity. Ycu have in fact ircluded your own indefinaktle
"fund ¢f knowledge of marine Lite',

An irpressive example of the purely empirical approach is the
parer ty Lett and Kohler (1576) c¢cn herring ara mackerel inter-
action in the Gulf of St. Lawrence. Such ar approach is gooa
whep the data are gcod. Most data sets cn marire fish stocks are
defective tecause of excessive variance and a multituce of bias.

The entire model (Andersen anag Ursins, 1977) with all its details
and ertrciderings is quite ccrplicetec. However, the first oraft
of the mcdel which was distributed privately ir 1971 dis simple
and rermained the basic frarework of the final mcdel. It was used
by Eeyer and Lassen (1575) arc Lasser (197E) to describe in
general terms the tiological eftects ¢f synthetic pollutants in
the Nerth Sea and is referred to by Andersen ard Ursin (1977,
paragraph 5) as 'a reduced rcael fcr ragid ccrputation',

This skeleton mocel car be cerparec tc a picture of a man drawrm
with such told and simple strckes that arycne can see that it is
8 mar, but not which ore. This is & picture ¢f a sea with scme
species in it. Notogy kncws whichk sea cr which scecies. It was
not pcubklishec in 1971 tecause the authors tearec adcing to the
pile cf ecosystem mocels which rever reach the stage ot applic-



aticn to practical protlems.

Fodel Structure

Species Interaction and Bevertcn and kclt

- - T A W

ke shall first specify the prcbler ty writing the three basic
differential eauaticns of the Beverton and Holt singlespecies
assessrent moael upcn which most acvice on fishery regulation in
Eurcre is based tcday. These equaticns describe mecrtality,
grosth ard yield, respectively.

Let t ke time, w the bcdy weight, N the numter c¢cf fish in one
year class, Y the accumulating yield, and F and ¥ the fishing
end natural mortality coefficients:~-

ONJet = = (F + M) NCE) (1)
dutot = 0 wt3® = k witd 73
dY/ct = F NCE) w(t) 3

Fe M, H and k (and the powers cf weicht) are rararmeterse N/ w
and Y are variatles. They are functicns of tire. We want to put
species indices cn all these guantities and to estatlish species
interaction by intrcducing a functioral relationship tetween the
rortality and focd corsurption because ccrsumed anirals anc
plants die. The actual gparameters invclved are the natural
mortality parameter M, and the ccefficient H ¢f the positive
terr c¢cf the growth equation. For H tc ke positive there rust be
sorething to consure, H nrust therefore te developed as a
functicn of food corsurption, anc so rust M,

To achieve the gecal we introduce a fcurth differential equation
descriting the fooc ccnsumpticn of anm individual fishe Let R be
the accurulating focd consured:~

dR/ot = fCt) h w(t)?

0 <= f <=1 4)

The sirilarity with the first term of the grcwth equation is
deliterate. The ccefficient h is e parameter. The coefficient f
is callec the feeading level anac is a variable. If the fish gets
everything it <can eat we put f = 1, If it gets a traction of
what it can eat, the fracticn is f. If it gets nothing at all we
have f = 0. As shown telow, the feecing level is not a function
of time cnly, but altso of all the N's end w's in the system,
Assure now that crly the traction v c¢f of the fooo consumed is
actually assimilatec and available fcr growth ard basic metabol=
isr, This fraction is the pcsitive term of the growth eguaticn,
eq (2). In other words:-

H=v f(t) h A (5)

The feedinag Level

-

The next protlem s to determine f 2s a function ot availatle
focc, phi. (The notaticn of Andersen and Ursin, 1577, is adortec
excert that areek letters are spellec cut fcr technical rea=-
sons). we choose a simgple hyperbclic excressicn:=-



Frvding rate, dRjd1 (pg pre animal per huwr)
T
°

T
[

Fig 1

m 1 | 1 |
3 "
Find cancentrativn, 5 1"y algar per mh

f = phi/(phi + Q) . (6)

<

where 0 1s a parameter of the 'half saturaticn constant' tyge.
Note that @ is a3 large quantity tecause eq (é) 1is not divigec
through by the volume of the sea investigatec. By this formula-
tion we expcress that the feedirg level increases with increasing
fooo ccncentrations rapidly at lcw ccncentraticns and tcwards an
asyrptcte of f = 1 tor high concentraticns. An appglication tc
data fcr a cladoceran is illustrated in Fig 1, This curve can be
derived analytically, tasec on assumpticns cn the rate ¢f search
for fcod and the rate of fooo consumption (Andersen anrd Ursines

1977).

So far so good, but we must alsc cescrite the availatle food.,
phi, Tc 8 first approximaticn ghi can Ete the biorass of all
animals and plants 1in the sea. Let the index i indicate the
predatcr and the incex j the prey. Brackets in the expression
belew irdicater that this s not the final formulatien. The
contriktution of each category of prey becomes (phyj ) = Nj v
end we get:-

(phi; ) = ,-Z(BM"J' ) = JZN,- N .

But this will not do. Suppcse that i (the predators) are one
year c¢ld herring and j (the prey) three years old c¢oa. Three
years old cod are nct fcoc for cne year cld herring. They are
too big. It is necessary to intrcduce & coefficient g indicating
the suitability of j as fooa for i:=

Dhi“j = g“- Ni Hj
phii = ?Dhiﬁ =§ g‘-j. Nj "j W€ <= g <= 1 ?)
For g = 1 we count all of j*'s ticmass as fced for i. For g = (C

we count j out entirely. Else, we count the fraction g c¢f j's
ticrass as food available tc i

Another coetficient could tEe irtrocuced tc ascertain for in-
stance, that relagic animals eat other pelagic anirals cnly, tut
such ertroiderings are not cur purrose in this short overview.



Precatcr/Prey Size Ratio

The solution of cne prckblem creates the next. We must describe g
as a tunction of predator size and prey size. When the rogel was
formulated in 1971 very Llittle was kncwn about grey size
preferences of fish or other marine animals. we nmade the
assurpticns (1) that there exists & preferred prey size, (2)
that the ratio preaator/prey weight remains the same through a
predatcr's Lifetire and, (3) that & crey twice the preferrea
size is as acceptabtle as a prey half tre preferrea size.

These assumptions Lleaa to the <ccnclusion that values of the
coefficient g are log normally distribyted about the Logarithm
eta of ¢the opreferrec predator/prey size ratic. Except for one
thing: we want to adjust the curve tc 8 maximur value of one
ifnsteac of adjusting to an &area ocne unaer the curve. e are
therefcre not dealing with protatilities ¢f a Log normal
distritution. Denoting the standarc ceviation ty sigma we have:-

(nCug /w;) - eta)

1 Bt e
= exp(= gamma (ln LT ln . - eta)z) (8)
0 Cod Dab
9
8|
-
all
&5
Li—
-
2
-
0 I =
o logwi/w, 8
100 10° wy/wj

where the parameter gamma is introduced to simplify the expres=
sion. In the present skeleton rmocel eta anc sigma are, unreal~
istically, treated as universal constants. The parameters were
estirated for two fish species (Ursin, 1973) and-there was foung
e fair agreement with availatle cata which were = and remain =
few. The shapres of the curves are shewn in Fig 2. Fenchel (1975)
indecendently develcpec a sirilar mcoel fecr the food item
selection of proscbranchs ¢f the genus Hycrokia., Discrepancies
from the expected curve are ciscussec ty Ursin (1973) and Agger
enag Ursin (1977), btut the hyrothesis is retainec soc far.

The Relation of Corsumption to Fcrtality

This trings us tc the end of the aescrigticn cf food cornsumption
ano we realize that the tctal ccnsumpticn £y all animrals in the
eccsystem is:i-
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and that this is the quantity whick must be excrressed different~
ly tc <cescrite predation mertality. Introducing a predation
mortality coetficient M2 we must heve, in orcer to retain the
rass talance within the system:-

. P 7 |

erzj S ‘an f; h; oW (9
That s, the total precaticn.mortality of all prey j equals the
total consurption by all precators i. what s necoed 1i{s an
exgression for the individual predation mortality coefficient Fg
of prey j as developed below.

Mortality in General

-

The original expressicn » ec (1), for the change in numters is:~=
dN/dt = = (F + M) N(t),

M wust be partiticnec intc precaticn mortality M2 and residual
natural rortality ¥ so that we have:-

dN/dt = = (F + M1 ¢ M2) N(t),

One kind of residual mcrtality namely, the censity cependent
wortality of young fish, is here cealt with in a different way.,
by transfering it tc the momrent c¢cf hatching (see Lbelcw)e The
remaining ®1 mortalityr, whichever its causes, is treated as a
constant: M1 remains a parameter just Like the M (fcr adult
fish) of Beverten ana Holt, wheress censity depencent mortality
and precation mortality must te develored as functions of some
rew rparameters. This warrants the mecre cgetaziled treatment of
these nmortalities belown.

Precation Mortality

The coefficient M2 ¢f precaticn mertality is the Limit of the
ratio c¢f the amount corsurec (in a tire interval) over biomass
when the time interval decreases tcwarcds 2zero. To find the
amount ccnsured we write first the sum ¢f everything consumed by
all predators i:=

2 (aR /dt) N,
¢

The fcoc available tc each precator is definec above in eaq (5)
and denoted phi;. One gart, :hiﬁ » of thi; ccnsists of the crey
j in which we are interestec. The fraction of j in the foog
availatle to i is phi;; /phi;. The predatcr i is eating ingis~
criminately out of “its availatle focd resources because the
discrimination is already accounted fcr kty the factors g in the
expressien for availatle fccde The ccnsurec fcod of i centains
the same fraction cf j as the availatte foca. Therefcre, j's
lcsses due to all kinds of predaticn are:~=

‘Z(chiij /phi;) N; aR;/ct,
Divicging bty the tiorass of j we tave M2 cirectly tecause using
infiritesiral notation it 1is nct necessary to tother aktcut
Liritirg values:-

7
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Sumrirg over j gives the joentity fcrmulated in the crevious
paragraph, eoc (8). Perhaps it cught tc te menticned that i ana j
were used differently ty Andersen enc Ursin (1677).,

Density Dependent Mcrtality

0 - .

Density dependent mcrtality c¢f young fish is necessary in the
vodel., with recruitrent propcrticnal to mature tiomass the model
is not stable: numters increase ccntinually, feeding Llevels
decrease and mean weights of age grours decrease accordingly.

The simplest way of introducing censity deperaent mortality s
by Lletting it reduce eqg numters. €gcs are hatched imrediately
in the mecdel. with € the number cf eggs spawnec we express the
nurkter E1 of hatchec eggs &s:i-

E1 = E (C/(C + E)) 1)

where ¢ is @& species scecific rarameter anc C/(C + E) is the
fracticn hatched. The expressicn can te derivea from the model
descrited in paragrarh 6.1.4 of EBevertcn ard Haolt (1957) by
putting density independent rmortality tc zerc, tut it can alsc
be c¢cnsidered an emgcirical relationship with the effect of
making the probaktility of hatching inversely related to egg
procucticne

The excression statilizes the nmocel so that, eventually, a
staticnary solution 1is reachea., 1In the steacy state the same
steck corposition is observed every year on the same gate. which
steady state 1is vreached cerends upcn the chcice of parameter
values ard is independent ¢f the starting values of numters and
body weights.

This simgle model of density dependent nortality gives an
unrealistic description of the fcod consurgticn of fish Llarvae
because too many are killed befcre they start feeding. As
pointec out by Jones (1978) the lerval food censumption amounts
to a ccnsiderable fraction of the total focd ccnsumption ¢f the
steck, Tc descrite this realistically, a more elaborate model ot
density derendent mcrtality is called for (Andersen and Ursin,
1977, Aprendix),

Spawning

In crcer to retain the age group ccncept of Eeverton and Holt it
is necessary to introduce mcmentaneous spawning at fixed time
{ntervals at which the mature age crougs locose a fraction pi of
their weight. This tiomass is divided by the weight omega of cne
egg tc give the egg nurber E trom which the number hatched, E1.
s <calculated as described atove. The E1 tarvae form the
youngest aade group. The olcer grcurs move one step up the age
grour ladder. The olcest age group ccntains after spawning the
sare arirals as tefcre, but with memters of tke oldest-tut=chne
added. Eoay weight <c¢f the oldest age grour is recalculatec
accorcinoly, see belows



The Mcdel Set-Up

Species Structure ard Starting values

- e W

The rmrcdel 1is here descrited with 4 species &, bs, ¢ and d, anc
with halfyearly discontinuity roints tc rfermit spawning, 1lhe
systerm is open for introcduction cf ratter thrcugh species a ot
which & constant amcunt 1is added at the teginning of each
halfyear. Exit frcm the system is through faeces, metabolism
(corbustion), unspecified M1 mcrtality, density depencent egg
wmortality and fishing.

Species a8 does not est, dces not wnetabolize and coes not
propagate. It 1is cf no conseauence hcw much is Left at the end
of a halfyear: the losses in that halfyear are replaced at the
beginning of the next. This sirulates an annual phytoglankton or
2ooplarkton cycle with a spring raximum and an autumn maximum,

Species t» ¢ and d eat, are eaten, metetolize, aie from unspeci=
fiea (M1) causes anao propagate at the discontinuity points, with
a density dependent egg mortality.

Species b spawns twice every year, beginning when one year old.
It s a small animal as for instance a eurhausid. Species ¢
spawns ir the autumn, teginning when two years clde. It can be
visualized as a small clureid. Spgecies d spawns in the spring
and btegins when three years ola, It c¢an be visualized as a
wedium sized gadoid fish,

We start the computaticn in the auturn when species ¢ has just
spawned, and wuse the initial data set (state vector of nurters
and btocy weights) listed in Tatle 1. hNote the ‘'empty' -entities
nos. 6» S, 11 and 13 fcr species ¢ and ¢ which spawn cnly once a
year. Yields are put tc 2ero at the tecinning cf the computation
(and &t every discontinuity goint) ard therefcre do nct figure
in Tatle 1.

Parareter Values

e et

Some parameters are handled as universal constarts. They are:-
1. the fraction assimilated of focd ingestec. The v of eag (5); =.

2. the prey size preference parareters of eg (8): eta = sigma
‘®# ln 100 = 4.,60517 from which carma = 108577

3. the half saturatior constant of eq (6): @ = SO 00CG’
4, the fraction of mature tiomass scawnned: Ei = .27
5. the residual natural mortality: M1 = .1,

Other parareters must ke handled as srecies scecificr, or the
rodel wculd not make sense. Their purpose is to create anirals
of cifferent body size and differert stcck size. They are the
coefficient of focc ccnsumpticn h, ec (4), the coefficient k ot
the recative term cf the grcwth eaLaticn, ec (2), the egg size
onmega, and the recruitrert paranreter C ot ec (11). The values
useg are listed in Tacle 2. For species a there are two rfarame-
ters cnkty, the corstant body size, w = ,UC1 g, and the input at



the tecirning of each halfyear. N = 1 CUC 0CC CCO.

Table 1. 1nitial arbitrary cata set.

Scecies
era Age [N w
entity vyears grams
a 1 0 1 0CC cCC oGC .0C1
2 0 40 ccc =1
b 3 «d 16 occC =L
4 1.0+ 16 CGL 1.C0
5 0 1 0CU CGC =2
c é .5 nocre
7 1.0 10C 25.0¢
B 154 10C 4C.C0
S G none
10 d 1 0CC 3.C0
d 1 1.0 none
12 15 2 42.50
12 2.0 nore
14 2.5+ 1 25C.(0

Table 2. Srecies srecific carameter values.

Species h k orega c
1/year 1/year aranms

10 2.5U oL1 ¢ Cul CfLue
c 18 1.75 .C2 1C CccC
d 35 <4l +L5 2
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Eggs are made very big in crcer to speec up the numerical
integration which has to bte rertcrnec in shcrt steps for small
values ¢t w. The relative growth ratesof very young animals are
unrealistically high in the grcwth ecuation usedg.

The fishing mortality coefficients are as follcus:~-

F, = F, = ..-.=Fr=0

) 1

f,o2 Fp= 1 Heavy 'young clupeia' fisherye.

Fg = o2 Modest 'adult clupeid' fishery.

Ffp = F, = eeee = F,=C

Frg ® o5 Medium fishery for 'adult gadoids',

The Differential Equations

The task is to integrate the fcllowing equations:=

dN;/dt = = (K1 ¢ M2; ¢ F ) N; 121/ ceee #14
dw;/dt = v f; hg w7 -k - i % 20 ceee o4
dY; /dt = F; N; wg L PEPT TR

Not ccunting the ‘erpty' index numters this amounts to the
simultaneous numerical integraticn of 2& first crder differenti=-
al equations, At first sight the task is extremely sirple, but
for each step it is necessary to evaluate f; ang M2, according
to the descripticns in eqa 4» 6, 7, &, and 1C, which is a time
consuring process. )
The 4drtegration can be performed by simgly adding to current
values of N, w ana Y the values c¢f the differential quotients as
evaluateag fors, e. g.sr One week at a tirme., A fcurth order Runge=-
Kutta prccedure cbtains the same accuracy faster.

The Biscentinuity Pcints

Yhe rprocesses of spawning and mcving the age groups one step up
the ladder are exarmplified telcw by species b (indices 2, 3 ana
4). we designate ty N(2.tef) anc N(2,aft) the numbers in entity
2 before and after spawning, ard similarly for the other
entities and for weights,

The numter of eggs is the bijorass tires the fraction spawneds,
divided by egg size:-

€E = i (N(bsbef) wlbstef))/crega

N(2,aft) = (E C)/(E + C) (the nunter cf eggs hatchea)

N(3,aft) N(2,bet)

MC4,att) = N(3,bef) + M(b4,bef),

Fcr the tody weights we have:=



" 1

w(2,aft) = oreqga
w(3,aft) = w(2,bef)

Calculatina w(4,aft) is wmwere complicated. After spawning the
weight w(4,bef) is reduced by thte fracticn pi. We want a
weighted mean of this and the so far unchanged w(3,tet), the
weighting factors teing the numters N(C4,tef) and N(3,petf).
Thus:~

(1 = pi) wl4r,bet) NCh,btef) 4+ w(3,bet) N(3,bef)

W(h,aft) = wececsecmccecacemceceesemcceomcmmscocscmsescaa-s

N(4,bef) + N(3,bef)

The sinilar calculations for species ¢ and d, scawning only once
8 year, are describec in Andersen and ursin (1977, p. 384) and
it should not be necessary to go into them here.

Calculation Results

Someone might want to write a program in orcer to visualize the
functicning of the model in which case it is desirable to check
the outprut. Hence Table 3 which sktows the ccntents ot the state
vector of numbers and tody weights after the first and secona
halfyears, before and after spawning. Similarly, Tatle &4 shcws
the ststionary solution achieved after about 3C years, depending
on steplength, starting values arc the nurter of significant
digits.
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Table 2. Trial runs. State vecter of nurbers and tcdy weights
after cne and two haltyears, tefore ard after spawning. To 4
significant digitse.
Species
ard Befcre spawning After spawning
Entity N - N ) W
After first halfyear
a 1 19 G4C «C01C 1 0G0 CoC QuG .001C
2 76,32 «0E0C 71 96C «G1C0
b 3 1 358 «349C 7¢.32 .060G0
4 3 89C «956¢ 5 248 «6563
5 130 v00 «4éE2
c é 13C 700 04682
7 54,69 25,46
8 83.05 36.0¢ 137.7 31.85
9 1.997 «0500
10 871.9 26.35
d 11 €71.9 29.35
12 1.876 115.5
13 1.876 115.5
14 .7392 386.2 «?392 311.4
After second haltfyear
a 1 418 600 COG .CC1C 1 C0C CQC Co0 .0010
2 6 509 a2649 1% 280 -0100
b 3 7.£88 «4338 é 509 22649
4 836.3 1.16C 847.0 -9231
5 : 7 066 «G200
c 6 16 ¢20 3.C49
7 16 620 3,049
8 89.19 27.01 £$.19 21.60
9 25433 9.51¢
1C e5433 9.516
d 11 7C5.7 79.44
12 7C9.7 79.44
13 1.707 21¢€.9

14 -5398 473.3 2.247 278.5

12
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Table 4., Ccntinuation of the trial run cf Taktle 3: steacy state
achievec after 30 yearse.

Species
and Befcre spawning After spawning
Entity N w N w

After any first halfyear

a 1 97 550 COC .CC1C 1 00C CCC 0Que .0010
2 142 10¢C «2296 €55 8GO0 0100

b 3 53 54¢ 26462 142 100 2296
&4 63 14¢ 1.194 11¢ 70C «8155
5 3 664 1.258 none

c 6 ncne 3 664 1.258
v 765.0 8,243 none
8 1 346 17.61 2 115 14.21
9 ncne 1.999 .0500
10 1.14C 54,72 none

d 1 ncne 1.140 S4.72
12 1.C04 254 .6 none
13 ncne 1.004 294 .6
14 1.548 1 14¢ 1.548 917.0

After any second halfyear

8 1 102 80U CoOC .CC1C 1 00C CCC COC .G01C
2 136 COC .23C1 84& 000 .0100
b 3 52 $9C o646 13¢ 0CO «2301
4 61 €3C 1.195 114 é60C «8125
5 ncne G 674 .0200

c 6 1 551 4,324 none
? ncne 1 551 4,324
8 1 ¢85 17.¢€5 1 683 14.12

9 1.261 1644 none
10 nche 1.261 10444

d 11 1.C065 148.3 none
12 ncne 1.065 148,.3

13 « 9499 4$C.5 none

14 1.145 1 195 2.095 875.8

13
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by
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ABSTRACT

The basic formulas of Laevastu-Favorite Bulk Biomass Model (BBM) are given in
simplest possible (skeleton) form in terms which are similar to those used in
conventional fisheries population dynamics. Although the formulas have been
used in ecosystem model, they can be applied with some modifications to a
succession of year classes, leading to a biomass based multispecies cohort analysis.
The BBM model uses a discrete time stepping procedure with one month time step.

When at least one biomass is well known and the mean food composition is
assumed to remain constant, there exists an unique solution ("equilibrium
biomasses") for the set of biomass equations for all species in the ecosystem,
provided they are connected to each other via trophic relations. This solution

can be obtained with iterative methods as outlined in this report.
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The recruitment control in biomasses based models is effected via the change

of the growth rates of individual species.

1. INTRODUCTION

The Bulk Biomass Model (BBM) of Laevastu and Favorite (1978a) has been
described in technical report and programme documentation which present the
programme formulation mainly in finite difference form. The mathematical
background of the skeleton (basic) BBM model is described in this paper, using
abbreviations which are conventional to many single species population dynamics
formulations.

The equations presented here can be applied to any fish species. The formulations
and treatment of plankton and mammal (apex predator) are excluded. The biomass
and trophodynamic equations can also be applied, with some modifications, to a
single cohort of any species, The numerical behavior of the individual formulas
is well known and thus not described here. Of the numerous "auxiliary"
computation formulas, which are used in the Prognostic Bulk Biomass Model
(PROBUB), only a few are presented in the text.

The skeleton BBM model is the simplest multispecies ecosystem model. It is
a biomass based model (in contrast to conventional number based models). The
biomass growth and mortality is computed in discrete time steps., The biomass
growth rate is computed from empirical data of annual growth rates and distribution
of biomass with age. The latter is obtained from the age frequency distribution
for exploitable part of the population and for the prefishery juveniles it is
computed with an age-dependent mortality rate (mainly predation mortality)
(Laevastu and Favorite 1978b). Examples of these two data sets required for
computation of the mean biomass growth rate are given in Figures 1 and 2. The mean
biomass growth rate (Yi) is Yy < z Y, * Ba’ where Y, is the growth rate of a given

age group (cohort) and Ba is the fraction of total biomass in this age group.
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The major component of the "natural mortality", i.e. the predation mortality
(or ecosystem internal consumption), is computed in detail with the model as an

age (and time) dependent parameter.

2. THE BASIC BIOMASS EQUATIONS
The biomass (B) of a cohort, species or group of species (i) at the end of
a given time step (t) (monthly time step is normally used) is computed with a
well-known formula (1), using biomass from previous time step (t-1) and growth
rate (coefficient) (g) minus total mortality rate (Z) for this time step (for
symbols see Chapter 6).

g. AN
X & i(t) - i) (1)

P i,t-1

The yield (Y) is computed with a prescribed fishing mortality coefficient ¢i.
It should be noted that all the instantaneous coefficients (growth, mortality,
fishery) are different than the corresponding conventional coefficient for number
based models which use annual time step. Thus all these coefficients have to be
computed on biomass base and for the time step used in the model.

-
vy, =3, _#%e &) ()

As relatively short time step is used in the computation, the second order
terms, such as nonlinearities in growth and mortality during the time step, can
be neglected. Furthermore, the fishing mortality (fishing intensity) coefficient
must be adjusted to the mean biomass present. If the biomass changes considerably
during the course of the computation and a predetermined yield per unit time is
required, the fishing mortality coefficient must be multiplied by a factor of

Yo

mean (base) biomass divided by actual biomass (¢i = ¢z, * (Ei/Bi .
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The growth coefficient is computed in each time step, accounting for the
effects of starvation in the previous time step:
) (3

Bieey = Bt % (R 3 =85, )/R

i,t-1 i t-17""1,t-1

If there was no starvation in previous time step (S,

i,t-1 = 0), the rate of

growth (gi(t))'will take the prescribed value gz, but if the species was not able

to get all the food required for maximum growth rate (Ri )), the prescribed

(t

growth rate will be reduced by the ratio of the amount of food which the

species was not able to get during the previous time step (Si t—l) over the total
b

amount of food required by the biomass to grow under unlimited conditions

(R

i,t—l)' Both values are available from previous time step and the possible
error caused by this necessary backstepping choice is again minimized by the use
of short time step in the computationms.
The initial (prescribed) growth rate is presented in past BBM models as a
harmonic function over time to take account of seasonal differences in growth
(gg =y + Gi * cos (ait - Ki)) where s is the annual mean growth coefficient,
o is half of the magnitude of its annual change, oy is the phase speed and «
is the time lag to reach the maximum. Furthermore, in full BBM models the
growth rate is made a function of either surface or bottom temperature. Growth
rate is also a recruitment parameter in biomass based models (see Chapter 4 below).

The mortality rate (Zi(t)) is the addition of all negative rates of changes

representing thus the total mortality rate:

= g
Ziey =ty Mt BiLea (4)
All rates of change are presented as instantaneous coefficients and are
therefore additive. Fishing mortality (¢i(t)) and natural mortality from old age

and diseases, including also spawning stress mortality (ui) are prescribed, but



the predation mortality coefficient (Bi t—l) is computed trophodynamically in
b
previous time step from the ratio of consumption of the species over its

biomass (B,  _; = In(l - (c; t—l/Bi t—l)))'

The general time dependent scheme of computations is given in Figure 3.

3. TROPHODYNAMIC EQUATIONS

The amount of food eaten by a species i (Ri ) with unlimited food

(t)
availability is:
= * *
Ricey TBi,e ¥ T 7 T 5
where r, is the prescribed daily ration (in fraction of body weight daily) and
T is the length of time step in days. If the growth rate (gz) is made a harmonic

function over the year, r, must also be made a harmonic function

= + * - » .
(ri Py Bi cos (ait Kl))

If the food supply of all food items for a given species would be unlimited,
we could compute the consumption of each food item (e.g. the consumption of

species j by species i (Cj i)) from the food requirement (Ri) and the fraction of

species j (prey) in the food of species i (predator) (ﬂi j):
]

C. .=R, *m, |, (6)
J,1 i,t i,]
In this case the total consumption of species i would be:

c, = § Ci,j @h)

and the starvation would be zero. However, some food might be in limited supply and
only part of the biomass of a prey is usually accessible as suitable food (re size
dependent feeding). The vulnerability of one species (prey) to another species
(predator) is prescribed by average composition of the food of predator. Therefore
the fraction of the each species which is allowed to be consumed in each time step
is prescribed in BBM model (pj), considering mainly the size composition of the
biomasses of individual species. TFurthermore, substitution of low-availability food

items with high-availability items must be used. However, conditions can arise



where full substitution is unrealistic and partial starvation will occur.

There are various ways of computing the actual consumption with the above
described limitations. The following serves as an example. First, the fraction
of biomass of a given species consumed in previous time step (month) (pa) is
compared to the allowable fraction (pj). If the actually consumed fraction
exceeds the allowable fraction, then the prescribed mean fraction of this species

in the food of the species under consideration is decreased (ﬁi i = pj/pa * ™ j).

The new food composition for the species i is summed and the missing fraction of

b

food requirement is divided between these food items which had an ample supply
in proportion of their occurrence in the mean food composition (prescribed at
the start of the computations). However, if the missing fraction is large
(e.g. in excess of 40% of food requirements), part of this missing fraction is
recorded as starvation. The latter part of this approach requires thus several

subjective decisions and can require a lengthy computer program.

4. RECRUITMENT IN BIOMASS BASED MODELS

The recruitment is usually depicted in number based models as a time dependent
discontinuity, relating it to discrete spawning period. In the biomass based model
the spawning can be treated as a continuous process. This consideration is more
acceptable if we think in terms of size groups rather than age groups, a long
spawning period and consider variations in growth of individuals belonging
otherwise to the same age group.

Considering a continuous recruitment to all size groups and assuming (a) that
there are no exceptionally strong or weak year classes of postlarval juveniles,
the recruitment would be proportional to the biomass present. The variations
in postlarval recruitment would be depicted in biomass based model by the
variations of growth coefficient in the species biomass (if the species is

treated as one unit). This is shown in Figures 1 and 2, where high growth rate



in postlarval juveniles (dotted line in Figure 1) and an increase in biomass

of these postlarval juveniles (dotted curve in Figure 2), would result in

increased overall (mean) growth coefficient for the species. (A strong year class
of older fish would lower the mean growth coefficient.)

On the other hand, large spawning biomasses are known to produce proportionally
smaller year classes and small spawning biomasses are known to produce
proportionally large recruitment (year classes). Therefore, the recruitment
could be regulated (controlled) in biomass based models, making the growth
coefficient inversely proportional to biomass present.

82 - g(i) - Bngi,t—l
where B? is the equilibrium or mean biomass of species i. This computation can
be done in the models in prognostic mode after the determination of the

equilibrium biomasses.

The factor BF/B

/B4 o1 dampens the possible fluctuations of recruitment rather
b

heavily so that the much above or below average recruitment does not appear. It
E :
has been found somewhat more acceptable to use the termVBi/Bi - instead. It
b

could be generally noted that in contrast to number based models, the biomass

models are not oversensitive to errors in recruitment computation.

5. MODEL INPUTS AND THE UNIQUE SOLUTION AS EQUILIBRIUM BIOMASSES
If the biomasses of all species in the ecosystem do not change over a year
(i.e. previous January biomass is the same as actual January biomass), then we
can say that the biomasses are in equilibrium. This implies that the growth
of the biomass equals its removal by mortalities (specially by predation). If
we want to achieve this equilibrium, we can change either growth rate, mortality

rate, or biomass level itself. The growth rate is determined by empirical data



and the other factors, such as temperature, are assumed in the equilibrium case to
be the same from one year to another (although seasonal changes can occur). Fishing
and other mortality rates are also assumed to remain the same from one year to
another. The predation mortality (consumption) must then balance (together with
other mortalities which remain unchanged) the growth rate. This balancing can be
achieved if the biomass levels of the predators are adjusted at the end of each
year so that at the end of the iterations biomass of one January is the same as in
the next January. This adjustment can be done by finding a unique solution to the
biomass equations of all species (or groups of species) in the ecosystem. This
unique solution exists when one of the biomasses and the consumption by that
biomass is predetermined (assumed to be known and fixed). In this case an iterative
solution can be applied to adjust the biomasses of other species once after each
year's computation:

B

) B, B,
1,612,0 ~ Bi,e12,a T (AP L23)

where B, is the

1,£12,0 is the new (adjusted) biomass for December,

By t12,a

previous December biomass, B, is the biomass of previous January (computed as

i,b

next step from Bi,tlZ,a)’ Bi,a is the computed biomass in January one year later
and k is an iteration constant (3.5 to 10, depending on the state of convergence).
Forty years or more of computation is needed before the solution converges to
a unique (equilibrium) solution. The speed of convergence is among others dependent
how close to equilibrium values were the initial guess biomasses at the start of
computation.

The model requires as input a number of species specific constants (see
Chapter 6). Besides these, the biomass of at least one species must be prescribed
as known (i.e. not altered in iterative adjustment). The biomasses of other
species must be initially prescribed as the best first guesses. The first guess

values of the consumption (C) can be computed by assuming Ci to be eight percent

of Bi per month.
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In order to determine the carrying capacities of given ocean regions with
the model and to obtain realistic equilibrium biomasses, the model must include
all species. Computer capacity as well as basic information available does not
usually allow the specification of all species separately, but many species must
be grouped into ecological groups, where the composition of food and feeding

habits are the main criteria for grouping.

6. SYMBOLS FOR CONSTANTS, CALCULATED PARAMETERS, AND STATE VECTORS

Constants

oy -~ phase speed, time step dependent (e.g. 30 degrees per month, radians)
Y4 - annual average instantaneous growth rate

¢i - instantaneous fishing mortality coefficient

Bi — half amplitude of annual change of food requirement (fraction of body

weight daily)

ci - half amplitude of annual change of growth rate

Py - annual average food requirement (fraction of body weight daily)

Ky - phase lag (in radians)

By - instantaneous rate of mortality (other than predation mortality)
ﬂi’j - fraction composition of prey j in the food of predator i

pj - fraction of biomass j allowed to be taken in one time step (month)
r, - prescribed rate of food requirement (fraction of body weight daily)
gg - prescribed instantaneous growth rate

o) .
Note: The latter two parameters (ri and g; can also be computed if Yy and Py

and related constants are prescribed).
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Dynamically calculated parameters

gi (t) - calculated instantaneous growth rate

3

zi(t) - calculated total instantaneous total mortality rate
E 0 .

Bi — equilibrium biomass

State vectors

Bi t — biomass of species i at time t
9
Ci(t) - consumption of species i (predation) during time step t
Ri(t) - food requirements
Si(t) - starvation (the amount of food missing from the full food requirement
Ri(e)?
Yi(t) - yield
Cj i — consumption of species j by predator i
3
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Appendix 3

Programme Documentation

Skeleton Bulk Biomass Model
SKEBUB
by

T. Laevastu

CONTENTS
1. Purpose of the model
2. Sequence of computations and brief outline of the programme.
3. List of symbols.

4. Programme listing with annotations.

1. PURPOSE OF THE MODEL
Biomass based ecosystem simulation models must be adapted to available data
from given regions. Thus no ecosystem model is universally applicable without
considerable reprogramming. Some basic approaches and formulas are, however,
used in all biomass based ecosystem models. The following skeleton bulk
biomass model (SKEBUB) is an example of the simple bulk biomass ecosystem simulation
model and shows also the method of iterative solution to equilibrium biomasses.
Furthermore, it serves to explain the working of discrete time stepping ecosystem

models in general.

2. SEQUENCE OF COMPUTATIONS AND OUTLINE OF THE PROGRAMME
The enclosed example programme contains only five species/groups of species:
herring (and other pelagic fish), pollock in two age groups, flatfishes, and
"fish food benthos'". Marine mammals are lumped in one group and consumption
by them is used as a "forcing function'". Zooplankton standing stock is simulated

with a harmonic formula.



The DATA statement introduces the main growth rates, their harmonic constants,
food requirement coefficients and their harmonic constants, monthly mean pollock
(group 2) biomass (if there is a desire to keep it constant), mean composition
of food, and maximum allowable consumption of the species per time step (month).

After setting the zooplankton constants and zeroing the arrays, the initial
biomasses and their initial consumptions are introduced.

The computations start with the simulation of zooplankton standing crop,
whereafter the consumption by mammals is computed.

The computation of growth, mortalities, and consumption of the fish species
and benthos follows species by species. Within these computations the feeding
subroutine FOCONS is called which also recomputes the composition of food
according to availability, as well as possible starvation.

The "month end computations" include the computation of fraction of biomass
consumed, transfer of fraction of juvenile pollock ("pollock one'") to adult
pollock ("pollock two'"), and outputs.

The iteration of equilibrium biomasses is carried out with variable iteration
constant. A "recruitment control" is computed before increasing the month account.
Subroutine PRIFLD is called for printing of outputs and subroutine FOCONS is called
in species computations for recomputing of food composition, for computing of
consumption (predation), and for estimation of possible starvation. Additional

comments can be found in the enclosed programme.

3., LIST OF SYMBOLS
AGA - iteration constant
AL - (not used)

ALP - phase speed (30 deg)



BE
BEC
BEE
BEI
BEJ
BEM
BEP
BK
BM
BP

BR

co

D1

DIF
FBM
FC

FF

FFC
FFE
FFI
FFJ
FFM
FFP

FFS

benthos biomass

consumption of benthos

"equilibrium" biomass of benthos

"adjusted" biomass of benthos

monthly mean consumption of benthos

annual mean biomass of benthos

percent consumption of benthos (per month)

phase lag of maximum food requirement

biomass of marine mammals

annual mean food requirement (7% body weight daily)
half of annual range of food requirement change
intermediate (instantaneous coefficient of predation mortality)
percentual composition of food

intermediate (in FOCONS)

intermediate (in FOCONS)

difference in biomass in two adjacent Januaries (year apart)
total food consumption by mammals

fractional food composition of flatfish

flatfish biomass

consumption of flatfish

equilibrium biomass of flatfish

"adjusted" biomass of flatfish

monthly mean consumption of flatfish

annual mean biomass of flatfish

percent consumption of flatfish (monthly)

starvation of flatfish



FL - yield (catch)

M - fishing mortality coefficient

FOOD - total food consumption

G —- annual mean growth coefficient

GB - storage array for mean growth coefficient
GG - growth coefficient (intermediate)

GIK —~ phase lag of maximum growth

GK - phase lag for maximum growth coefficient
GR - half of the annual range of growth coefficient change
HC - fractional food composition for herring
HE - herring biomass

HEC — consumption of herring

HEE - equilibrium biomass of herring

HEI - "adjusted" biomass of herring

HEJ - monthly mean consumption of herring

HEM - annual mean biomass of herring

HEP - percent consumption of herring

HES — starvation of herring

I - counter

IS - species number

J - counter

K - month

KIK - maximum number of years computed

L - year

LAL - year when equilibrium biomasses are expected

LL - year count (in PRIFLD)



LR

NP

PCO

PC

PIM

PIP

PIZ

PV

W

P1

P1C

P1E

P1I

P1J

PIM

P1P

P1S

P2

P2C

P2E

P21

P23

P2M

P2P

P2S

number of experiment (run)

counter (in FOCONS)

previous month

maximum percent biomass allowed to be consumed
percent consumption (in PRIFLD)

fractional food composition of "adult" pollock
phase lag of maximum mammal standing stock
consumption divided by biomass

converted phase lag in zooplankton

(not used) (monthly mean biomass of adult pollock, if kept constant)
food requirement (computed)

juvenile pollock biomass ("pollock one')
consumption of juvenile pollock

equilibrium biomass of juvenile pollock
"adjusted" biomass of juvenile pollock
monthly mean consumption of juvenile pollock
annual mean biomass of juvenile pollock
percent consumption of juvenile pollock
starvation of juvenile pollock

adult pollock biomass (''pollock two')
consumption of adult pollock

equilibrium biomass of adult pollock
"adjusted" biomass of adult pollock

monthly mean consumption of adult pollock
annual mean biomass of adult pollock

percent consumption of adult pollock

starvation of adult pollock



R - intermediate for percent of consumption of biomass
RAC - factor for conversion of degrees to radians

S - starvation mortality coefficient

SC - sum of unchanged fraction of total

SD - sum of fractions of food missing

SM — mortality coefficient (from old age and diseases)
SMA - starvation, amount of food missing (in FOCONS)

SP - species biomass (intermediate)

SS — starvation (in percent of food missing)

SU - sum (intermediate)

T - month (intermediate)

uc - fractional food composition of juvenile pollock
Z - coefficient, growth minus mortalities

ZK — phase lag of maximum zooplankton standing stock
Z0 - zooplankton standing stock

Z0C - consumption of zooplankton

Z0M - annual mean zooplankton standing stock

ZoP - percent of zooplankton biomass consumed

ZR = half annual range of zooplankton change
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PROGRAM NSSKEL i{3/74  OFT=1 EIN 4,74476 072440179  08.29.4%

PROGRAM NSSKEL(INPUT,»DUTPLTsTAPEL=L{NPUT)
Re Al Ko Ny MLy NIsM2

INTEGER 3TEPRPS»HALFYR
DIAENSLION HEL4)» K (L4)OMEGAC4)2C(4)s

FONULG) swiha)s FULA) »dLOG(ia) s FHI(L4514)5G(Lb514),
¥ FICL4)suxDT(14) 2M2€14) oY (1a)e Ll uN{14)s0lDW(14)

READ(S5, iv) VeETA)GAMMA, Q) PiyML
iG FORMAT(3F Y5 FB40s2F8.5)

PRINT 205 V>ETA,GAMMA, Qs PI M1
eV FOURMAT (LK #2V 29FB8e9 s ETA 2sFdaDez GAMMA £,

*chb)‘ G ﬁ;F8-03¢ Pl ¢’fCobJ‘ Ml ?}F805)
KEAD (22301 HsK

30 FCRMAT(7r7.3) *
PRINT 40y H K

U FORMAT (1X s #Hs  #,14F 743/ LXs2K=  #,14F7.3)
sEAD (2 30) 0OMEGA

- KEAD (5,20)C
vl FORMAT(7E9.2)

PRINI 60, 0HEGA,C
ol FUORMAT(1X,=0MEGA= #,4F7-3)lQX)fo Fa4FL1.2)

KEAU (9,30)F
PRINT 7GsF

7V FORMAT(LlA,#F= #,14F7.3)
KEAD (9,50)N» Y s

PRINT 6OsNsoW
oU FORMAT(1XyeN= #p14EY.2/0XseW= #,16E9.2)

KEAD (5590)STEPS,HALFYR
Yy FURMAT(214)

PRINT 100,STEPS,HALFYR
20U FCRMAT (iXxp2STEPS PER HALFYEAR #9149

*5KpeNus GF HALFYEARS#,14) : .
vE¥x¥x INLTLALLZATIGN :

Nil=K(1) -
L=1L

UDELTAL=L1./(STEPS*2.)
UELTA=UELTAL/Z16.,

NoTEP 5=5TEFPS* 10,
N(L)=NL

CLOW (L) =W (1)
vl ll4 1=1,1%4%

DO Lli4 u=1s14
il4 G(1,4)=0.

C333bBEGLN HALFYEAR
+49 DU 120 =114

lZu Y(I)=0-
Ou 19U NT=1,NSTEPS

LO 130 I=is14
- YOL)=Y(i)+P (DD #NCLI) *W(T J*DELTA

WLU()(I)=OD
130 TF(W(4) eGTo0e)WLOGIIN=ALUGLW(T)) i :

DG 150 I=1,14
Fi(l)=0,

DG idv v=1lsl4
G(LsJ)=eXP(-GAMMA*(WLOGLL)=WLCG(S)—ETA)*%*2 )

PHLOLsJ)=G(Ep ) RN LI IEW(I)
156 PLCi)=Fu(l)+PHI(f,»J)

SAMEL=0. 3% SAME2=0.




rebrAd N3 SKEL 13/l1a OQPT =] : EIN 4,7+470

07410/72

08.29.44

SUM1=0.
LIFF=0U.

DO 1oV L=1,14
ClLuW(I)=y (4}

FEELLV=FLI(L)Z(FI(L)+Q)
1wyi=2,/3,

OROT(L)=FEEOLVEH(I)*(W(I)**TWC3)*VELTA
SAMEL =S AMELI+N(T)*DROT (L)

DAV T=VHUROT(L) =K(I ) *W(I)*LELTA

W{l)=w(l)+240T

Le0

SUML=SUNL+N(T)*DWDT
D 180 J=1.1%

OLONCJ) =N(J)
M2(J) =0,

IF(N{U).EG.C.)GL TC 180
LU L1706 f=1i,1%

LF(N(L).£G,04)G0 TO 170
Mgy ) =Me{d)+ Gl JI*DROT (A *NILT)/ER(L]

17¢

CONTINUE .
ONDT==((FE(YIFMIN*DELTA+PIZLJD ) ENL U]

N{J)=N(J)+ONDT
SUML=5UM1+0LDWIJ) #OND T

DIFF=0LFF+n(J)*W(J)-CLON(JI*ULDWLJ)
SAMEZ2=3ANME2¥M2(J)*CLUN(9)*CLDY(J)

lby
1Y)

CONT LNUE
CONT LNGE

SAMQUU=SAMEL/SAMe2 ;
PRINI 165,NT,SAHMEL,SAMEZ »>AMGUD

185

FURMAT(lX;rCHECK:#;5X:I4)5X:2Elj-b;15X:E15.6)

QUU1l=SYMl/u]FF

1to

FxLNT lBosdiFF, SUMisQUOL
FURMAT (13X 3E1968359XsE124061)

C***%%STEP - LuuP =NDS

C

(3333 35PANNLNG

LO_195 1=1,1%

19Y

CLOUNCL) =N(I)
LLOW(id=a(T)

E=PlEN(4) %4 (4)/OMEGA(2)
t1=E*C(2)/(C(2)+E)

Wla)=((Le=PL)¥d(4)EN(L) +% (3)¥N(3) I/ IN(4)+N(3))
Wl3)=w(2) )

wl2)=CnELA(2)
Nla)=h(4)+n(3)

N(3)=N(2)
N(2)=kL

IF(L/2%2 . EG.L)GO TO 230

C3253SPECIES C yucS NOT SPAWN

wl3)=(ntlo)*N(8)+w (7)EN(7))/(N(B)+N( 7)) " ,
Nig)=N(8)+N(7) -

DU ¢10 I=1,2
J=o—1{

210

wild)=w(d=1)
iNn(J)=inlyu=1)

Wi2)=20,
N(2) =0,

C*%«%SPECIE> U SPAWNS
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J=l4—-1|
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FRKINT 300,L . > B
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HLOBX2ANZ) LOXy #WAI 21X #N#E» 16Xs £ #L )
OU 310 l=1,14
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C** READY FUR NEXT HALFYEAR .
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UELTA=UELTAL
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END
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4. PROGRAMME LISTING WITH ANNOTATIONS
ko '
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PROGRAM SKEBUR 13714 0PT=al ETN 4.7+476 07/10/79__ 08.,22.40 _

PROGRAM SKebUB8 (INPUT,OUTFPUT)
= COMMON i/ 70(13)3720C013)Z0P(13) »BE(L13) »BFEC(1322REP(13)s
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OO

UATA G/0e»Cel4r)0,09050412550.0545,0.058/» ‘\
ZGRZLn)UA_lb)_O 04625,Q0.0975: Cali2B5s0.026/1 '
SGK/210e92100524049210452i0422404/, (

= +bBbP/0e20s50,008250,003,)0e002¢2000487»
H9bR/0es04»0.0006,0.0075,0.00325,0.00225/»
DbKlZLU!}ﬁLOolziDoQZLQLLaLQQDZQUII!
C1FM/7 Ges»0asUs006,0,00250.,0i0250,0008/7,
2517045 0e0G220,U0250,002,0,003,0,0G25/
3,PV/1i3%1750./ i
GoHel 940200000 2092e919200,2/ :
SUC/BLer2esL0e2b0r2er1laly
OPC/40 210091 5.5290p1 008445
7FC/UD}?7D5}Zn)bl)OoD)bul}
BF /40 o0 ilsybes9ss9.64/ :
C*% HusUC,PLyFC - PERCENT CuUMFCSLTION OF FOOD
C*¥* P = MAX. CUONS. ALLOQWED
C 11 SPECIcS 5 CHANGING,MAMMAL LUNb. CUNSTANT
ZUNHﬁQUI
IR=240. » Zooplankton constants
LK= Zan |
AL=0.0235 >
L onVk URIGINAL GROUWTH CDCFFLCLENT
LEC 60L 1I=1,6 -
GB(1l)=G(I)
pJyi CGNTINUE
C Lk = HUNSER CF EXPERIMENT
Lk=21
PRINT 300,LR
3GG FORMAT (/75X 6HRUN NC»I16/)
C Du LLLPS & AND 2 - ZERGC ARKAYS
D0 1 I=1513 i
ZU0(T)=20P (i) =HEP(I)=HES(1)=0C,
BtP(L)-rlr(l)‘PlS(I)-PZP(l) =2225(1)=0,
FrP(1)=FrS(I)=0.
. 1 CONTINJE
b 2 I=1,13 —
ZUC(L)=vE(L)=BEC(I)=HE(L)=HC(L) =0,
PL{I)=PiC([)=P2(L)=F2C(1)=0,
rF(L)=FFC(L)=0.
¢ CUNTINJUE
C ENTEx INET1lalL GUESS FIELDS
U uoMPUTE IAUT AL (GUESS) CONsUMPT ION
TEilic)=ocl=BEL=3000.
oEC(le)=dEu=BE(L2)%0,1D
He{(l2)=HE[=HEE=4200,
HEC(1e) sHEJ=HE(12) %0.008 "
PLl{Le)=rll=PLlE=4100,

b
\

7 Data input

,._
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PLClic)=P1J=P1(12)%0.090
Pe(12)=P2i=F2E=1750.,

F2C(12)=P2J=P2(12)%0,10
Frel2)=Fra=cFE=3000,

Frulic) =rFJ=FF(12)%0,05

C*émyhupkh

rernnTmm

DG 421 l=1,6 Transfer of allowable con mptie

“k{L)=P(]) into permanent a
424 CONTLINUE : 'rray

C

LLLUPLANKILN SiMULATION
K=i % T=K

KAC=0.0174533
ALP =30 % AC

Pili=iK*kaC
20 ¢U0(K)=ZCHN+ZR*¥CUS(ALP*T~PJ/])

LCUK)=LO(K)*60.
K=K +]

T=K
IF(K=-13120+20,21

21 PRINT 22, (Z0(I1)sI=1,12)
¢ FORMAV(//5K»13HZOUPL . KG/KMR2, 1216 .Q/)

(S

MAMMALS
K = MUNTo (= YEAR

K=l .
LAL = NUMBER UF YEARS FOR FQUILIBRIUN IL{ERATION

KiK = TOUTAL NJUMBER OF YEARS CF CONPUTATIONS
LAL=40

KIK=4b
L=1

PRINT 206t
¢Ge FORIAT \//5X»4HYEALR, [6/)

23 T=K :
CONSUMPTIOUN 8Y ANIMALS

O

Iri1d IS TAE ONCTY PRESCRIBED ANU FIXED BLIOMASS AND "CONSUMPTIGN
420 PiM=210.%KaAC

BM=(2e8+ Lo u¥COS{ALP*T-PLI))*1QU.
FBM=BM*0,02%30,

LOC(K) =FuM*0,12
BEC(K)=FBM*0,15

HEC(n)=FEM*0.18
PIC(K)=F81M*0.29

P2L(K)=FsM*0.1l0
FFC(K)=F8ii#0.10

LF(L-LAL)2U8,207,208
207 PRINT 19,Ks8M

19 FORMAT(/754Ks LBHMAMMAL BIOMASS, M=, 165FB8.0/)
FRINT 245 (LOC(K)sBEC(K)»heCn) PLC(K),P2C (K),FFC(K))

¢4 FORMAT(//5Xs L4HCONS s BY wAMMes6F8.07/) ) .
BENTHOS - !

206 T3=¢
NP =K=1 - Setting of "previous month" index

IF(NP)L5,29526
25 NP=12

¢t GG=G(IS) |
PIP=gEC(NP)/BE(NP)

LE(PLP*LU0.=2.%P{[S))4L0s41usrall
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il PLP=2*%F([5)%0.,01

$iv_ L=ALUG(le—P[P) ~
L=6G=->54(1S)+C
BE(R)=ob(NP)*EXP(Z)

C HERRING
1$=3 Species number

LIF(HE (NP))60,60,52
Y2 PIP=HEC (Nv) /HE(NP) B
IF(PLF#¥1GC.-2.%#P(IS))412,412,413 pConversion of consumption to
413 PIP=2 +%F([S)%0,01 instantaneous coefficient.
4l¢ C=ALOG(L.-PIP) - '
S=ALOG() . ~HES(NP)/HE(NP))

LFE(L-LAaL)b51s 91553 *
51 Ge=G(L5)

~
g 60 TO 55 Recomputation of growth
GLK=GKILS)*RAC Soerticiont

(€3
(3%}

6G=GIIS)+GRIISI*COS (ALP*T~GIK) _J

2=2G6=S M [5) +C+5%0 .5 Total "biomass change' coefficient
HE(K)=HE(NP)*EXP(Z) .. Herring biomass

SP=He ()

h of
<

HE (K) =dE(K)*EXP(=EM(LS)) ;JrFishery (yield)
FL=SP-HE (&) .
IFAL-LAL)315209,209

209 PRINI _3UsKaEL . .

20 FORMAT(//5Xs14HHER. CATCHs M=35LusF5.0/7)
31 IF(L-LAL)35533,34

34 GIK=BA(LS)*RAC Food requirement coefficient
Pw=B8PLi5) +oR(LS)*COS(ALP*T=GIK) computation

CO(Ll)=rdC(1)
CL(2)=HC(2)*8E(NP)/BEE N

COL{3)=HC(3)*HE(NP)/HEE ] } .
CCUl4) =HC (4)*PL(NP) /PLE .
Culz) aHL(5) %P2 INP) /P2E [
CLLO) =HCLE) *FF(NP) /FFE i
SuU=3. . > . -‘A
DC 56 I=lo Recomputation of food composition
SU=3SUuU+CC(L) f

56 CLNTINGE
DO 57 L=1s86
LL(1)=CC(L)*100./5U

57 CUNTINJUE
GO _TO 35

|
|
|
i
33 Pu=3P(LS) I
2 Du_310 i=1,6 .

: CO(L)=hCu 1) ‘/

310 CCNT ANJE ’

35 CALL FUCUNS(KyPWySSsHEsCUsPsR»ZUCSBECSHECIPLCHP2CsFFCyLyLAL) Feeding subroutine call
HES(K)=53 Herring starvation (relocation)

GL 10 2ul
60 HE(K)=1.
% tCLLuCKk CNE
cOL 15=4
LE(P L(NP)) 70,7052 Other species computations follow the
be P1P=P1CINFJ/PLINP) same sequence as herring above
IF(PLP*100.~2.%P(IS))4laralas4ld>
415 PiP=2.%#P(15S)*0.01
4l4 L=ALUG(L.=-PIP)

!
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S=EALUG(Lle=PLIS(NP)/PL(NP))
lF(L—fnl)lolsbleBH3

ol

Gu=G(13)
GO Tu o4

03

GIK=6K(I5)*RAC
COo=G{IN)+GR(LSI*CES(ALP*T-GIK)

o4

L=G=3M(LS)+C+5%0,5
PL{K) =PL(NP)*EXP(7)

*SP=PLlIK)

PL{K)=PI(R)*EXP(-FM(XS))

FL=SP=-PLl(K)
AF(L=Lal) Le2,210+210

210
62

PRINT 055K, FL
FORMAT(//5X, 15HPAL » 1 ChTuHs M=,16:F8.0/)

Loz
ol

IF(L-LAL)b69569,68
GIK=8K(]3)*RAC

Fuw=bP (1S)+3R(1S)*COS(ALP*T-GIK)
CO(L)=uCtl)

CL(2)=uC(21*3E(NP)/BEE
CG(3)=UC(3)*HE (NP) /HEE

CO(4) =UC(4)*PL(NP)/P1E
CLL5) =uC(o) #¥P2(NP)/P2E

CLI6)=UC(o)*FF(NP)/FFE
SU=OI

VU bo [=l,0
SU=SU+CO(1)

0L

CONTLNUE
L 67 i=10

COt1)=C0CI)*100./5V

T CONTINUE

cY

GJd Ty 36
Fw=BP(ILS) 2

00 311 i=1s06
CL(I)=yUC(i)

311
30

CONTINUE
CALL FOCUNS(KsPWsSS»P1sCLIPsRyZUOCHBEC,HEC,PICIP2CFECLsLAL)

FLS(K)=55
60 70 ¢0e

76

PllK) =1,
PCLLUCK TwD

202
4 UL

1S=5
LFE(PZINP))EB0,80,72

r s

PIP=P2C(nNP)/P2(NP)

417
4le

LE(PIP*iyUe=2*P(IS))4)0s410e417
FIP=2 +*¥P(IS)*0,01
C=ALLG(L.-PLP)

S=ALGLG(L.-P2S(NP)/P2(NP))
Ir(L=LAL)7i, 71,73

GG=G6(IS) . '
GU TJ 7% :

73

GLK=GK{IS)*RAC
GG=G(IS)+GR(IS)*COS(ALP*T-GIK)

75

L266~-5M(1S)+C+5%0.5
F2(K)=P2(nP)I*EXP(Z)

4

GL TU 403
P2(K)=PV(K)

ree=P2(K)




rRUdexAM SKtoUb YV pT=1

__EIN 4 ,72+4476

07110479

08,2240

403

SP=P2(K)
PRAK)=P2Z(K)*EXP(~-FM(IS))

FL=SP~-P2(K)
LE(L-LAL)YZ2p 2115211

21l
o3

PRLINT absKyFL
EORMal (/40K 1OHPOL o2 CATCHs M=,16.F3.0¢)

G
14

IF(L=-LAL)75,79,73
GIK=BK{IS)*RAC

FA=BP(LS)+3R(1IS)*COS(ALP*T-GIK)
COG1r=pPC(1)

COC2)=PC(2)*BE(NP) /BEE
COt3)=PCLa)*HE(NP)/HEE

Cula)=PCla)*PL(NP)/PLE
(U(S)=rPC(H)*P2(NP)/P2F

CO(6)=PLIS)¥FFINP) /FFE
SU=0, - 3

DG 70 I=1s06
SU=SU+CG{[)

CONTLNUE
PG 27 I=1ls0

CO(1)=CULLI)*100./5U
CONTLNUE

Gu TC 37
Eu=pP (,5)

DO 3i¢ 1=1,6
CO(L)=PC(I) -

CONTINUE

CalLl FLCONS (Ko Py p3S»P2s LsPyRIZUCPBEC,HEC,P1CP2Co FEL 2L s LlAL)

P25(K)=>53
Gl T0 ¢G3

F2iK)=1l,

FLATELSHES

203

15=6
LE(FF(NP))S0s9C,B2

PLIP=FFC(NP)/FFINP)
LFE(PIP*1UJ,=2,%P(1S))4108,54108,419

4149
418

FLP=2.%P([5)%C,01L
C=ALUG(L,-PIP)

S=ALOGI1s=FFSINF)/FF(NP))
IF(L-LAL)G3i»81,»83

sl

66=G(IS)
GL TC 85

LIK=GK{Ll3)#*RAC
66=6(15) +GROIS)I*COS (ALP*T1~G 1K)

g9

£=66-3M(13)+C+5*0.5
FE(K)=FF{(NPI*EXP(Z) x

SP=FF(K)
FE(K) =FF (K)*EXP(=FM(LS))

FL=5P=tF (K) ;
LE(L-LAL) 13752125212

212
133

PRINT 133,K,FL
FURMAT(//9Rs 16HFLATE. CATLHy M=,16,F8.0/)

137
b4

LEtL-LAaL )oYy 89, 84
GIK=Ux(I5)*RAC =

PW=BP(LS)+dR(IS)*CUS(ALP*T~GIK)
CUtl)=rC(l)

CUCe)r=FeLl2i*BE(NP) /BEE
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CUL3)=FC (3)¥HE(NP ) JHEE
LO(4)=F((+)®PL(NP)/PLE

CO(5)=FC(5)*P2(NP)/P2E
CL(o)=rC(O)*FF(NP)/FFE

SU=0.,

ud 86 1=1,6

SuUsyu+CUu(l)
g6 COUNTINUE

DG 87 I=1,06

COLL)=CG(L)*100,/5U : 5
87 CCNTINUE :
60 Ta 38

69 Fa=BP(LS)
vd 313 1=1,6

Cacl) =FrC(l)
313 CONTINUE

35 CALL rOCUNS(K)PWsSSs»FFyvLsFsR»ZUCHBEC,HEC,»PLC»P2CsFFCoLrLAL)
FES{K)=588§

GU TO 213
90 FFE(K)=1,
c MUNTH ENJ CUMPUTATICNS
213 CUNTINUE

¢vy CUNTINUE : .
£G4 JUP(K)I=(LLCUKI/ZZOMK))I*]10U, ™ _

11l oEPUK)=(SEC(K) /BE(K))*1U0, .
il3 HEP{K) =(HEC(K) /HE(K)I*1UC, Computation of percent

115 FLP(R)=(PLCL(K)/PL(K))*100. biomass consumed
117 Feb(K)=(P2C(K)}/P2(K))*16GC,

idY FFP(R) = (FFCOK) ZFF(K))Y®L10U,
Créssedbbts .

L TRANSFEK .
PLIK)SFL LK) =0,023%P] (K) Transfer of fraction of pollock 1

P2IK)=P2 (K)+U,023%P1(K) to pOllOCk 2
Cdedsatntx

K(L)=cUP(K} |

~ K(2)=BEP(K) .1
K(3)=HEP(K) } Transfer of percent consumption
k(4)=rlP(K) into operational arrays

K(2)=P2P(R)
R{o)=FFP(K)

121 A=K+l Augmentation of month count

IF{K=13)23,23,165

CALL PRIFLO (LsHCH»HECSHEP,3)

CALL PKLFLD (LsPLlsPLlCsPiPs4) Year end printout

CALL FRIFLO (L,P2,P2C,P2¥,5)

Loy CALL PRarLU (LsBEsBelrBEP,2) T
J

CaLL PRIFLD (L>FFyFFC)FFP,6) i .
JE(L-LaL)lbbs»1785»190 Start of vear end iteration for

Lut LF(L-8)ivo,ltBs167 unique solution y
Le7 1F(L-16)169,169,170 : =

loo AGA=3,0 ')
T IS )

lo9 AGA=5.0 }_ Setting of iteration
GU TJ 174 constant -

170 1F(L=¢b5)¥3,93594 J
43 AGA=o.U

6L TO 171 <
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Yy
e

AGA =7 ou p
LWIF=4E(13)-BE(I)

N

BEI=0E(l)-ULF/AGA
_or(12) =hel

( Adjustment of benthos

ptE=BEl
PEC(L3)=0.

biomass

172

L0 172 1=1,12
bl (13)=fC(13)+BEC(I)

(
/

Other biomass adijustment are

bEv=BEC(13)/12,
bEC(L2)=BEy

4

similar and follow below

ULF=HdE(13)-HE(1)

_ HEA=HE( L) = E/AGA

neE(l2)=Hel
HecE=hEL

HEC(13) =u,
vO 173 1=4512

173

HeC{i3) =HeC{13) +HEC(I)
bed=HECLL3) /12,

HEC(L2) =rEd
Ulk=P1(13)=P1(1)

Fal=PL(1l)-DIF/AGA
Flile)=pPL1

PLE=PLI
PLC(L13) =0,

174

0G0 174 I=1,12
F1C(13)=P1C(13)+P1C(T)

rld=PLlC(L3)/12.
PlC(le) =PLJ

vIF=pP2(13)-P2(1)
F2l=P2(1)=)IF/AGA

P2(l2)=r21
P2b=P21

P2C(13)=0, :
00 175 1=i,12

175

P2C(13)=F20(13)+P2C(])
P2J=P¢C(L3) /12,

303

Peac(l2)=p2Jd
DIF=rF(13)-FF(1)

FEL=rF(1)-ulF/AGA
tE(1c)=skE |

FFE=FFI
FFC(43)=0.

L 176 [=1,12

sl 06 EEGLLS) =BG L1 3V EERC T

FFJ=FFC(13)/712.
FFC(lc)=FFJ

bg 177 1=1,13

HES(L1)=PLS(1)=P2S(T)=FFS(1)=0,

irv

CONTLWNUE
GJ T.J 000

1706
iy

bu 179 [=1,13

e o (L)=PLl5(I1)=P2StI)=FFS(1)=0,

Zero starvation arrays

Bells)=de(13)=Pl(13)=P2(13)=FF(L3)=0,

vl 100 1=1,12

BE(Ls)=8E(L3)+BE(]L)
hE(13)=he(13)+HE(T)

Computation of annual
mean biomass

PL{ls)aPl(L3)+P1(I)
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P2(13)=P2(13)+P2(1])
FE(13) =FE(L3)+FE(L)

L60 CCNTINUE
olE=6E(13)/12,

HEE=HdE(1l3)/12.
Ple=Pltis)/)2,

P2E=Pc(13) /12,
FFE=FE(13)/12,

L ADD cXPERIMENT HERE
Cortnxrxfrkkkyadrreioriss
GU TU GG

L9¢ QU 4ez 1=1213

HE3(1)=PLS(I)=P2S(L)=FFS(I)=0,
42¢ CONTLNGE

BE(13)=HE(L3)=P1(13)=P2{L5)=FF(15)=0, -
DO 194 t=1,12.

BE(13)=pe(l3)+BE(I)
HE(LS)=HEVL3)+HE(T)

PLIL3)=PL(L3)+PL(I)
P2(13)=Fali3)+P2(1)

- FF(L3)=FF(L3)+FF(I)
191l CuinNTuNUE

BEM=3L(13)/712.
neM=re(13)/12,

PLM=PL(L13) 712,
ben=Pz(13)/12.

FEN=FF(L3)/12,
U cECRULTMENT CONTROL IN BIOMASS MOJEL

(]
n
!

A

Gte)=Lo (2 )1k (BEE/BEWN]
6(3)=68(3)*SART(HEEL/HEM)

G(4)=68(4)*SQRT(PLE/PLM)
G(9) =68 (o)*S QRT(P2E/P2M)

G(0)=Golo)*SART(FFE/FFM)
ovu_ k=1

Tt Augmentation of year count
PRINT 2063l

tF (L= A&R)Zd’23:c00
200 STUP

END
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4

SUBKUJITLINE FOCUONS(KsPwsSS»SPrCU»PIRIZUCSBECIHEC,PLC»PECIFFCsLsLAL)
o DAMENSION SPEI3)sCOUn)e PO )aR(A) S ZLGCELD) s BEC(13)

* HEC(L3)sPiC(Ll3),PeC(Ll3)sFFC(1
= SPECLES 2

3)sN(6)

Lu
Y

= PERCENT COMPOSITIGN OF FCLGQU;
- PERCeNT (F BICHASS ALLLWE) T

LNLTIALLY PRESCRIBED
C BE COMSUMED OF FACH EiLGY (TEM

K

S

= PERCENT CONSUMeD IN PREVLIOUS

S = STAKVATJON, PERCENT FLCU MLS

MONTH
SING

SMA
S

= STAKVATIuNs AMOUNT GF FCUOD H
= PERCENT STARVATION

ISSING

SD
SC

- SUM ULF PeRCENT FOOD MLISSING
- _SUM 0OF UNCHANGED PERCENTAGE

CE FLLOD

oD cieOeCe oo

K

- MUNTH
LO 1 1=1,86

Y

N(L)}=0
Se=S0=5=0,

SS=0.
LE(L=-Lac)3vs30,531

3l

vl ¢« I=1506
JFE(R(L) )42

N

A

2,

LECPLLI/R(CL)=14)30404

3_p=CG(l)

) Readjustment of food composition of

LoCLy=PCL)/R(II*CO(D)
LLl=u-CO(1)

of changed and unchanged fractions

SU=SU+D1l
hNtl)=1

l’.'

GU TO ¢
SC=5C+CU(L) A

2

CUNTLNUE
1F(SC-i00.) 19530530

;; "overconsumed' species and computation
-

i9
el

Lr(SC=40.)21,21,20
LU 1le [=136

‘

LF(N(L)) i3,0,18
Cull)=CO(1)+(CUOCL)/SCI*,0

lo

CUNTLINUE
Gu Tu 30

s
f
] Readjustment of food composition of

L
e

LE(c5e=-S0)23,22522
vO 17 L=is0

\ "fully" available food items and

/

i

IFINCLYILT» 7517
CUCL)=Cull)+0.65%(COLL)/5¢)*50

determination of starvation

s

CUNTLNUE
$=0.35%350

3

GO TU 30
0 16 l=iy0

i
|
|
i

LF(N(L))ibs8,16 .
LLl1)=CO(1)+0. 404 (CALL)/SL)*50

40

CUNT LNUE
$S=0.60%350

|
/

3V

FUOu=Pw*30.%SP(K)
2LC(n)=2uC(K)+FLOD*CO(L )*0U,01

Total food uptake

N

BeC(K)=6EC(K)+FUOD*E0(2)%0.01
HEC (K)=HEC(K)+FOOD*CO(3)40.01

\. Partitioning of food uptake (consumption)

PLCUK)=PLCIK)+FCOD*CO(4) %2001
F2C(K)=P2C(K)+FCOU*CO(2)*C.01

t between food items

FFCLK)=FrCIK)Y+FUJ0%CO(0)*0.0L
SMA=FLUL*3%0.01

/

35=SMA/ Fudy

KETURN
__END
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SUMRIOUT INE PRIFLD (LLsSP»COsPCULIS)
LL = YEAR
SP = SPECILIES
Co_~- CuNSUMPTION
Peli= - PexCENT CUNSUMPTION
L3 — SPECIES NUMHER
DIMensitd SP(13),CO0(L3),PCO(L2)
PRINT 1, iSsLbs(SP(I),I=1512)
L FORMAT (/75X 16HBIOMASS, SPECLIESs»14s4HYEAR I4»12F7.0/)
" CG(13)=0.
vl 2 1=41,12
CU(13)=CO(13)+CO(T)
CONTLNUE
FRINT 3,i5,LL(CO(T)»[=1,13)
3 FURMAT(//24A» LEHCIONSUMPTLUN) SPesIl4s 4HYEAR,» I4513F0.0/)
PRANT 4,iSsLLp{PCO(I)r1=1,12) :
4 FIRMAT(//24A» LTHPERCENT CUNSe 5P s 145 4HYEAR)I4»12F6,.17)
KETURN
ENU

- i Ci i

mn




o EICMASS» SPECIEN o YEAR 4L 20249. 2153. 23130 264427. 2560. 2600 Z230b. 2571e 2548,  2555. 2596, 2643.___

CONSYMPTLION, SP. CYEAK 61 19l, 143. 170. /225. 293._ 346 354. 4%0. 320« 2H9. 220, 197. 3062.

FERCENT CiOAhsa SP. SYEAR 4] 7290 046 7.4 9.4 ll.e 13,3 13,3 i3.6 12.6 113 9.6 1.3

BI04ASSs SPECLES 3YcAR 4k ¢u3d, 2044. 2053, 2002, 2069. 206H. 2939. 2114 2141 2159 2157, .. 2160 o

CONSUAPTIUh, SPo  sYEAR 44 3. 324 112, 156.__2u3a 213 222. 213e  1G3. 163 127 90,1363

PIRCOENT CUNJ. P AYEAKR 41 3.6 4,0 2.5 2.0 - G.8 10,3 10.6 _10.1 9.0 7.9 5.9 Go)

BICMASS, SPECLES GYEAR 4L 1990, 1975, 19%5.. 2041...2103. 210%. 2231, "2276. 72347 2249 2203 2.140

CINSU4PTIONS SPs 4YEAR 44 1074 114 _163¢ ldd. 23k, 254. 267. 2nl. 248. 203 164 123, 2297

PERCENT COUNS. 5P 4YEAR 4l 5.2 2.6 7.0 99 10:9__1%s% 1Y :2 3442, 1052 8.8 1.3 5.6

O e —

BICMASS, sSpPeclcsS SYEAR 44 - 727 136. 149 (2t 164, 779. 246. 811, B819. Blh.  §07.

CONSJUMPTLCN, 5P, S5YEAR 41 4b. 51 62 17 Y0a 100, 1C4. 101, L PV, & Y . 119 §2.. 916, , .

PERCENT Cuiide SP, LYEAR 4) 6.8 73 boeb 1008 1ge6 13,7 14,0 43,3 11,9 10,1 8.3 .9

21CMASS,y, SPECLES bYEAR 4Ll 1505, 1501. 1000. 1503. 15)Qs 1521, 1228 154Le__1552. 1540._ 1544 1542,

'

__CONSUMPTIUivg sF. EYLAR 42 49U 40, 49, 03, 17 94 4 33. 324 101

674 _55. 43, _415.._ S

PEICENT_Cutive SP. urkar 41 2.6 207. 3.3 42 5¢1 C.2 6,1 2.0 X%} 444 3,6 2.8

—JEAR %2

Example of output
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