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thiB.pap~r-s~~rises conclusio~8 reacheaifro~ eT.tensive simulations of a' .
tJmple mod~l of thc x:m.rille eeosystem•. 'rhe model has .benu developed ..primariiy

/a8 a programming tool, a11d es a means-öf' te.sdng ideas abOtlt' tha marine
.' productioD: proeees tosea if these· ... cl.U1 ba reconciled. quantitatively. \rith

/ known observations. particälar-attent1oD.. hsobeen.paiduto: factorti'affectil1S fiah

/

1 productiou; the recrui~ut prccess;;aÜd}theiqueatiorl of spp.cies iriternctlons.
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\ . . . . ,"'" .. p!,operties of the ec:csystem are' largely ~ete:rmine~"b! non":~\teady •
\, . . ...: I atste, rather 7han by steady-state dynml11cs. i' .:;:i::f:"':,:.:; .... ,' 7;

\ \ ..
\. (2) . Food chain efficienciestend to be mUch lower than:'in('ii~idu'al

~~"" grcwth effieiencies. becauae 01 the difficulties ofmatching
.., .......,'... preda~..or 'consumption to prey prod~~t~'?U.An.i~:s.~a~on!:l;y.c!:...:,.t;::::,::.~:;

.. '--..., -fluetuatin3 ays tmu. It is eonc.luded howe"ler that, in nature. there
are many adapta~ione:·that ... bave the"effect .of :r43kin&~transferf~ .,:"•• .~4~'" • ..;." ~_,.,. ..'_'..••.·•. 1 I ~ ~.~ ,. ~ ~ ~ ~ ' A "' ..

ef(1c1enc1e3'h1gber than those gener4ted 1D. 's4mple ~dcls.
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.(3) Fiah recruitment (for ~ll species combined) tends to be almost
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Directions of flow" 'show by arrowa'

~~ Flow of excretory pyoducts.to i~o~~anic nitrogen pool

DO Flow of dead material to de&d organic matter pool
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Far simplicity, nitrogen iu the marine ecosystem can' be subdivid~d into
9 compartments. Living matter makes up a simple ~eb, consisting of two food
cbain8 (pelagic 3nd benthic). linked at the top by apex predatore (such a8
adul~ de~ersal.fish) and at the bottom by bacteria.
'. .

I • :.. ... •

Dead material occurs as inorgsnic nutrieut aud organic matter. Bott are found
in the ~ter column and in the bottom sediments. Dead organie matter occurs
both aß soluble and as particulate material.

A small selection of references from the very extensive literature on
cmmnlD.ity dynamies is given at the end of the paper.

•
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Nitrogen levels are, detailed in Tabl~ 1 and summarised above in un,itl of IN1m2
,
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!mportant points to n.te are:

(a) living mattex sakes up 111 er less of thetotal (Fenchal
and JorCensen 1977 give 2% ,a8 a general figure);
...! .," .
. . ,

(b) by the end of tpe spring blo~•. the ino~gan~c nitrogen concentration
in th~ top 40m ha8 dropped by nearly 58 N/m •. Af,tet the end of
~~~. b,leo~ 'the increase2in living pla~~: ~Dd . animal mate~i~l is not
.DlQre 'than abaut 28 N/m however. Th~, rem.a1ning 31t ll/m ,18 prasumably
distrib~ted betweenthe bacterial food chain and the pocl of dead
crganie matter. ~.

•
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~?luble.p.rima!l product~~~ cousiets to a larg8 extent cf organic carhon compounds
wLth a lew carbcn coutent. Bacterial uptake i8 therefore as~ed to be associated
'With an assot:iated uptake of inorganic: nitrogen. !f iJolubl~ pr~uct.ion is about

, 30% of partic:ulate production, about 7 units of inorganic ul~rogen are ueeded.
~fle are included in the 10 units enov-d going to bacteria. .

Nitrogen flows applicabla tQ the northern North Sea, are show opposite.
..........

Particulate primary'prOduction of iSg N/m2 eorresponde approxicately to lOOS C/m2
0

2Other flowa ars2bAsed largely on values given by Jenes (1978), assumiug 18 N/m •
50 K calori!!e Im • .
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Zoo~lankton ~~ece8 bave a eIN ratio about twiCG tbat found iu l~vlng material.
Bactari.l uptake tharefore presumably requires an aS80eiated uptake of inorgauic
nitrogen end 3 of the 10 units 8~ bave been allowad for this.

Bacteria •

•

'" .. ). ...

Bact(tria c.onstitute an important part cf the system. Beeterial 'biomass is not
neeesearily large. hut bacterial production ean be very impo~tant at t~es. '
Tb. dis~olved componeut of primary production consists' of organie moleeules of
varying molecular weight. Tha moleeule. with tbesmaller 'feights are beliaved
to be cousumed almost immedateily by bacteria in the water column. Thi8 can
lead to a relatively high rate of bacterial produetiou. but not necessarily to a
large ba~t$rial biomass. The more complex organie moleeulea beeome part of th6
pool of daa4 organic matter. Tbe relative very large size of this ,pool
p~esumably means th~~ it eon~ist8 of moleeules tbat are not ea8ily broken down.
Bc.cH~'1':ra tb'at r'~äch·'·the tiottO!Jl'·at-e" bPo'lieved to btt, a -major souree, öf ..energy fol'- ,
the benthos. By consideriug bacteria assoeiated witb solubl~ orgenic produetion,
plus those asso2iated with zooplan~ton faeces total bacterial production eould
be about 6& N/m (300 X calories/m). Xf at least 3/4 of this im available for
the benthos, this could provide sufficient food energy to account for the
estimated production of bentbos.

Adult demersal fish receive food en~r8Y from two .ource~ ie via the pelagic
food chain (2 steps) and via tbebenthos chain (alao 2 stepe).

All nitrogen within the ec.system 1Q1st eventually be ·recycled. Animal and
bacteriR,l excretion within t:be water column recycles· nutrieirt tlult can be utilised
.direetly by plsuts. "Animsl and bacterial, excretion wit~in the sediment releases
nutrient, ibat .cann,ot·' be ,uaed by· pl~ts u'ntil ·ie ~s made available 2' upwelling.
In tbe N'or'th' Sea; zoo.plankton. a.t:id fisb a'-one excrete nbout 16& MIm. yr whicb i8 a
Httle 'more eh'an 'on,e· half of the.2"9g N/tli' YT thai flewlJ to the inorganic nitrogen
poel. In ihe'cen~ral pac~flc. where mUch of the .acterial production occurs
within' the water'column. ihe proportion of nitrogen recyc:led directly to the
plan~8 may be much larger (Cuahing 1979). '

.""7' . '-
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Iustead'both predatcr aud prey biomass~s

may bAve a tendency to oscillate
cycUcslly.

Simulations. and an exteusiva mathemstical
literature p show that this kind of
equilib7ium is not necesa~:y stable.

Here it is ~s6umed that the r.at.e of feeding
by thc predators just happens to equal

'. . tha rate of prey productiou,
........4._.~ :..:. _ ..__ .:..~ _••._..:--:.._ :"'::'~":' ~:::..._ :"._._•._ .,.---_~-:..~.•:..._..; u_.. ~_._ ..__:_._ _....: ......:. _:....,:,;,~_",:,:,,:,~ 1:: ' .. " .. ! .

MODELLlNG ENERGY' Fl,OW 1" ~~~..:.!W~RTIEl!PF: ~_S!-.~fPlB FOOD CHAI-U

!E-e ConcelZt ?t"~t~biliti

•••ul •.••••••·......_._ •••• _....:l. •••

If predator biomA8S becomes a~11~ a point
is reached ~he:re the grazing power of the •
predators i.s insufficient to control tha
prey population. In this situation, prey
abundanca will increase. so long as i~s food
ie not limiti~g. .

Whe.n predtator abundance becomes lazge .. a
point Dla'1 be reached vhare its grazing power
is able to hold prey abundance at ~ low level.
In this situation the prey cannot increase,

Prczd.c.t.oC".. ) however 1IIUch feod it has, until predatol"
~ 'abundance has declined.

~.._,.: .- _...:__.._ ~.~ _ _._ _ TliäÖf'~i:t"e'äl-1T~··-rhi:trrepre-S"ent:..··t-h1!-ß.t-uation '. .
~--~~--~ of 'semi stability' shown on the left. Pre1

biomass is held a~ a lew level, until predailr
biomass has declined. ..,

t

Predators must decline eventually because
either they themsel~e8 are preyed on or simply
because the)' (itarve: and die. Because of
differences in generation times, this may
represent a relatively long time in terms of
prey longevity. If tnc ptedators are' adapted
to survive at low food densities the time
needed f9~ predator biomASS to decliue will be
even longer.

This may be representative of a \ inter.
situation in temperate waters. It i9 hardly
represent3tive of a summer situation bowever.
During the productive period various
adaptations are evident whicb have the effect
of counteracting or avoiding tbis kind of
eituation~

.,
•
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MODELLmG mmRGY ~w 2. ~..!~G BLOOM AND TIm TUDENCY TO I OVERPRODUCE f

Beginnins of_~~.Spring Bl~

Simulation of tbe beginning of the spring
bloom 18 comparatively simple. Nutrient&
etart at a relatively t~8h level and Are
rap_id~-7 depleted. PhytG:,lar.ktou bio~a5S

starts from a low level ~nd gran uponentially
at first until growtb is checked by uutrient
limitation. Zooplankton biomaS8 .l~o atart8
from a low level and &leo grOV8 exponential1y
at first until growth i. cbecked by the
depletion of phytoplankton.. ..

~

~
o...

ca

t

Primsry production in the North Sea i$ uot ••t~ad'-8tate procesa. Instead. it
ill damiuated by aeasonal va.J;;.ati~-in the availability of light and uutrients
aod & atriking theoretieal feature of Buch a system i6 a teudency to
'overproduction t of-the ~op troph1e.level.

•
In the North Sea. phyt2plankton biomaS8
att&ins about 1.28 N/m at the end of the
bloom on average. Aetual bioma88es e.re
ver, v~riable hO~'ever and sosaeti.mes reacb
5g N/m (Steele &Bendersou 1977).

End· Gf t~ Spring Bloom

Theoretically, zooplankton biomal8 C8n
,achieve a l:'elatively high biomasa at tbe
end of the spripg bloam. In the Nort~ Sea,
the maxi.mum biomess is about O.7g N/ro but
individual sarople valuQs up to twice this
emount have beeu recorded (Steele •
~enderliou 1977).

Theoretical stmulations of the spring blooa
frequently lead to • ~ooplankton biomasa
large enought to graze the phytoplankton to
a relatively law level. Phytoplankton
cannot then recover until the zo?plankton
have decreased -to·some extent.

•

lf there are hiaher trophic levels the theoretic~l

outcome i8 still the same.ie the tendency
is for the biomas~ of ~he top tropbic
level t~ bec.oiDe large enough to graze down
and, 'hold do~~' the biamass of it8 prey.
In the diagram, primary carnivorcs graze
zooplankton.down. to a low level, permitting
phytoplankton to inerease un~il it i •.-~-T-i-m-~--~---~--' °nutrient limited.



,-- MODEtLlNG ENERGY FLOW 3. PREDATION 'ON "ZOOPLANJcrON I,
i

:. .~..' ..

~redation on Zooplankton - simple tbeory
"

Tc preve.nt 'overprcöuction' of zooplAnktODe
for example~ it i. neceesary to tmpose an
appropriatG level of'predation ontbe
zooplankton at point A. Tbe interesting ,
feature of the simulations ie that thi. eannot
,neceslarily ba achieved theoretically. simply
by iutrodueing a particular biomass of
pelagic caruivores to graze the zooplankton.
Xf thero ar~ 8Ufficient carnivore& to control
th~ zooplankton growtb at point A, the
zooplankton are subsequently grazed down and
it is the cl1rnivores tl.....'1t starve for. the
remainder of the year. Vn the other hand, if
'the earnivore biamase is .mall enougb not to
overgrue the zooplankton throughout the yur t

it i8 insnfficient to control zoopl~ton

groweh at point A. What is' required is
''1ariable grazing preasure; high e.t first, •
becoming low ~ater.

3.1 Succession of_li!e stases

The spring outburst of zooplankton consista o~

aseries of life stages; first nauplii &Ud ...
copepodites,and later &dults. Aleo,many
fiab species produce their eggs at about the
time of the spring blo~. 'At its simplest
therefore thi. leads ,ta a situation in which
there i9 a 8uccession of zooplankton life
'tagesscoinciding more or less with a
Succession of fish lifa stagee. Flah lsrvae
and juveniles r~ve a relatively large growth
potential which means that their grazing
potential could be correspondingly high~

Simulations show that the potential to
,r overproduetion t can be lesB marked in a
situation where zooplankton and primary
csrnivores are represented by a suceessiDn of
progressively older 'life stages.

3.2 Migratory adult.

La,ter in the year e there is typically an
increase in zooplanlttoil du. to an increase in '
t~e adult stages. Migr~tory fisb, such as
herring and macke:::-el t provide an ideal means
of ~posing 8 relatively b!gh g~azin8 pressure
on these zooplankton for a relatively short
period of t~e.. "

~~n on Zooplanltton - what happens in nature

An •overproduction' of zooplankton follo.ec1 by
f2ll-out to the 6ed~~nt may bave beeu the
$ituatiou in former time. wben the North Saa
petrolewn reserve. wer. being fottil.ed. Thie
is not the situation todsy. howevex.
presumably because there are pI'imary carnivorel
and presumably because these have become
adapted to take advantage of the seasonat
vcriations in zooplankton production. Suggested
eX8l1lplea are:-:

tSc.o.~~ St'QP"3
~- ---_.-~

:bj nil.9teJ:o~ I
: ~.~~ I
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Seasonal variations in omnivory could lesd
to significant variations in th~ grazing
pressure on the herbivore eomponent of
the zooplankton. .

. Z~~f:lQ.r\\d-on .' .'... . . . .
....._.__ , ~_.__..__.__ _._ _ _._ _._ _ _ -3,,3.-~i90t:I-..tJa ~ankt.on--. __ _--__._._ ._. -

. ... .. - - .....- .. - - .. - -- - - - - -........ Another important adaptt'.tion ia Q.ll'.lÜvory.
" . '" Omnivores have the capacity' to svitch
I -i4erb"v~~ B....O~l'll"Ol\ß' faeding from oue troph:tc level (A) to
" I anotb.er (D)., ~-- .... - .._-

• ·Omnivore. as harbivores

As long 48 omnivores aets a8 herbivore.
(Flow A) there iI a maximum of graziu&
preBa~re on the phytoplankton. This depictl
a.·situation of maxi.iaum gruing prenure cu
phytoplankton end maximum teudency for

, .. zooplankton biomas. tc inerea88•

... ~ _ ..••_ ':"h•._~._ I _ _ _ •• ~ _.,., - .•_ _ •. _ _ _ _.... ._ _._.

o
__"0- _

,
----~-..... ,\

•I,.
. .,-_ ........ ---_ ........ -

. 'omnivores 88' c4nd.vores.
tf omnivores act wh~lly 8S carnivores (Flow B)
arazing pressure on the phytoplanktou abould
be reduced to a min:i..Dum. Thie depietl a
situation of \~intmum graziug pressure on
phytoplankton aud minimum tendeney for

. zooplankton biomass to increase.

•
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.' ._..•~.~D~1'N~ mmB.GY nmr: .4 •. ' nm AtJTUMN '!LOOM
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An autumn bloom eau oeeur if
zooplankton biOllaaa baa declined {or
beG reduced by gruina> to a level at
which phytoplankton growt:h. 16 poesible. An
adequate outrient flow i8 allo neeesaary•

•
Inerease in ph1!0pl*~ton'bi~8s

Tb.e autumD bloom is lib_y to differ frem
the .pring bloam becauae of the existence
of a not inconaiderable biomasl of
aooplankton. Becaue~ of zooplankton. gruinS,
the peak in phytoplankton production 1a
likely to be much smaller than the'peak

. ·.ttainable during the spring bloom.

An, important implieation 18 t~At a ~ll
pb1toplankton iucrease in autumn, may ba an
i,ndicatiou of jU8t aa big an increase in
primary production, as a mueh biuer peak
in spring..

~'~

.f.h~O~tt..\"or~

I·
d.
j'

cD

t '---_.. ....0..-.......0..-__

••

~trient availability ae the'bsgirtniug'of
ehe bloOD!

At the beginuing of the spring bloOlll. there
is typieally a hip coneentration of
inorganie nutrient.. At the begimdna of
the autumn bl00m on the other hand the
nutrient concentration in the euphotie ;one
ia likely to be low.

Simulatious auggest that to make the .
'produetivity of the autumD blo01ll'''&s larg.
o tbat of the spring bloom,it' 'b ueee••ary
to eompens&te for this,by increasing the
rate of nutrient recycling in the autumn.
The increase in temperature, that takes plaee
in the North Sea between spring and autu.n
might be one way of achieving tbill.

..,-:

•



Tb. Aut1J!'1U ,Bl00m (couti1Ü1ed)

l'r~!7 .eli~i~ea

·Si1mlation studie. show bow a productiva
.ystem migbt be influenced by the preseuce
or absence of overwiuterins pd.mary
camivores.

WitbiJut ovemnterins primary carnivcres

In thie situation,. primary caruivores are
produced after the ~pri~g blooms of .
phyto- ud zooplankton. ZooplanktOl1 biOll&S8
becomes theoretically large, relatively
earl)" in the cycle t and tben declines
srsdUollly. An autumn bloom may not be possi.
until later in the ,ear, wen light
intensity ia low and hence may not oecur. .
!venU in the deeper part of the nortbern
North Se. may approximAte to this kiDd of
production cycle.

~- .

I
~

t

. .
" ;

With overwint.riul Erimary camivores

If there Are overwintering primary camivores,
· arazins on zooplank~~n could comiaence much
earlier in tbe year. Seaeonal change. in

· zooplankton biomass are theoretically less
predietable end Q p~ak Cif recognisable)
may occur relativel,. later in the year.
An autumn bloam can be pxoQuced theoretie.lly,
provided the grazing potentia~.of·the
overvin~erin8 caruivores 18 made iarge
euou.gh. (lu this connecd:on. juvEuile fish
should be particularly effective, einee tbei~
gTazins potential', per uuit biomass. ean be
areatel' than that· of adult fish). Events in .
the shallower parts of the North Se.,
«100m) may approximate tothis kind of
productive eycle •

.......~
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Productiou, in a 8eaeonally pertur~.•eoay.teDl,l ia litely to consbt of a
8i!quence of paaka of prey productiDn. . Predator feedina .tratesi.s wdght
exhibit variou8 adaptatiODliI ..therefor.....~...i~:L...... ... .. . . ...............•.•--.•.._...................•._---._-_...•.........

4.1 MaRe.don to f!.,ed at high pr.! densitt

ODe feeding.adaptation Vould be to be adapted
to feed .~ the peaks of pr.y
producti01l. Thie ahould provide the
advantage of a hiah concentration of food.
P08eib1e ezsmp1ee sre:

(a) Hi,ratory feeding. Fleh like herrina
end mackerel for aamp1e 1Iight be adapted
to'bein; in the right place at the right
time i. 1lrl.gratory feeder. could be adapted
to benefit from predictabl. peaks iu pre,
abundanee that happen to occur· aeasonally
in differeut. placea at different times.

eb) Opportunistic feediug. Other
specia. 11&' be able to take advantage of
azry taporary increue in prey abund4D.ce
whethar it DU predictable or not,
81 8..aona1 feedina on landeala or
eupbauaiida by demer••l fiah.

(e) Omnivory. ChaDaiDa trophie level,
enable. an antmal to exploit aucee,.ive
peaks in prey abuudanee and heuee to benefit
from an increased prey abundanee for a

.....-prolonged. perio.cl.•......._ ... _.
. ". ~ ,',

r.·..

4.2 Adaptation t~ teeei 4e:lov prej:densitiea

An alternative etrategy would. be to be
adaptecl to f~ed at low prey' densitie.:· Thia~'-~­

sbould pr~ide the advantage of a longer feeding
period • A pos!iible 8Xample migbt be
Norway Pout. ~o.ieh eats zoOplankton at
tises when zooplankton abundance is too low
for herring end ~eke~el feed~ni.

•

-..



HODELtING ENERGY ~W 6.' ~SFER E;mICIENCIES
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Food..

. ·.Growth efficiency of an individual and of
a popuiation

In rapidly growiug individuala. particularly
juveniles t asaUdlated eueru can b~

couverted into growtb with an efficiency of
as auch .a 30%. Yet, the growth efficieney

: of an eutb;. population will be lass than
this.

There ere B.veral reaSC::lB tone beins that 110

population conabta wbol:.y of rapidl,.
srowiua iDdivi4uala at all time.. At some
t!mc., there will be • certain bioma88 of
.low growiua (or even l1ou-growins •
ix;dividuals) • In seme populations
(e. bac~cri. for example) ther. aay be' an
alternation of growth periode vith restina
periods. All biolDass (whether growing or
not) needa enere tor maintenance.

Thus, total food aergy (Tl) • food for
arowth (FO) + food for ..intenance (PM).

Xf population ;rowth • g.FG (wbere 8 • growth
efficieuc1 of srowina individual). Growth
efficiency of a population

• population 'growth/total food consumed

population growth efficieney must be smaller
than individual srovth efficiency therefore~

0:
,,,. -...., . \ .

I \, ,
t I
\ I
\ I

. \ .: t ~,....- -'~

foot.'l

fQ(" a.qlialibrtum
. produd\on Q

.sr0~'""

. Population growth • pOpulation production •
pOpulation mortalit7

In ehe 10na term, equilibrium can only be
maintained if a11 of th~ biomaS8 added to
the population (ie population growth) is

. just equal to the biomass removed.
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TRANSFER EFFICIENCIBS (Cout'd).,

. , Effeet of 'fluctuation..' in bi01Dl151 on
transfer efficieneie.

P1uetuation in biomas. a180 tend to make
transfer efficianeie. small.

, 'Effeet~ on tran~fer effieiency

Under ideal couditions, the predatore juee
take up the pre, production. The proees6
of 'euoeorgy transfer up t:'1~ food chain, and
heuee transfer efficiency, sbould be relatively
high in this eituation•

'Relatively few predatora

•

Tbere can be prey production that ie not
taken up by the next trophie level beesuse

, there 'are not enough predat.ors. Transfer
efficiency is therefore reduced. ,"

, '1'000 induced mortality

II there is food induced morta1ity tbat i8
not taken up by srazins, individual. may be
lost (to hisher trophie levels) by dyina and
falling to the bottom. Thi. will tend to
reduc8 transfer effieieneies to higber
trophie leve18 •

'Omnivorz

omnivory tende to counteract instability.
BoweVer it doe~ 80 at the expense of tbe
tranefer of en~rgy t~ higher trophie levels.

Cousequences of fluctuation in biomass

An important conlequenee of fluet~atio~ in biomass, 04 of any tendency tovarda
tbis p is tberefore to make the averaae rate of transfeT of energy up the food ehaiu
smaller than it theoretieally eould be uDder ideal eonditions.

Enerl1 for flah productiou

Theenergy avail.ble for fieb production will depene largely on:

(1) the rate of primary production;

(2) 'the effieiency of'transfer of euergy up the food chaiu.

~:','



Seesonal variations in the rela~ive

coucentrations of nutriente. phytopl8."Jkton
..·........and ·~ooplanktou,Will teud to make the

average rate of primary production smaUer
.i than it' theoretically could be uDder ideal

'coDditions.

sa.<:o~dt»~ ~k-~­

15% .. pritnGtj ~,on
'Rate of primary p~oducii~

Transfer o~rtmary production to secoudary
Eroduction .

. The efficiency of tral11fer of priDary
.production to seeandary productiou depend.

. . largely on the extent to which &11 of the
primary production i8 araaed. If 11 for

.. ' . example. 80-90% ia grazed on «ver•.ge, tbe
transfer efficieney of primary to secoDdary
produetion eould be abaut 15%. •

(l)Consumption ofseconclary produetion by
nau-cOIIIlIIercially important apecies. !ecaus~

. ,af t~e 8easonal variations in zooplankton
produetion, it i8 likely that there are a

...:.... IWIIlber of adaptations for exploitina it.
Ooly same of these arelikely co be due to epecies
of' ~ortance to man.

(2) A relativer,. luge put of the seeondary
production consists of juvenile zooplankton ..
that, lila,. be largely consumed by juvenile

:primary earuivores. lf only adult fieh
produetion i8 considered. the proportion of
seeondary production couvertad to adult flsh
production may be as l~w as SJ or less •

.Production of adult demersal fish .
. , 4

Trauafer of seeonda~ production·i~to.c~rcial '.
I lish pröducti~.!!. • - - • '. ._.

!he proportion of secoudary production
gOiD8 !nto commercial fi~h produetiou'could be
<lUtte low. r..••• occur for the followina
rusona:

.. ' ..,:'"

D~rsal fisb production.depends Rartly ~n
ehe pelagie food cbain (for the early life'
history stages) and"partly on ~he benth,os
.food ehain. It i8:inter~sting to' note C

. (Tabl~ 2) bow. witbin tbe ICBS and leNAl
areaa, the p~oportiou of demersal feeders
in commercial.,fish 1.ncH.ng~•.p~clines with
decreasing latitude. This<lIlay be a

.Zoc+~Ot\ fonseq~enc. of. the fact· thattthe pro~abilit,
, " ·.öf bacteria ao.d zooplanktOD faeces reachiua

the bottom, i8 .omething that i. likely tb ~

decrease with inereasing temperature •.

---,.._---_._-"--------_._-_.-._..,....



EYFBCT OF PBEY DENSITY ON PP..EDATOR FOOD CONSUMPTIOH.... ..

Food for an individual predato~

I~
[
~
t
f~t
~

At very low pre)' densitiea, there will be
iilaufficient fnod, even for maintenance. and
predator biomaas c:an be expected to decrsase.

At very high prey clen~itie8. there will be
_r~ than enougb foocl l:-yailable for gt:'ovth,
maintemmce end reproduc:tiou. !redator
biomaae abould tben be able to incruse.

At high prey denaitiea (> p). • pred.tor
ehould be able to eat... DOch al it choosea

AB prey density increasee, expert.ental
evidence abows tut the rate of food iutakes
by an individual predator ean be expected
to iner....... (Curve A •••• ~ B).

B
I .,,
•t•I
I·.I•: i. food will be effeetively uulimitiua.

----'-~---1Jt1_ p&:8}' d.fialiti••~ 0) a predator
.: will not be able to maintain itself eveu,
I .aDIl will be in danger of a:tarvinl.
•I
I

P
I
I
I•I
I

J

~
t.· A

t
!

"-.1

*!plieations for 8tabilit~

SimulatioDs show tut a Dlch DlO1'e stable food
web caD be obtained by u,ing feeding respon••
curves such as B ••••• F. Thi. i. bec8Uee,
wheu A ••••• B i. used, relatively amall
variations in prey density have relative!y
large effects on predator responses. On the
other hand l1 when! ••••• F is use<l, the
predator response changes more gradually end
stable solutions are found to b.
theoretically possible.

f

load for a population

Theoretical consideratious auggest that for
an eDtire populatioD, the relationsbip

F
..., betwcen prey density &Ud rate of feeeting ia

.,' IiDr.e lik.ely to follow a curv. Rch a.s
B ••••• F thaD • curv. weh as Ä ••••• B.
Thia 18 to be expected if the ·prey denlity
iD patchy (ie non-h~3eneoua). Tbul. aven
at biab pre, densities, tbere ..y be .oma
predators that happen to be in regioue cf .
low food density. Equally. even at lov
food denaities tber.. are Iikely to ba 8~
predators tbat happen to be in regions of high
food denaity. Tbe gradient of E ••••• ,

__ ~. ~_ MI~fQ.!.e .-lf...!..ike1l- to be les8 .teep than the
gradient of A .:::. -B-:---'--'-'-'"

E

{.

I
1
~

j

• t
...

e:
Q

!
cl
~

j
t
Patehiness ia more likel)' to confer atability) than instability, on the
eeo.ystem a8 a wbole therefore.

In practice. coaplet. stability i. uDlikel)'. Quite apart fr01ll seasoul
perturbations, there may be variations in tbe degree of nutxient upwelling fram oue
yaar to the uext. Tbe clo5est approach to stability may therefore simply be a •
situation in whieh the componeut parts of the eco8y&~em fluctuate cyclically aD4 ,.
ceDtinuou&1y.



HODELLING .EUERGY FLOW . 8. .MORTA1.rry RATES

Natural B9rtality i8 likely.to have two principal causes. One i5 food
deprivation. The oth~r~ (except in the case of top predators) is grazing pressure
fiOlll bisher erophie level••

(~}----_.@
' .....-" . .

.... '._~

Gro..nh I vJ~.n foo'1 beCOfn«'~

'iwn~~ ~~ea 4

• d.i~\~I't\C.Yo~ • \*e&~

GrG.%.'~ (\0,-,
. "\;'h~a.b\\

Än,~& \\.Qk ~fd4t0f5

~a:,l io d ~~
. 1a.U ~ ~OW'l .

~ ".

;, .. :~ :

~;.' :'~.,

rood Induee~ maTtalitt end arowtb rate

Theoretieal eonsideratione ausgeBt that the
rate of food indueed IIOrtality should be
influenced by growth rate. Thi. iI
bacauae of the iuberent conflict between
individual grovth (which causae biomaS8 to
ineruae) and the fact that popula'tioii
biomes8 cannot incre.8e indefinitely in the
10113 term.

For a top predator it is a88umed tbat:

(a) indivi~ual growth causee population
bioma's8 to increase until food i8 ~;imitiD&;

'(b) eontinued. individual growth (eg of _
juvenile8) generates a 'displacement' pre8surl'F
ttfough competition.ie a ~endency to cauas
same individuels, tnitially to lose coDdition.
and ultimately to '8ta~1e to death.

Grazing mort"l~tI.

Vor all, except top predators, there .~ll
also b. a eomponent of natural mortality
due to grazing. In the diagram, predatora
would be frae to attack both displaeed aad
DOn-displaced prey in<lividuale. It aeellll
reasonable to aeeulH however that diaplaced
individuals 'Wuld tend to be more wlllerable .
to predation tban non-displaced individuals o

In the diagram, preda~or6 aet botb a8 a cauaa
of mortality (flow A) and as an age~t of .
mortality (fl~w B), (ie in the 10'0.1 term, .•
flow :B Will tend to be determined by flov C.
rather than by the number of predatore).

Simulations sugge.t tbat for rapidly growing
individualslauch al early juvenil. stages •
flow C will tend to be particularly important
(ie C, and banee B, will tend to 'be more
~portant ~han A).

For slow, or nan-gl:owing individuale, flow C
may oe relatively unimportant snd flow A i.
li~ely to be the more important.pathway.

An approximation for modelling purpose.

l
I·

~
I
F
I
I

food. indu.c.cd.
~\'ol~ ~ C.....S)

Here" iDortality is simply divid8d into two .
components:

Ce) grazins mortality (A) i8 a function
of prey/predator abundance.;

(b) food induced mortality (FI) ia a funetion
of food.availability and prey growth rate
(ie it i. equivalent to B ••••• C combined) •

•



L
f•

f'
I
I

t,

t:•l:
i:
LBach A and B are theoretically posaible in

the 'long te!'1ll. Tbe differenee 18 aimply
that each individual at level 2 could receive
more food and henee could aupport more
predators than before. (Note that thie
ar~nt is independent of the absolute biomass
of level 2.)

I.eh individual at lev~:t.. 2 sliOUld encouuter
double the number of predatora. Individual
mortality rates ehould therefore increase.

Xac.h individual ehould encounter double the
prey denaity wheD graziugo In4ividual
rate8 of food intake sbaulel therefore increaee.

, " -_ ....
.- I,' ",. Löng term :c~ge. in biomasa bave ÜDportant

, " ','. - ''''''::biologics.l i.1sqtlicationso COiUlider for
ex_pt.:.!" 'ä"'loii'g term doublina of predator
(level 3) ancf prey (level 2) biomaS8 from
the vievpoi.ut of a dugle individual at
level 2.
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HODELLING' liNEBG'fl1.OW',. :iJ~.~'" ..atANGE·s~::m '~:ZOMASS;:"AND' "l~s IMPLICATIONS..'. .... - ,

•

A B Long tet'lll 'increaaes in overall biomua sbould
therefore be aseociated ~th increaeea in
bo~h growth &Ud mortality rates.

Speeies cO!Positiou'and bioms••

In the Ions term, a speciea may be able to~:"

respond to smail changes iu arowth and
mortality. Par example, a amall 'iucrease in,
JIIOrtality could be accODllllOd.t~'by'-. ,,'eerease"
in the proportion of adults anc1 an incr.... in
the proportion of'juveniles.

A, large incrule in growth and aortality on
the other band could ea8ily lead to a change

. in speeies compoaition, ie at a low prey
denaity one apecies II&Y be favoured, wberea.
at a high density another may befavoured.

, '

One way of explain long term fluctuations in
specie. compoaition therefore i. stmply to
postulate lang term fluctuatiotB in total
living biomass.

•



FAC-rORS An~CTIN'G TO""AL' LIVING BIOMASS
14iLUb

. :P.ead· organ~c mat:ter receivea materi.al (00)
from the Ihring compollents of the system.
The living componeuta of.the system receive
mAte.rial as a result of transfer· (UP) of ..
incrßanic uutrients to tha euphotic ~oneo

· , ~.._ ..

/\,,;';,;i,;)
.o~//· .~

f /--( \
&ii I '.
I
: P\o.t\t~
I
1,
1,
~~'\

A"a:,t@\~ \
0t:9~\C.

W\a.±t.;.e.r- +. non-

\ avo.:c\4hle. "cAr',et'its

~a.ete,.;a.

---"

Jl'etermin;ation cf the amo~nt.~f ]:iving biou!!,

In :'::he long tet'1ll. tl:&isfer. (UP)"· must be
balancen by 1088 of material (DO).

C~nges in the !OOUD.t of livinß biomass

In the 10n& term, fluctuations in the «mOuut
of livin! biomaSB could oe~ur if, for
example. there,were leng term fluctuatione
in ehe rate of ·transfer (tJl'). Since li'viug
matter may be as little'&s 2% of tbe total,
quite small ch&n~es in the rate of breakdown of
i~ad organic matter c.uld have a signifieant
effect on transfer and on t~~ amount ·of living
biomass.

.!!:uctuations in p~ec~es. cO!P0E!.!ti0l!

On.e vay of e.~laining Ions term fluctuatious

(
in species composition i6 ther.efore to

_$ fo«!, 'Fr Onlt ~it~ h~h suppose that it: is due to small, long term

..._ , ; ~ _ ~.\L~nn~~. ic..!' .~~t. t'M~ ~~~~~~~:~~~r~n the rate of breakdown of det~j

,9 \. Anoi:her way is to auppose thst there are
.Q fluctuatious i. the ratio of peak prey ~
'1 abundance to the :annual average cf prey
~ ~ nbundance. 'rhis .could lead to fluc.tuations

0. - -- .- -=...- - - - - - - - 'ZOO.. :Jf- - in the food a"lailable for animals adapted
~ "'-.... / to feed cn seasonal peaks in. tl;1eir prey
I I . "'-. /. abundance t e pared to.1ith anirnals adapted

~ to f6ed on back~round end lower levels of
~ -r,I'Yl(t. "J pzey abundauce.

Food. ior seeo~ ~~
(\OWItC" o.'t'''''f\~JZ. Tor

. l-orse.t "\"me.)



MODELLlNG ENERGY FLOW 10. SPEC.IES UTEiAGTIONS"

The principal problem, When eou.ideriug species interactiona 18 to reconeile
competiti~n vith eo-axiatence.

'red.tor frey relatio~sb~

Olle kind of specialS interacticn i8 tbe
predator prey relationship. This repre8ent8
& situation where.tbe two speeiel
concerned occux' at diffeI'e.nt tropbic level••
It 'ie ealSY to see that variati.ons in the
biamr38 of one, will influence the biomass
of the other.

S.E.ecies at. ehe same trophie level

Where there are two or"more' special at the
same trophic level, the quenion of food
eharing arioe.. A satiafactory model must
tak4 account of the couflict1uc faetore
presented by competiticu and co-existence.

CO,mPetition

If two species 'simply ehare the same food»
ODe will eventually became el~ted •

.._- ...:.... .... -._.

Co-existence
. -

.'
If the food is partitioned iu sucb a way
that th~ two species are completely
independent, there may be;no_epeciea iDter.ction~

Food sh.ring - what hapEens in nature

-0-0-
Displa.ced. 6c0\\oc1 trn°.ttd.)
Q.t\°ItnQ.ls -a,,~h,o·,'tlf!9 d:'Wuc;nl
dJz.9rU1b ~ d.i~\QcQ.me"t

Peeding strategies that permit food shering
. are:

..

(1) Adaptations leadius to feeding on·,
different levels 'of prey production (see
'previou8 page) '.:

. (2) .Feeding 'on displac:;~~ an~a18 'with
4if~erent de~e.8 of specialisation~

~in..9

,/",\nerob\e 10 rno.n~

predQtoc- eyc.e.«.& \J' •• ",

,..

i .. '.

•
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If there i6 only aue compartment per trophic level. simulation i8 difficult
bec$Use of the difficulty of cboosing realistic par~ter values (eg for
individual growth end mcrtality ~ate8). Ihie problem ean'be dealt with by
dividing each trophic':level into di,fferent life stages. es shown abave•

. This shows a simple expansion of the pelagic food chaiI.': to take aCCOlt'nt of lar;al
and juvenile stages. The larvae and juveniles of demersal fish a.re not ShOWD but
exist .t'the pelagic .primary carnivore level.

Omnivoxouszooplankton are not shown, b~t are assumed to feed either on phytoplankton
or on 'uvenile zooplankton. In terms of pa~ticle size, there is a gT.adatioup
within esch t~ophic level, from small particles on the left. to large partieles on
the right of the diagram. .

Simulationa show tbnt a relatively large part of the energy flow through auch a
system is through the lat~ae and juvenile components. Tbis is simply becauae
lelVae and juveniles tend to grcw so mucb. faster than adults.



11• AN UPANDED lOOD CBAIN - 2
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A theoretical ad~.~t.ge of BUch a .ystem 18 that it.eonfers & degree of
'e1astic1ty' on ~b. eeosyst«m that i. not poseible vith • simple linear system.

Feod 'trian.les'

More realiade thatl a liue&r' food ehain is the coneep-t of food I trl.nlles·. shown
abo'l~' for' the pelagie sy.stem•.

'.. ~ :'." .. L •
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L

The exPanded feod chain Cg~ pe uaed to .investigate the rel&tionship between fiah f
egg pXQduetiO'O~ SM the subsequent nwöer of lndividuale (recruit~) ente.ring the t~
adult stage. . ....----..-----.---- .__ •

~
_ ,.' ' !fo!!.erate eR productto,:: ' . ~

c ..~ Even when egg production i8 moderately small. ~
, , larval biom&ss io likdy--t ~ea&e--tC)..tbe"_.- ,... r

point wh~re the larvae become foad limited. • ~:
This 18 due to the relatively large larval f

&.

growth rate on the one hand (10-12% per f
day by weight in gadoids) and to nutrient ':,
limitation on the ~ther.

1f egg production is lerge~ predad.on F-

by fisb lervae on zooplankton nsuplii ia ~.

luge. Thil leads tc aperiod during wbich ~..
there is a relatively large bf,omass of f,:

L.~ Ifa.n''1\! vith a rel1ativa-_i low tlV
1

ailabilitYhOf t.
-.-'*- 00<1. As a resu t, avera.ge arval growt ,.
C~~' 'bec.omes very small BIld this iufluencell the ,.
/ rate at wb.ich individual larvae become e f',

large enough to be prO!11Oted to the uext largel: E
life stage in Which they c~n eat larger ~

copepodites. Tbe rate of promotion of larvae ;~

to th~ next larger stage uecessarily remsins t
low so long ae the biomA$8 of larvae remaius h
1arle. With tfme p a large biomass-wo~ld

presumably dimiuisb ~ither due to starvatiou
of the individu.a13 01' due to grazing. Up to
a point t predatio11" by helpiug to l'educe the
larval biomass. tends to benefit the
8Urvivore ~y .uking it p08sible for tbem to
ßrow futer.
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Chanse in bio~ass of a cohort

Simulatiolli 8ugge,t that tbe biomsss of a
fish cohort.decreases initially;,before
eventually, i,ncreasing.

I

Simula.tions suggut that average recruitment co\,\l(.'\(
be approximately constan~ over a ~
relatively large rauae of egg production.

~ Age
t:



,IKPLICATIO~S Fall. ImC1UTInmNT,
,.

The fish recruitmeut procea. preaents par.tieul5r probl..- for thafollowing
reaaona:-

(a) fluctuations in recruitEent appear to be du. to faetore tbat
operste durb.\8 the ~arval snd' juvenile stages' and that ara
apperently independent of tha oi:e of the adult apawning stock.
AB a re5Ult, adult stock 8i%a appea.rs to fluctuate amwally iu a
iAOre or lesB random m.&m1er ..

Ch)

'e

•

the fact chat speeies co-exist aeems to require tbat one ,peeies
'should no't be able, to iDcre48& ite biomaS8 arbltI'arily at the
expense of other' Bpecies. '

(c) yet. the sssumptiou ol 'competitiou se~s to require that all
available food is uken up ie there ahould be no taurplu8" food
to maintain the adults of a goad year class, onee it hae been
produced. Th. simulations 8uggest 'lo7ays in whic~ these factors
migbt ~e ~econciled:-' ,

R.ec.ruitment wit.h manz species

In a multispecies situation. it ii p08Bible to vary reeruitment within
a cl08ttd eyetet110 of .f;Xectei:e , by assuming tut total recruit1lel1t '
is coultant. A tem:porary expansion of one species .beuld then be
exactly offeet by a temporary decreas& cf other apecies. To verify
this hypothesis t recruitment dara for a11 special ere :needed, an4 ther.a
da not yet exiet. Su~h data u do exist bowaver. do 110t suppoX''t
thil hypothesis f.ar' t~e .1~ox:tb Su.

~ecruitment and Pr1.mar;I Productiop.

In a ..~le 'lilQdel, witb only one fieb ilpee:ies. it was found that
recruilinent wa,s particul.i-ly sensitive to the rate of primary
pr~uetion.' ,

Variations in total reciuitment (for all'specie8 eombined) &iaht
therefora be explained by p08tulating amall variations in primary
prcduction ie an inereaae in primary produetion miabt not oDly c~use

overall recruitment to increase, hut could a180 provide
(temporarily) additional food for an increased biomass af adults.

Tbe additional food üeeded for a luge year class Ulight alBO be
acc~~nted fGr, or part!} accounted for, by postulatiug variations
in the degree of omnivory.

~Ieneralised stock/recruit relationship

Simulations. using the expanded food chain mode1 sbow that
recruitment tends to be practically independent of egg productioD
at all levels of e88 production other than tho.e close to zero.
!his is a consequeuce of the potentially very large growth rates of
fish larvae.
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I

A 8tockirecruit relationship such aa thia has the advantage that
pOpUlation extinetion, due to a raD:Ä<= 8equen~e of poor year
classee should be extremely improbable. Tbis cannot ba ~~id of
a eonv~ional atock/recruit relationship. '

ror mo4e1"ate variations in adult stock eize. the silw.11:ltiouil
'eupport tbe h)'POthesi; of' 9 coust&ll,t ,recrui~ment' Bubject oP~y to

. .e.pparentiy random vaxiatioul"

lmplications fox species replacement

In the ~orthern North Se•• molt of'the zoopl~nkton (hy w~igh~) coueists
8 eiuale specics (Calanus) and tbia i. exploited 01 aa~y preda~or, u_ .
species. To expla1n co-exi8teUt4. each predator m:~t be asoumed
1.:0 adopt a different feeding etrategy. 'If ons prec!a'~or, ia
elwuated. it is unlikely therefore that it would be wholly
replace4 by auy other speciea at the same trophic level.

For usmple it is uulikely tbat a liven biomau o~ .t. migI'Qtory
epecies (sucb as herring) could be replaced by an equivalent
biomass of a nou-migratory speeies such as sprat 0'1' sandesl.

!!RlieatiC?.?s fOT management,

1mplicatious,for management ara:

(1) The yield per recruit approach appeare to b~ a ußeful one
for makins abort tara calculatioue. Diffieultie. wi~h this
approach are that DOt enough is known about the vay", m
which recruitaeut., growtb, aud ralttural aortality &l'e liable t.o '
cb-~e in the loug term as fishing effort i9 ehanged.

(2) 'Il1",·'the 10118 teriU, specief.l il1teractiou8 are most. likdy to
be important t.o the extent that tbey may influence
recruitment levels. Hult.i8pecies management. lIlaY therefore
be thought of as management thnt takes account of recruitment
levels as well &8 of yields per recruit.
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Thi6 papE:r e~i8ei the resulta ofsim.11ation studies of a, simple.... model of the
marine 8eosy~tem.. ~ith p~·ticUlar reference to faet.ors affecting ~h~ pr6duction
~f the higher trophic levels in a 8eaionally perturbed eC08Y8~em'8Ueb aB the
Nort.b Sea. Tlie pril1cipal conclusiof1s are as 'follows:-

•

•

(1) In younl~ ra,pidly growi.ug ani.mala. allsi.!'ailate4 en.argy ce be
couverted illto grawth with an efficiency of abaut 30%.Yet,
trmlsfer eosfficients between troph~; lev41s. may be very auch
smaller than thiso There are'several, reasons for tbie:-

, .

(8) Not all of a population coneist~ of repidly CTcw1ng
juveniles. There will alse be alew groWing k· tlOu':"growiua)
adult. er rsstina stag~8J ~hieh require feod, and yet
coutr1but.e l$:ttla if anytbing d~:~ectly to pro~uction.,

(b) ·Sea.onal var~ationa ~~ 'tbe relative bioma8~e. of adjacent
trophie levals tend to generBte saasonal v&riations in
transfer efficieney. Tbe ne.t reeul t i& an annual transfer
efficieney, that i8 lower th~n the theoretical saxfmum.
(ie lover thau the transfer efficiency when there jU8t happen
to be enougb preciatore to exactly CODSl.1Iile all of the pray .
produced).

In simple simul~tious)8u&onal '8Ut'ges t -of energy
tend to eause loverproouetion' of the top trophic level"
ie a biom&ss uf top predatora large enough to sraze tbeir pray
dnvn to a level Ai: ,vhieb they (tba pr~etors) subsequeutly.
etarve.

Tbis .ffeet tends to b~ minimised in ~&ture. by biological
adaptatious, or physical proeessel thst prevent all tropbic
levels from baiug per=an~ntly present at the Game time an<! pIece.
As a result. although transfer efficiencies in nature are low•
the, tend not to be 8S low as those generated in sf.~~le simulation
models.
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(2) Tbe co-existence of .everal species, feeding ou the same prey
Bpecie.s, can be accouuted for by assuming that each adopts 4
different feediug strateg, eg:

(al there could be migratory behaviour to ~loit seasonal
peaks of prey produc tioT)., orD.On-migx-8tory behaviour to
exploit· more suataiued btit ·lower level. ofprey producticn;

(b) different degrae~ of specialisation for feeding on displ~ced

individuals would permit food shariug;

(e.) at times of seasona.l peaks in prey abundanee, there could
be feeding by msny species 'opportunistieally' without this
neceasarily being associated with compatition.
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(3) Overall racruitmeut (i. recruitmeut of eIl species ccmbined) i8
th,.)ught to dep~ ou:

(4) In the long term. species interaetioDS sre 1itely to be important
to the extent to wich they influence recruitmeut level••
Multispecies manaiement may therefore be thought of a. management
that 'takes aceount of recrui.tme.llt levels as well &8 of ylelds
per l'ecruit.

, Ca)

(h)

The leVel of p~'i:mary production~ A high level of primary ,
produetion for ex~le can acco~nt uo~ ~nly for an above '
aver'age leval Qf ,recruitment, ~t alBo (if ouly temporarily)
fer tha increaeed foOd subsequently required 11y the increaseC,{
adul!; stock.

Variations in agg produetion elone (ie 'wit.h spawning stock
held eODStant), wer2 found to have extr~ely little effect on
the level of recruicment. Only as egg production approaeh~

very elose to zerop wa.s .there any obvious d0cline in
rectuitment level.
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Le recrUtementdespoioaous (pour toutes les esp~cs8 primas cns~ble)
est 8Ui~t A~re presqUe independant da 1a production d 'oeuf"s da
poisson (pourvU que. 1a production d 'eaups ne soit pas z~ro)'.

on fait quelques propositions au sujet des moyens da faire accorder
la coexiatence de differentes esplces et le fait qu' on a'oboerVc(
que le partage des a1ixiis.nts· est d' ordre genlral ..

(2)

(4)

Cememaire r~e leG' con.clü.sions tir{c.s' d' d.tnule.tiona d ~\1U u:ede.le. ·ae. 1 te'coarat1me'
marin. On a d6vUOPPe'" ce' modale .esi3entie.ll~ent pcur ~ra uu instrUmsnt: da '
programmation et' UD. moycu' deverifie.r" de.s' ideeD' ..ur 10. prccesSus de 1a in:oduction
VJ$.rine pour vair si on pGut fe.i.~e nccorder ces id{eo. an' ce qui couc.erne 1a
qut'..ntitQ{.s:vec las obnervations xeconnues. ,
" . I, . , >'., ",' '. .

On stest attache surtout aux f&l:teurs,qu1 toucb.ent.1a productiou deo'poiasous.
1e procGssUs de recrutemant. et 1n question d&s actions r4Ciproquea entre lee
differentes eseces. Voici lee principal~s'conclusiona:

, ' ,

.(1) A.cause des variations saisonnierea da lUmi~ra eC de in
dhponibiliti des aU,mauts noUr.issants •.1 'lcoI!Y8t~e da .1a mar
du :t7ord e8t un syst~ en rlgme tion~el"lliänent. ctest 'A db'e que
les propriltes de 1'e~osysteme sont dlfinies pour la plupart
sel~u}a.dinwque au regime non-pemanent plutot qu' au ilsime .
permanEnt.

Les ~cndementa du' cycle d 'alimentation sont 8Uj ec"a ~ti:e. bien plufs
bas, que les reudemsnto de la croissanc:e de l' individu \ cause des
difficult(i \ lier 14 consemmation deB carnnssiers a 1a productiou
des proias dans UD 8yst~e. qui.varie selon les saisons. On ' •
eGt~e qu' ~ l'etat naturel. il y a bcaucoupd'adaptationa qui,ont

,pourcons{quence d' augmenter les rendements de depla.cement au-dessulS
de ceux qui aont pr~uit. dans des modeles simples. .

•
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lPe c:~.ic fiGh early 1960' ß

late 1960's

D~aal fleh aarly 1960's

late 19f·O'ß

sN/m2

MI ~

0.05

0.10 .

0.3

0.2

0.2

0.04 . (0.07)

0.4 (0.7)

<0.1

1.2

4-5 (10)

0.3

3.

7 (11)

2S(1)
";",..J

!Benthos

Zooplankton-
:Phytoplankton

:Iriorgsme

llutrienta

Soluble o&:'smc

NitTogen

Sed~t Nitrogen

mnter (Av)

sw:::mer (Av)

winter (min)

spring' (max)

'Winter (mu:)

.spring (min)

winter (mi.n)

summer' (max)

'6 . (1)
1.5 ~ 10 tOt~ea wet weight

3.0 x 106 ~~es(l) wet ueight

10 x 106 tennes (1) wet 't7elzht

6 x 106 tennes Cl) yet weight

19C/tiJ.2 (2), 5.6& dry vt/m2 (3)

2-3 Kcnl/m2(4) (O.7g/m2 D~(4)

25 kal/:?-('1-) {1s/m2 DW} (4)

, (5)
0.2 /.J'g Chis/l

2.5 lug Ch12/1(S) , (8), (11)

7 lug at N/l(6). 6 lug at N/l(9)

(6)
0.5 lJ.t nt Nil

5 ug D.t nil (6)
I

10 lug &t Nil (6)

(1) Based on Data in 30nes &Richards 1976
(2) frcm Steele 1974

(3) frotll neip .!!.!!.., 1979

(4) frON Ad«C3 (personal communieatioo)

(S) from Staale and Renderson 1977

(6) fram 13udar !!. .!!:. 1979
(7) from Davies (personal ~~tnication)

(8) lIartin & Ball 1975
(9) Dooley 1976

(10) Top 40m only

(ll? Values up to 8 lug Chi/l, can occur (Davics personal eommunieation)

Conversion faetors
·2'

Nitrate 1 I~g st Nil; 0.7 gN/m ,(for top Sbm)

Chlorophyll spring 1 mg chla"':? :: 0.5 gN/m2 (ior top sCm)

It tlUtu2.U 0.8 f!)l/m' (for t.op SOm.)

Zoop1anltton 1 mg dry wt/m3 :: 0.01' ~1/Q2 (for top 100m)

Fish 1 g wet weight =0~02 ~~



TA.m.E 2

lCES REGIONS. Ik~mGS IN 0008 metX'& tO:lS 1962-1976

48 )

S9 ~ 54

33 )
• 2 ) 36.. )

26

%Demersal
,---------_.---~ .

276

1364{4)

726(I}j

1005(2)

1451(3)
495(3)

2040(1}

381

Pelagic

(3)
Pelagic

504 177

Rep. Ser. B. , 1911 end No. 85, 1979

. Sub Area

Region/Sub Ares.

R.egion 3

Pt'mn Cc-op. Res.

ICNAP Regions

Landings (0008 metre tons) 1970-1976

Region 2. (N Sea .;. Skagerralt)

So.1b areas VI aDd VI!

SUb area I md 11 (Ne Arctic)

S~b area V (Ieeland)

__________•• ._~ .. • _I'=t~""""""'-' __~._;&...._:_~__

1

2

3

4

.5,

6

13

159
414

409

100

154

607

462

·239

94

92

79

033

(from I(~ Statietical Bulletin Vola 20-26)

(1) iucluding Sandeels. N lout (613 t OOO tons)

(2) excluding Sandee18~ N Paut

(3) inc1uding -redfis!t .

(4) excludins redfi5h
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APPENDIX 1
......_ -- . ... _ _.- _._ __ _ _---•.._ '" _..

Eq,uations 0.>

AniJM1. (AN)

AN • AB + (AN'(GAN~FIAR) ''I: t;. - R2 - no) At
. ,

P~oplaDkton (PB) ,

PR • PB + (PB(GPB-SImt) , - 1.4 Qm - 1.2 FEZO) At

NU • ltJ + (D.D(JH + TEX - (1 + G). PR.GPH) At

»ud organie matter (DOlt),
:

DOM • DOM + (lDl + PB (Sn« ... G.GPB) :. 0.4 FEm ... 0.2 nzo - D.D<»rJ'D) At

(1) 1Z'1. thele equat.io.D8. th, 1eft band eide, ia equivalent to tbe ri~t baud
sUe after an iutenal of time At haa e1apaed. Units ere ma/N/a. '

- lee AppeDdix liS. 1 for exp1anatory diagrma

Note. ou eCf':atio118

r Crovth rate per uni t biomul of auiaals (GAN)

GAN • c (l'JWt-HA)
• • ••••• '... " •••••40 _ _ •• _ •••••••••••••_ •••••• _. ' __" __"' _

~bis represents total crowtb rate per uuitbiomaS8 (ie somatic growth ...
srowth of gonad) ,

Growtb rate per unit biomaS8 of pbltoplankto~ (GPH)

GPB • MGPH (NU-NOTB) I (D + NU - NUTB)

100(\ eaten by anima18 (PEAN)

lEAB • X (wal ~ + HA).AN

Inf1uence of pre, denaity 011 rate of fo.d cansumption bl animala (X)

x • (PBEY - PREYTH) I (B l'BEY + PUY - PREYTB)

load iuduced mort.litf rate per unit biomass of animals (FIAN)

FIAN • HFAN (1 - X)

hcretioD (TEX)

for any oue aniaal group eha rate of excretion (EX) 18 given by

IX • (FUN - Gd•AB)
.TEX • total e.xcreti011 from a11 ani.mal group.



Bai.:teria are not included explicitly in the model. Bacterh.l action i.B allowed
for by the parameters D and G (see Appendu 2).

Other te.rm."l
.._.._._---_._----_. ""

FEO .. animal food e.aten by otbßr animals

FEIB • plant food assimilated by zooplankton herbivore".

FEZO • plant food &s8imilated by zooplankton o~ivores. - '. ~ . .

0.4 F.!Zlt + 0.2 FEZO • input of faecal nitrogen.ta pool of dead organie
matter .

FEB - .. food eaten by beutho.
Baeteria

il • addition to an~l biomass due tO'la~eral transfer fraa younger
life. stag.es

R2 e loss.of animal biamass due to lateral transfer to older life
8taae. (includiug transfer cf egge til youngest iuv~ile stage).

Eii rroduction per unit biamase (GO)

GO D GAN.!GI (MGA)

~ • GO,{Biom8ls of adults)

POl' i >1 .....

P..i • X.(BiomsS8 of jmreniles Qf ·stage·i-}-/Dtm-·· "--'- __.4'._'.~'_'_'

"

•

•



•

.' :

~~put parameters

D • rate of comre.rsion of dead o.rganic matter into nutricI1.f) available
fot' plants. (Value varied se8.sonally fram. 0.3 to O.6" to
allow for t~arature changes)

G D rate of soluble orsanie production aß aproPortion cf particuiate
primary production (value of 0.3 used).

l'IGnl • maximum growth rnte per unit biomass of phyt()plat'kton~ given
unlimited, nutrient (value varied 8easou811, from 75 to
150 to allow for tempsraturp. cbanges) .

liGA.(2)

lß(2)

.. mximum growth rate per unit biomsss of anim.al ~tcrial
(includi~g reproductive groWth if an adult life st&ge)

• annual maintenance requiremeutB per unit biomaS8 of ariimal
material

Nt .. nutrient level at 'Whic~ph,toplanktongt'ow at half maximtm
rato' (va1ue of .0.7& N/m used) .

.J3PnIY(2) • prey concentratioXUl at Whieh predatot' are able to sai:: 'at half of
max~ possible rate .

: :-~ .. ' nutrienttbr2sbold below wicb phytopl&1kton growth rate 18
. zero (va1ue of zero used)

PltElTIl(2) • pre,. conc:entratienst below wich predators cease to feed.
(Hainly low values uase;! JUBt sufficient to present prey from

. being grazed to exeraction) .

EG(2) • prcportions of MGA's converted·into egga

DUR(2) - 'durationa of juvenile stages (~n years)

SINK • rate of sinking of phytoplankton
•

& • individual growth.efficiency

liFAN(2) • Max~m f~od iuduced mortality rate f~r animals when there io
no foad' •.• ..-

~'.... ' ~ ..

.(l) alt instanteous rates in annual rates

(2) separate values for each ca~egory of animal material

•
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APPENDIX FIGOU 1

l'Alll'ITIONDiC· ENJmGt fLOWS WITB. BES'PECT
TO BIOMASS 01' A SDGLI AmJW. LIß STAGE

FEO

\

... FE
',."

,e ca • net eben•• in bioraaa. du•.to operation of all factors

G • addition to bioma81 du. to arowth of individual.

n • food eaten by biomass coneerned

F.BO. food .~ten by predatora on that biomas.

EX • Geretory 10•• term

1'1 • food induced mortality tara
~ • biom&88 gained from younaer life stages

~.•. biomaas lost to o1der life stages

cu • G - 11 + ~ - ~ - RO

or

................•...• ~.

.........................
(1)

(2)

PE ~ ~ • Ra + ~ ... ': + BX+ cu .. .... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .... .. .. .. .. (3)

•


