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COMPCNENTS OF THE ECOSYSIEM

1. A CGENERALISED MARTNE FOOD WER (NITROCEN INITS)

B Ama

Primary
carnivores

Ex

Bacteria
DEAD

ORGANIC

MATTER

Directions of flow shown by arrows

Ex Flow of excretory products to inorganic nitrogen pocl

DO YFlow of dead materisl teo desd organic matter pool

For simplicity, nitrogen in the marine ecosystem cen be subdivided into

9 compartments. Living matter makes up a simple web, consisting of two food
chains (pelagic and benthic}, linked at the top by apex predators (such as
adult demersal £ish) and st the bottom by bacteria.

Dead material occurs as inmorgenic nutrient and organic matter. Roth are found
in the water column and in the bottom sediments. Dead orgaanic matter cccurs
both as scluble and as particulate material.

A small selection of references from the very extensive literature on
community dynamics is given at the end of the paper.
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COMPONENIS OF THE ECOSYSTEM

2. Nitrogenm Levels {(northern Nerth Sea)
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Nitiogen levels are detailed in Table 1 and summarised above in units of gN/mz.
Important points to nete are:

(a) 1living mattexr makes up 182 or less of the total (Femchal
and Jorgensen 1977 give 2% as a general figure);

(b) by the end of the spring bloom, the inorganic nitrogen concentration
in the top 40m has dropped by nearly 5g N/m". After the end of
the bloom the increase,in living plant snd animal matexial is not
more than about 2g N/m“ however. The rémaining 3g N/m‘ is prasumably
distributed between the bacterial food chain and the poel of dead
organic matter. : 5
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Nitrqggy Flows
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Nitrogen flows applicsble to tﬁe northern North Séa, ave ghown o#pééiié.'
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Particulate primary producdiion of 19g N/mZ corresponde azpproximately te 100g Clm?.

Other flows are,based largely on values givea by Jomes {1378), assuming 1g mez =
50 ¥ calories/m”.

Soluble primary production consists to a lsrge extent of orgauic carbooc compeunds
with a low carbea content. Bacterial uptake ie theresfore asswmed to be associated
with sn associated uptaks of inorganic uitrogen. T£ soluble production is about
" 302 of particulate production, about 7 unite of inmorganic ni rogen are needed. !
These are included in the 10 units showa going to bacteria.

Zooplankton faeces have a C/N ratio about twice that found in living material.
Bacterial uptake therefore presumably requires an associated uptake of iporgamic
nitrogen and 3 of the 10 units shown have been allowed for this.

Bacteria

Bacteria constitute &n important part of the system. Bacterial biomass is not
necesearily large, but bacterial production can be very important at times. -

Tha dissolved component of primary production comsists of organic molecules of
varying molecular weight. Tha molecules with the smaller weights are balieved
to be consumed almost immedateily by bacteriaz in the water column. This can
lead to a relatively high rate of bacterial preducticu, but not necessarily to e
large bacterial bicmass. The more complex organic molecules become part of the
pool of dead organic matter. The relative very large sizez of this pool
presumably means that it consists of molacules that are not easily broken down.

" Basctevia that reach the bottom are believed to be a major source of energy for
the benthoz. By considering bacteria associsted with soluble organic productionm,
plus those assogiated with zooplan&ton faeces total bacterial production could
be sbout §g N/m~ {300 K calories/m™). If at least 3/4 of this is available for

the benthos, this could provide sufficient food energy to account for the
estimated prodvction of benthos.

Adult demersal fish receive food energy from two sources ie via the pelagic .
food chain (2 steps) and via the benthos chain (also 2 steps).

Re :vcling

All nitrogen within the ecesystem must eventually be recycled. Animal and
bacterial excretion within the water cclumm recycles nutrient that can be utilised
directly by plants. Animal and bacterisl excretion withim the sediment releases

" putriént that cannot be used by plants until it is wmede available by upwelling.
In the North Sea, zocplanktorn and fish 2jone excrete sbout 1l6g N/x” yr which is a2
little more than one half of the 29g N/m“ yr thdt flows to the inorgamic nitrogen
" ‘pocl. In the central Pacific, where much of the bacterial productiocm occurs
within the water columm, the proportion of nitrogem recycled directly to the
plants may be much larger (Cushing 1979). '
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R 3. Nitrogen Flows (Northern North Sez) (Units §m1m21p3~ T
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MODRLLING ENERGY PLOW 1. SOME PROPERTIES OF A SIMPLE FOOD CHAIN .

The Concept of Stability

Here it is sssumed that the rate of feeding
by the predators just happens to equal

the rate of prey production.

_ Pray
Bromoss

— Biomass

Pra; ! B'\mass ok /

—~ Time

Similaticns, and an estensive mathematical
literature, show that this kind of
equilihrium iz not necessary stable.

Instead both predatexr and prey biomasses

wmay have a teadency to osgcillate
cyclically.

Relatively Few Predators

If predator bicmass becomes small, s point

is reached where the grazing powex of the .
pradators is insufficient to control the

prey population. Im this situation, prey
abundance will increase, so loung as its food
ie not limiting.

Relatively Many Predators

When predator abundance becomes large; e
point may be reached where its grazing power
is able to hold prey abundance at & low level.
In this situstion the praoy camnot iacrease,
however much fecod it has, until pradator
abundance heas declined.

 Theoretitally, this represents the situation '

of 'semi stability' shown om the left. Prey
biomass is held at a2 low level, until preda'
biomass has declined,

Pradators must decline eventually becausze
either they themselves are preyed on or simply
because they starve and die. Because of
differences in genmeration times, this may
represent a relatively long time in terms of
prey longevity. If the predators are adapted
to survive at low food densities the time
needed for predator biomass to decline will be
even longer.

This may be representative of a wiater
situation in temperate waters. It is hardly
representative of a summer situation however.
During the productive period various
adsptations are evident which have the effect
of counteracting or aveiding this kind of
gituation.



MODELLING BNERCY FLOW 2. TEE SFRING BLOOM AND THE TENDENCY TO 'OVERPRODUCE®

Primary production in the North Sea is wot a steady-state process. Instead, it
is dominated by seasonsl wvariatiom in the availability of light and nutrieats
and a striking theoretical feature of such a system is a tendemcy te
'overproduction® of the top trophic level. e

— Biowase

@
— Biomass

-b'1?nwz

~—s Biomass

—y Timg

Beginning of the Spring Bloom

Simulation of the beginming of the spriag
bloom iz comparatively simple. Rutvrients

gtart at a relatively Ligh level and are
rapid’y depieted. Phyte-lankton biomsss

starts from a low level znd grows exponeptizlly
at firet until growth is checked by nmutrient
limitation. Zooplankton biomass alsc starts
from a low level and also grows exponentially
at first until growth is checked by the
dapletion of phytoplankton.

In the North Sea, phytgplankton biomass
attains about 1.2g N/m~ at the end of the
bloom on average. Actual biomasses exe
very v§riab1e hewever and sometimes reach
5g N/m~ (Steele & Benderson 1977).

End of the Spring Bloom

Theoretically, zooplankton tiomass can
achieve a relatively high biomass at the
end of the gpripg bloom. In the Nortb Sea,
the maximum biomess is gbout C.7g N/m° but
individual sample values up to twice this
amount have been recorded (Steele &
Eendersoun 1977).

Theoretical simulations of the spring bloom
frequently lead to a zocplankton biomass
large encught to graze the phytoplaukton to
a8 relatively low level. Phytoplankton
cannot then recover uatil the zooplankton
have decressed o some exteant.

If there are higher trophic levels the theoretical

cutcome is still the same. ie the tendency
i3 for the biomasas of the top trophic

level to becowe large enough to graze down
and, "hold down' thes biomass of its prey-
In the diagram, primary carnivores graze
zooplankton down to a low level, permitting
phytoplankton to increase until it is
nutrient limited.
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-- MODELLING ENERGY FLOW 3.

PREDATION

ON 'ZOOPLANKTON
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Predation on Zooplankton -~ simple theory

To prevent ‘overpreduction' of zcoplankeen,
for example, it is necessary to impose an
appropriace level of predation on the
zoopisrkton at point A. The interesting :
feature of the simulstions is that this cannot

- necessarily be achieved theovetically, simply

by introducing & particular biomass of
pelagic csrnivores to graze the zooplankton.
If there are sufficient carniveres to coatrol
the zooplankton growth at point A, the
zooplankton ars subsequently grazed dowm and
it i the caranivores th:t sterve for the
remainder of the year. uUm the other hand, if
the carnivore biomess is small encugh not to
cvergraze the zooplankton throughout the year,
it is insnfficient to control zooplanktom
growth at point A. What is required is

variable grazing pressure; high et first, .

tecoming low later.

Predation on Zeoplankton - what happens in neture

An ‘overproduction' of zooplankton followed by
£2ll-out to the sediment may have been the
gituation in former times when the North Sea
petroleum reserves were being formed. This

is not the situstion today, however,

presumably because there are primary carnivores

and presumably because these have dbecome
adapted to take advantage cf the seasonal

veriations in zooplanktom preducticn. Suggested

exsmples are:~

3.1 Sunccession of iife stages

The spring cutburst of zcoplankton consists ©
a series of life stages; first nauplii and
copepod1tesgand later adults, Also,many
fish species produce their eggs at about the
time of the spring bloom. At its simplest
therefore this leads to a situation ia which
there is a succession of zcoplankton life
stages;coinciding more or less with a
succession of fish 1ife stages. Fish larvae
and juveniles have a relatively large growth
potential which means that their grazing
potaential could be correspondingly high.
Simulations show that the potential to
‘overproduction’ can be less marked in a
situation where zooplankton and primary
carnivores are represented by a succession of
progressively older life stages.

3.2 Migratoxry adults
Later in the year, there is typically en

increase in zooplankton due to an increase in

the adult stages., Migratory fish, such as
herring and mackerel, provide an ideal means
of imposing a relatively high grazing pressure
on these zooplankton for a relatively short

perxod of time. S
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3.3 -Cunivory-ia zooplackton

Avother important adaptation is omnivory.
Omaiveres have the capacity to switch
feeding from one trophic level (A) to
another (B).

Seasonsl variations in ommivory could lead
to significant variationz in the grazing
pressure oo the herbiveore component of
the zooplankton. 1

Omnivores as herbivores

As long 28 omnivores scts as herbivores
{Flow A) there is a maximum of grazing
presaure on the phytoplankton. This depicts
a.situation of maxinum grazing pressure eon
phytoplankton and maximm tendency for
zeoplankton biomass to increasa.

" Omnivores ss carnivores

If omnivores act wholly as ceraivores (Flow B)
grazing pressure on the phytoplankton should
be reduced to 2 minimum. Thie depicts a
situation of Linimm grazing pressure on
phytoplankton snd minimum tendency for
zooplankton biomass to increase.
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73575{¢ the mxvores ‘switch® t.hen: ,feeding’ habits v
%% in direct’ responde’to'thel rela:xve;.:~.vz- 3.

_waillgbyndanceof - theit altematxve focd: sources.

o In practice;” oxmivores;may switch: feedmg
“‘on'a seazonrl basie.For ezample, Sardina
-pilchardus off West Africa -feeds on chain
“'forming diatcns _poaxr the ceast, vhen there
ety “vpwelld n'* and then move" offshore to. eat

S:.mulntions show chat tiis iu not likely to be
such sn effective way of achieving perfect
stability. However it should still hove a
considerable capacity to reduce the amphz:ude
of geagonal fluctuations in zooplankton.

_ Omnivores also exist; in the benthos., .
¥2'Omnivory could thstefore provxde an important
stab:.lism,, factor/:.n the.warine - food web.- .
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.34 Upwelling aredsvand sdvection: of .tha”
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ther sdaptation hich aveids o{'ergrazing
due to 'overproductzonmcan occur in a
situation in which the,lower: tr:ophxc levels
are displaced with respect to~one another.

In 2 coastal upwelling arén for example,

such as that off the coast of N.W. Africa,
primary preduvction is most :mtense close to
.the coast whilst the greatest zooplankt:on
biomass is.neéar the edge of the shelf, L
(Blackburn 1976)
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T ”Vith the ditplacement of zooplankton offshore
- 88 it is produced, it should be- possxble to
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- thhout .that: biomass,necessanly bemg able,
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%3 yoizess £0 OVergrazé ‘thie plants in the mainivic i )/
s aradsteats =3y upwelhng a.rea"*Smmlaticn studtes suggest" .

that lateral advection -such 8s-this -could-be
“an mport.ant factor for accounting for the
relauvely high produc:wﬁ:y cf\upwelling
areas. Ay
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.. MODELLING ENERGY FLOW 4. TER AUTUMN BLOOM
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Nutrient re- c:_jc‘-'-rs must
COmPensaka. f:r low nuirient
concantention

‘Beginning of ‘bloom

An sutumn bloom cam cccur if
zooplasnkton biomass has declined (or
been reduced by grazing) te a level at

which phytoplankton growth is possible. An
adequate nutrient flow ie also necessary.

Increase in phytoplankton biomass

The autumn blcoom is like'y to differ frem
the spring bloom because of the existence

of a not inconsidersble biomass of
zooplankton. Because of zooplankton graziag,
the peak in phytoplankton production ia
likely to be much smaller than the peak
attainable during the spring bloom,

An important implication is that & small
phytoplankton increase in autumn, may be a&n
indication of just as big an increase in
prunary production, as a much bigger peak
in spring.

Rutrient availability at the bggxnning of
~ the bioom

At the beginuing of the spring bloom, there

is typically 2 high concentratiom of
incorganic nutrients. At the beginaing of
the autumn bloom on the other hand the
nutrient cencentration im the euphotic zone
is likely to be low.

Simulatlons suggest that to make the
productivity of :he autumn bloom as large

to compensate for this,by increasing the
rate of putrient recycling in the autumn.

The increase in temperature, that takes place
in the North Sea bdbetween sprmg and autumm
might be one way of achieving this. i
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grazing

|

The Auturm Bloom (continued)

Primary carnivores

Simulation studies ehow how a productive
aystem might be influenced by the preseoce
or absence of overwintering primsry

carnivores.

Without overwistering primary csxnivores

In this situatior, primary carnivores are
produced after the gpriag blooms of .
phyto~ and zooplanktom. Zooplankton biomsss
becomes theoretically large, relatively
early in the cycle, and then declines
gradually. An eutumn bloom may not be possiiff)
until later in the year, whem light
intensity is low snd hence may not occur.
Events in the deeper part of the northern
North Sea may approximate to this kind of
production cycle.

With overwintering primary carnivores

If there are overwintering primary carnivores,

- grazing on zooplanktonm ceuld commence much

earlier in the year. Sesesomal changes in
zooplankton biomass are theoretically less
predictatle and s peak (if recoguisable)

may occur relatively later in the year.

An sutumm bloom can be produced theoreticglly,
provided the grazing potential of the
overwintering carnivores is made large
enough. (In this conpection, juvenile fish
should be particularly effective, since thei
grazing potential, per unit biomass, can be
greater than that of adult figh). Events ia
the shallower parts of the Noxth Sea,
(<100m) way approximste to this kind of
productive cycle.




MODELLING ENERGY FLOW 5.

FEEDING STRATEGIEE

Producticn, in a seasonally perturbed ecosystem, is likely to consist of a
sequence of peaks of prey production. . Predator feeding strategies might

exbibit verious adaptations therefore = ie:

- Biomaas

—3» Biomoss

- Time

—> Timeg

4.1 Adeptation tc feed at high prey density

One feeding adaptation would be to be adapted
to feed at the peaks of prey

production. This should provide the
advantage of a high concentraticn of fcod.
Posaible examples are:

(a) Migratory feeding. Fish like hexring
snd mackerel for exsmple might be adapted
to being in the right place at the right
time ie wmigratory feeders could be adapted
to benefit from predictable peaks in prey
abundance that bappen to occur seasonally
in different places at different times.

{b) Opportusistic feeding. Other
epecies may be sble o teke advantage of
any temporsary increase in prey abundance
whetheyr it wae predictzble or not,

eg seasonal feeding on sandeels or
euphausiide by demersal fish.

(c) Ommivory. Changing trophic level,
enables an snimal to exploit successive
peaks in prey abundance and hence to benefit
from an increased prey sbundance for a

-prolonged period.

" 4,2 Adaptation to feed at low prey-densities

An altermative strategy would be to be

adspted to feed at low prey demsities! This..--
should provide the advantage of a lonmger feeding
period. A possible example might be

Norwsy Pout, waich eats zooplankton at

times when zooplanktcn abundance is toc low

for herring and mackerel feeding.




MODELLING ENERGY FIOW 6. TRANSFER EFFICIENCIES
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Food.

Production

cs

- Crowth efficiency of an individusl and cf

a population

In rapidly growing individusls, particularly :

Jjuveniles, assimilated energy caa be

converted into growth with an efficiency of
88 much a8 30%. Yet, the growth efficiency

- of an entire population will be less then

this.

There are several reascns, one being that no
population consists whol'y of rapidly

growing individuals at all times. At some
times, there will be & certain biomass of

slow growing {or even non~growing .
individuals). In some populations .
(eg bacteris for example) there may be an
alternation of growth periods with resting
periods. All biomass {(whether growiag or

not) needs energy for maintenance.

Thus, total food emergy (TF) = food for
growth (FC) + focd for maintensnce (¥M).

If population growth = g.FG (where g = growth
efficiency of growing individual). Growth
efficiency of a population
= population growth/total food consumed
= g.FC/(FG + FM) = g/(1 + FM/RG)

population growth efficiency must be smaller
than individual grovch efficiency therefore’

. Population ~growth = population production =

population mortality

In the long term, equilibrium can omnly be
maintained if all of the bicmass added to
the population (ie population growth} is
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Predator

TRANSFER EFFICIENCIES (Cont'd)

. Effect of 'fluctuations' in biomass on

transfer efficiencies

Fluctuation in biomass also tend to make
transfer efficiencies small.

" Effects on transfer efficiency

Under ideal conditions, the predatore just

take up the prey production. The process

of energy transfer up the food chaip, snd
hence transfer efficiency, should be relatively
high in this situationm.

‘Relatively few predators

There can be prey production that is not
taken up by the next trophic level becsuse
there are not enough predators. Transfer
efficiency is therefore reduced.

Food induced mortality

If there is food induced mortality that is
not taken up by grazing, individuals msy be
lost (to higher trxophic levels) by dying and
falling to the bottom. This will tend to
reduce transfer efficiencies to higher
trophic levels.

Omnivogz

Omnivory tends to counteract instability.
However it does so at the expense of the
transfer of energy to higher trophic levels.

Congequences of fluctuation in biomass

An important consequence of fluctuation in biomass, or of any tendency towards
thie, is therefore to make the average rate of transfer of emergy up the food chain
smaller than it theoretically could be under ideal conditions.

Energy for fish production

The energy available for fish production will depend largely on:

(1) the rate of primary production;

(2) the efficiency of transfer of emergy up the food chain.
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Rate of primary production

Seascnal variations in the relative
concentrations of nutrieats, phytoplankton
and zooplankton, will tend to make the

~ average rate of primary production emaller

than it theoretically could be under idesl

‘conditions.

“Transfer of primary productlon to secondary

production

" The efficiency of traufer of primary
. . production to secondary production depends

largely on the extent to which all of the
primary production is grazed. If, for
example, 80-90% is grazed on average, the
trapasfer efficiency of primary to secondary
production could be about 135%.

" Transfer of secondary production into compercial -

~ Iish production

The proportion of secondary production
going into commercial fish production could be

quite low. Losses occur for the following
Yeasonsa:

(1) Consumption of secondary production by

non-commercially xmportant species. Because

of the secasonal variations in zooplankton

‘productxon, it is likely that there are &

number of adaptatious for exploiting it.

Only some of these are likely to be due to apecies
of importance to man.

(2) A relatively large part of the secondary
production consists of juvenile zooplankton .
that  may be largely consumed by juvenile

primary carnivores. If only adult fish

production is considered, the proportion of
secondary production converted to adult fish
production may be as low as 5% or less.

.Production of adult demersal flsh

Demgrsal fish productxon depends partly on
the pelagic food chain (for the early life
history stages) and;partly ou the benthos
food chain. It is intergsting to note -

- {Table 2) how, within the ICES and ICNAF

areas, the proportion of demersal feeders
in commercial fish landings, declines with
decreasing latitude. This may be a

consequence of the fact that the probability

‘of bacteria and zooplankton faeces reaching

the bottom, is something that is likely to ,
decrease with increasing temperature.
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MODBLLING ENERGY FLOW 7. EIFFECT OF PREY DENSITY ON PREDATOR FOOD CONSUMPTION

Food for an individual predator

A8 prey density increases, experimental
evidence shows that the rate of food imtske
by an individual predator can be expected
to increase. {Curve A ..... B).

At high prey densities (> p), & predator
should be able to eat as much as it chooses
ie food will be effectively urlimitiung.

0
i
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‘ At-lov-prey-dansities (<. 0) a predator

will not be able to maintain itself even,
snd will be in danger of starving.

At very high prey dencities, there will be
mexre than enough food ivailable for growth,
maintenance and reproduction. Predator
biomass shouid then be able to increase.

At very low prey densities, there will be
ingufficient food, even for maintenance, and
predator biomass can be expected to decrease.

Food for 2 population

Theoretical considerations suggest that for
an eptire population, the relstionship
between prey density and rate of feeding ie
moze likely to follow a curve such as

E .coe. F than & curve such as A ..... B,
This is to be expected if the prey density
is patchy (ie non~homogeneous). Thus, even
at high prey densities, there may be some
predators that happen to be in regione of .
low food density. Equally, even at low
food densities there are likely to be some
predators that happen to be in regions of high
food density. The gradient of E ..... F

_.therefore is iikely to be less steep than the

gradient of A ..... B.

Implications for stability

Simulations show that & much moxe stable food
web can be obtsined by using feeding response
curves such as E ..... F. This ig because,
when A ..... B is used, zelatively small
variations in prey density have relatively
large effecis on predator responses. On the
other hand, when E ..... F is used, the
predator response changes more gradually and
getable solutions are found to be
theoretically possible.

Patchiness is more likely to confer stability, than imnstability, on the

ecosystem as & whole therefore.

In practice, complete stability is unlikely. Quite apart from seasomal
perturbations, there may be variations in the degree of nutriemt upwelling from one
year to the next. The closest approach to stability may therefore simply be &
situation in which the componment parts of the ecosystem fluctuate cyclically and

centinuously.
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MODELLING .ERERGY FLOW = 8. 'MORTALITY RATES

Naturasl mortality is likely to bhave two primcipal causes. Omne is food “
deprivation. The other, (except in the case of top predators) is grazing pressure

from higher trephic levela.

<3r9ud%u, when F;ﬂi Becamngs
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" displacement®  presesre
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Food induced
\3) mortaliny (zc...B)

Food Induced mortality hnd‘s;dwth rate

Theoretical comsiderations suggest thet the
tate of food induced mortality should be
influenced by growth rate. This is

because of the inherent conflict between
individual growth (which causes biomass to
increase) and the fact that populatiom
biomags cannot increase 1ndef1n1tely in the
long term.

For a top predator it is assumed that:

() individual growth causes pocpulation
biomass to increase until food is limiting;

{b) contimued individual growth (eg of
juveniles) generates a 'digplacement' pressur
t%hugh competition.is a tendency to cause
eome individuels, initially to lose condition,
and ultimately to starve to death.

Grazing mortality

For all, except top predstors, there will
also be a component of natural mortality
due to grazing. In the diagram, predaters
would be free to attack both displaced and
non-displaced prey individuals. It scems
reagonable to assume however that displaced
individualswould tend to be more vulmereble
to predation than non-displaced individualse

In the diagram, predators act both ae a cause
of mortality (flow A) and as an agent of
mortality (flcw B), (ie in the long term,

flow B will tend to be determined by flow C,.
rather than by the number of predators).

Simulations suggest that for rapidly growing
individuals,such as early juvenile stages,
flow C will tend to be particularly importaat
(ie C, and hence B, will tend to be more
important than A).

For slow, or nsn-growing individuals, flow C
may be relatively unimportant and flow A is
1likely to be the more importsnt pathway,

An approximation for modelling purposes

Here, mortality is simply divided into two
components:

(a) grazing mertality (A) is a function
of prey/predator abundances;

{b) food induced mortality (FI) is a function
of food gvailability and prey growth rate
(ie it is equivalent to B ..... C combined).




MODELLING ENERGY PLOW . -CHANGES TN SIOMASS' AND T7S IMPLICATIONS

(o tevel. 2)

p@dnhx .

Rote of {oad,Consunqhon by

petential §5r Growth & produdtion o pedakn

'Eqﬁhhrhun’ at two
levels of prey density

~3 Pre.: d‘""‘lﬁ (tevel 1)

~ Long t’e‘i‘h”ch&i_zges in biomass have important
“biological implications. Consider for

exswple ¥ long temm doubling of predator
(level 3) and prey (level 2) biomass from
the viewpoint of a single individual at
level 2.

Eech individual should encounter double the
prey density when grazing. Individual
rates of food intake should therefore increasgs.

Eacl individuel at levcl 2 should encounter
double the number of predators. Individual
moxtality rates should therefore increase.

Both A and B are theoretically possible in
the long term. The difference ie simply
that each individual at level 2 cculd receive
more food and hence cculd support more
predators than before. (Note that this

argument is independent of the gbsolute biomass
of level 2.)

Lohg term increases in overall biomass should
therefore be associated with increases in
both growth and mortality rates. .

gpgcies composition-and biomass

In the long term, & spacies may be able to'. .
respond to small changes in growth and
mortality. For example, a small increase in
mortality could be accommodated by a decrease
in the proportion of adults and an increase in
the proporticn of juveniles.

A large increase In growth and mortality on
the other hand could easily lead to a change
in species cemposition, ie at a low prey
density one species may be favoured, whereas
at a high density ancther may be favoured.

One way of explain long term fluctuatioms in
spacies composition therefore is simply to
postulate long term fluctuatioms in totsl
living biomass.
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FACTORS AFFECTING TOTAL LIVING BIOMASS

Intersction of living and desd matter

_Desd organic matter receives material (D))

from the liviag components of the system.
The living compouents of ,the system racaive
materul as a result of transfer (UP) of-

inorganic nutrients to the euphotic zonsa.

*etermination of the awount of livin&bimss

In he long term, tra.sfer . (UP) muet be.
balanced by loss of material (DO).

Changes in the smount of living biomass .

In the long term, fluctuations in the amount
¢f living biomass could occur if, for

example, there were long term fluctuations

in the rate of transfer (UP). Since livieg
matter may be as little as 27 of the totel,
guite small chenges in the rate of breakdown of
dcad organic matter ceuld have a significant
effect on transfer and on thg amount of living
biowaes.

¥luctustione in species composition

One way of explaining long term fluctuztiouns

in species composition is therefore to

suppose that it is due to small, lomg term
fluctuations, in the rate of breakdown of dezd -

“organic. matter.

Ancther way is to suppose that there are
fluctuations im the ratio of peak prey .
abundance to the annual sverage c¢f prey
abundance. This could le2d to fluctuatioms

in the food available for animals adapted

- to feed on seasonal peaks in their prey

sbundance, ecomparsd with animals adapted
to feed on background and lower levels of
prey abundapce,



. MODELLING ENERGY FLOW 10. SPECIES INTERACTIONS

The principal problem, when considering species interactioma is to recomcile

competition with co—-existence.

Predadtor

F}edaﬁor 2>

Vulnerable 4o many

predator eytxuas» ' .ﬁ" bredator Efudce:

DisP\q,cq.d. (u?ood. hm’ﬁed.)
ammals ._¢x\1'§b'lf«15 d.‘&?ﬂ.l‘(.‘ht-
dqsuzéS'tﬁ dbafkmaxnent

Predator prey relatiouship

One kind of epecies interactiocn is the
predator prey relationship. This represents
& situation where the two species

concerned occur at different trophic levels.
It is easy to see that variations in the
biomrae of one, will in”luence the biowmass
of the other.

Species at the same trophis level

Where there are two or more species at the
same trophic level, the question of food
sharing arises. A satisfactory model must
take account of the conflicting factors
Preseated by competition and co-existence.

Competizion

If two species simply chare the same food,
one will eventually become eliminated.

Co~existence

If the food is partitioned in such a way
that the two species are complately
independent, there may be:no.species interactiom.

Food sharing - what happens in nature

Feeding strategies that permit food sharing
ars:

(1) Adaptations leading to feeding on -

 different levels of prey productxon (see

previous page).

(2) Feed;ng on displaced animals with
different degress of spec1almsatiou.

%rv'ms



MODELLING ENERCY FLOW 11. AN EXPANDED FOOD CHAIN - 1

el PELAGIC
. “-‘a“" \;L . PRIMARY
A CARNIVORES @)

= > Eags HERBIVORES

An expanded food chain

If there is only one compartment per trophic level, simulation is difficult
becguge of the difficulty of choosing realistic parameter values (eg for
individual growth and mortality vates). This problem can be dealt with by
dividing each trophic level into different 1life stages as shown above.

‘This shows a simple expsnsion of the pelagic focd chair te take account of larval
and juvenile stages. The larvaz and juveniles of demersal £ish are not shown but
exist at the pelagic primary carnivore level.

Omrnivorous zooplankton are not shown, but are assuwed to feed either on phytoplankton
or on juvenile zooplankton. In terms of particle size, thers is a gradation,

within each trophic level, from small partlcles on the left, to large particles om
the right of the diagram.

Sismlations show that & relatively large part of the energy flow through such a
system is through the larvae and juvenile comwponenmts. This is simply because
lervae and juveniles tend to grow so much faster than adults.
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Beatheg

Laige  plmoky Cabmnores
(as. aduit i_»,g;rr'mg

——-;>K//,cwil wackerel

Swoll F&hﬂ&ﬁs COVEIE S
kﬂﬂuﬂﬁqﬂ lervgl Gand
joveaile gmh

7 -
4 \
/ \
. 1
! !
e i
! '
P | ?
\ ,I
\
\ o
N\ ;lkg\N‘Zbo?hnédbn

......

Food 'trian;;es'

" More realistic than a linear food chain is the comcept of food 'ttianglés‘. shown
sbove for the pelagic system. . R

A theoretical advadtage of such a system is that it confers a2 degree of
telasticity’ om the ecosystem that js not possible with a simple linear system.




MUDELLING ENERGY FLOW 12. 'TEE ‘ZISH EGG/RECRUXTMENT RELATIONSHIP

The expanded food chain cem be used to investigate the relationship between fish
egg production, and the subsequent number of individuale (recruits) entering the
adult stage. ‘ » -

Large egs production

Figh loree . 1f egg production is large, predation 3

by fish larvae on zooplankton mauplii ie
laxge. This leads te a period during which
there is 8 relatively large biomses of

larvie with a relative’ low aveilability of
food. As 3 result, average larval growth
becomes very small and this influsnces the
rete at whick individual larvas become

large enough teo be promoted te the pext larger
life stage in which they cen eat larger
copepodites. The rate of promotiom of larvas
to the next larger stage necessarily remeins
low so long a2 the biomass of larvae remains
large. With time, a large biomass woyld
presumably diminish either due to starvation
of the ipdividuals or due to grazing. Up to
a point, predation, by helping to reduce the
larval biomase, tends to benefit the
survivore by making it possible foxr them to
Srow faster.

N

3o Biomasses (8D

' Moderate egg production

" Even when egg production is moderately small,
larval biomass is likely to inecvease to the ...

—p BiOmaseen
-
9}

This is due te the relstively large larval
growth rate on the one hand (10-12% per
day by weight in gadoids) and to nutrient
limitaticn on the cther.

aeouent
-3 Caetuitenend

The egg/recru’t relationship

4 o~ Simulations suggest that average recruitment could
3 4 . be approximately coustant over a
AL #/ relatively large range of egg production.
— ESS Pf,od_‘m“ Bn Cnanserln biomass of a cohort

Simulatiorg suggest that the biomszss of a
fish cohort .decreases initially, before

eventually increasing.
Latvol s : . :
\J/l’“‘u b?nsa ;

~— Age

3 Biomose

~ point where the larvae become fcood limited. '
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IMPLICATIONS FOR BECRUITMENT

The fish recruitnenﬁ proceaa‘presenta particulsr problems for the following

reagong.™

(s) f£luctuations in recruiticent appear to be due to factors that

(b)

(c)

operate during the larvel and juvenile ptages and that are
appereptly independent of the size of the adult spawning stock.
As 8 result, adult stock size appears to fluctuate ammually im &
wore or less random mamner.

the fact that species co—-exist scems to require that one species
shoulé net be able to increase ite biomass arbitrarily at the
expense of other epecics.

yet, the sssumption of competition seems to require that zll
available food is taken up ie there should be no 'sutplua’-tood
to maintain the adults of a good year cluss, once it hag been
producad. The simulatzons suggest ways in which these factors
might b2 recomciled:~ .

Racruitmsnt with many species

In a sultispecies situation, it is possible to vary recruitment within
& closed eystem, of fixed gize, by assuming that totel recruitment

ie constant. A temporsry expaasion of one gpecies should then be
exactly offset by a temporary decresse of other species. To verify
this hypethesis, recruitment data for all species are needed, and these
do mot yet exist. Suck dats as do exist howesver, do not suppoxt

this hypeihesis for the North Sea.

Recruitment and Primary Production

Iz a simple model, with only one fish species, it was found that
recruitment was particularly sensitive to tbe rate of primary
production.

Variations in total recruitment (for all species combiped) might
therefore be expleined by postulating small variations in primary
production ie an incresse in primary production might not only cause
overall recruitment to imcrease, but could also provide
(temporarily) additional food for an increased biomass of adults.

The additional food needed for a large yeer class might also be
accounted for, or partly accounted for, by postulating variatious
in the degree of ommivory.

A generalised stock/recruit relationship

Simuletions, using the expanded food chain wmodel show that
recruitment tends to be practically independect of egg producticm
at all levels of egg production other than those close to zero.
This is a conmsequence of the potentially very large growth rates of
fieh larvae.



A stock/recruit relationship such aa this has the edvantage that
population extinction, due to a rendom sequence of poor year
classes should be extremely improbable. This cannot be said of
a conveantional stock/vecruit relstionship, :

For moderate variations in adult stock gize, the simalations
eupport the bypothesis of ’‘constant rezruitment' subject oply to
gppareatly rasdom variations.

Implications for species replacemeat

In the northern North Ses, most of the zooplankton (by weight) comsists of
& single specics (Calanus) and thia is exploited [y mwany predator

species. To explain co-existence, each predator m st bé mssumed

to adopt a differemt feeding strategy. If ons predator is

elininated, it is unlikely therefore that it would be wholly

A g o e+ A

raplaced by any other species at the same trophic level. . ;

For exsmple it is unlikely that a given biomass of & migratory
epecies (such as herring) could be replaced by an eguivaleat
biomass of &8 nom-migratory species such as sprat or sandeezl.

Implications for menagement

Implicstions  for management are:

{1) The yield per recruit approach 2ppears to be & uszseful cne
for making short term calculagtiops. Difficulties with tkis
approach are that pot aemough is kunown sbout the ways ia
which recruitment, growth, and natural mortality are liasbla to -
chonge in the long term as fishing effort is changed.

{2) In the long term, species interactions are most likaly to
be importent to the extent that they may influence
recruitment levels. Multispecies management may therefore .
be thought of as management thet takes account of rscruitment
levels as well as of yields per rvecruit.
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SUMMARY "AND "COSCLUSTONS

This paper sumnavises the results of simulation atudies of a simple model of the
warine ecosystem, with @axticuiaz reference to factors affecting the production
of the higher trophic levels in a seasonally perturbed ecosystem such as the

Noxth Ses.

1)

(2}

The principal conclusions sre as follows:~

In young, rapidly growiag animsls, assimilsted energy can be
couvertad into growth with an efficiency of about 30%. Yet,
transfer cosfficients between trophic levele, may be very much
smaller than this. There are several reasons for this:-

{8) Not all of a population concists of repidly rowing
juveniles. There will alac be gslow growing (U nom-growing)
adults or resting stages, which reguire food, and yet
contribute little if enything directly te production.

(b) Seasonal varistions in the relative biomesses of adjacent
" trophic levels tend to generste sesesonal variations in
transfer efficiency. The nst vesult is an annual traasfer
efficiency, that is lower than the theoretical meximum,
(ie lower then the trensfer efficiency when there just happen

to be emcugh predators to axactly consvme all of the prey
produced} .

In simple sxmnlat:ons,aeasonai suvges'"af enargy

tend to csuse 'overproduction' of the top trophic lavela

ie 8 biomass of top predators large enough to graze their prey
down to a level at which they (the predatoxs) subseguently.
starve.

This effect tends to be minimised in meture, by biclogical

~adaptations, or physical processes that prevent all trophic

levels frcm being permenently present &t the came time and place.
As 8 result, although transfer efficiencies in mnature are low,

they tend not to be as low as those generated in simple simulation
models.

The co~existence of several species, feeding oc the same prey
species, can be accounted for by assuming that sach adopts a
different feeding strategy eg:

{a) there could be migratory behaviour to expleit seascnal
peaks of prey production, ormnomn-migvatory behaviour to
exploit more sustained but lower levels of prey producticng

(b) different degrees of specialisation for feeding on displaced
individuals would permit food sharing;

{¢) at times of seascnal peaks in prey abundance, there could
be feeding by many gpecies 'opportunistically' without this
necessarily being associated with competition.

.
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(4)

Overall recruitwent (e recruitment of ell species combined) is
thought to depend ou:

(a2} The level of primary production. 4 high level cf primary
production for example can account not oaly for an above
average level of recruitment, but alsc (if culy temporarily)
for the increased food subsequently resquired by the increased
adult stock. .

(v} Variations i egg production 2lone {(ie with spawning stock
held constant) were found to have extremely little effect on
the level of racruitment, Only es egg production approached
very close to zero, was there any obvious docline in
recruitment level. -

In the long term, species interactions are likely to be important
to the extent to which they influence recruitment levels,
Multispecies management may therefore be thought of as management
that takes account of recruitment levels as well &s of yields

per Tecruit.
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ZRENCE. ABSTRACT .

Ce memdire ré%ume les’ ccncluaions tixées’ d'axmulatxona d‘un.mpaele de. l‘ecosyetame
marin. On e developpe ce'iodele essenticllement peur & “tra n instrument de °
programmatxon et un moyen de verifier des idees sur le prccessus de la production
maring pour voir si on peut faive accorder ces idfes, en' ce qux concern‘ ia
quantitd, svec les observations zeconnaﬂs..

On s ‘ast attache surtout aux facteurs qux touchzn: la productxon dea poissons,
le pracessus de recrutem&nt, et la question des sctions réeiproques eatre lees
différentes eseces. Voici les principales conclusxona-

1)

(2)

3y

(%),

A cause des variations sazsonnxeres ae 1um1era et de ln )
dlspom.b:.ht€ des a}menz:a nounxssants, I'Jconystme de 12 mer
du Hcrd est; un ayetema en regrme nonrpermanent, clest 2 dire que
leg prcpt.e~es de 1'e=osysteme sont definxes pour la. plupar.
selon la dynanique au regime non~permanent plutot qu' au rééime
permanent.

Les rcndemants da- cycle d'alrmentat1cn sont suget'h etta b1en plus
bas _que les rendements de la croissance de 1'individu & cause des
difficulrds % lier ia coascmmatzon des carnassiexs a la production
des proies dans un a;steue qui verie selon les saisons. On .
estime qu 3 1'etat naturel, il y a beaucoup d‘sdaptatxona qui ont

.pour conaequence d'augmenter les rendements de deplacement su-dessus

de ceux qui sont produits dans des mocdéles szmples.

Le recrutement despoxasons (pour toutes les especas prises ensemble)
est sujot 3 2tre presque 1ndé§endant de la productxon d'oeufh de
poisson (pourvu que 13 production d'ecups ne soit pas zéro).

on £a1t quelques proposxt;ons au euJet des moyens de faxre accorder
la coexistence de differentes espéces et {g fait qu' oa a-observd
que le partage des alimwnts est d'ordre gendral.
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TABLE 1

: BIOHMASS AND NITROGEN LEVELS IN THE RORTH SFA

Convexsion factors

Chlorophyll

Witrate

n . outuzm
Zooplankten 1 mg dry wt/m""
Fish 1 g wet weight

in

1 /'.:g at‘ N/l = 0.7 gNImz Lfor t:ol; SOm)
L 3 -
spring 1 mz chia/m™ =

0.5 gﬂ/mz (for top SCm)
0.8 gN]m? {for top 50m)
0.01 git/n”® (for top 100m)
0.02 g

aN/a’
Damaraal fish eariy 19€0's 1.5 =z 10 toxmas( 3 wet weight 0.05
late 19€0°'s 3. O X 10 tcnnes( ) vet weight 0.10-
Pe cide fish early 1960's 10 x 10 *enne.s( ; wet weight 0.3
late 1260°'s 6 x10° tomnes®) ver weight 0.2
Benthos 1gt/m 2 ), 5.6g dry wi/m 23) 0.2
Zooplankton “winter (Av) 2-3 Feal/m 2(%) {0. 7glm ) (#) 0.64 - {0.07)
’ . sucmer (Av) 25 ¥eal/w 2(2) (’gim W) (%) 0.4 (0.7)
]?hyto”piankton ‘winter (min) 0.2 lug .Chla/l(s) 0.1
éprin@(m)l 2.5 P Chla/l(s)’ 6, Q1) 1.2
,'I‘norganic.' wintgr (max) 7 [o8 at E/l(s).; 6 /U8 at H/1 (9 4=5 (10)
'Kxi!;rients -8pring (min) 0.5 lus et NII(Q c.3
Soluble orgsnic vioter (min) 5 N8 at A (8) 3.
Nitrogen summer (max) . 10 /38 &t NII(S) 7 {11)
Sediment Hitrogen | 25(7_)
(i) Rased o{n. Data in Jones & Richards 1976
. (2) from Steele 1974
(3} frow Ueip et 8l., 1579
{4) from Adzns {personsl communication)
(5) from Steele and Eenderson 1977
(6) from Butlaxr et al., 1979
(7) fxom Davies (perscnal cemzunication)
"(8) Martin & Hall 1975
(9) Dooley 1976
{(10) Top 40m only
(11) Values up to 8 jus Chal/l can occur (Davies personal commnication)



TALLE 2
COMPARTISONS OF THE LANDINGS CF FELAGIC AND DEMERSAL FEEUERS AT DIFFERENT LAXITUDES:

TCES RECTIONS, LANDINGS IN 00Cs metxe tons 1862~1978

Region/Sub Aras \ Pelagic Demersal % Demersal
: . N
Sub ares T eud II {Ns Arctic) 14513 1e® gy
N
Sib area V (Zceland) s 726 GRS
Region 2 (N Sea + Skasgerrak) 2{3&0(‘1) 1005(2) 33)
@  5ub arees VI and VIT 331 276 42 g 38
Region 3 504 177 25

From Co-op. Res. Rep. Ser. B., 1971 &nd Ho. 85, 197%
ICNAF Regions

Landings (0008 metve tons) 1870-1576

© Sub Ares : Pelagiciz} Dmarsal{é} % Demersal
1 6 100 9%
2 13 154 92
3 159 607 - 7%
4 414 T 482 33
5. 509 239 37

‘ {from I(HAF Statisticsl Bullei:in Vols 20-26)
(1) including Sandeels, N Pout (613,000 tons)
(2) exzcluding Sandesls, N Pout '

(3) including redfisp )

- {4) excluding redfish



APPENDIX 1

Equations Q)

Animals (AN)

AR = AN + (AN{(GAN-FIAN) +xl~xz-m0) At
Phytoplankton (PH) |

PH = PH + (PH(GPH-SINK) - 1.4 FEZH - 1.2 FEZ0) At
Nutrxients (NU)
NU = NU + (D.DOM + TEX - {1 + G). PH.GFH) At

Dead organic matter (DOM)

DOM = DOM + (FIM + PH (SINK + G.GPH) + 0.4 FEZE + 0.2 FEZ0 - D.DOM-FEB) At

(1) In these equations, the left hand side, is equivalent to the right hand
side after an intervsl of time At bas elapsed. Units are mg/N/m”°.

~ gee Appendix Fig. 1 for explamatory diagrsm

Notes on equations

Growth rate per uni® biomass of animals (GAN)

GAN = ¢ (FRAN-MA)

“his represents total growth rate per unit biomass (ie somatic growth +
growtk of gonad)

Growth rate per unit biomass of phytoplankton {(GPH)

GPH = MCPH (NU~NUTE)/(BN + NU - NUTH}

Food eaten by animala (FEAN)

FEAN = X (MGA/c + MA).AN

Influence of prey density on rate of foed consumption by animals (X)

X = (PREY - PREY.TH)I(B PREY + PREY - PREYTH)

Pood induced mortality rate per unit biomass of animals {(FIAN)

FIAN = MFAN (1 - X)
Excretion (TEX)

for any one animal group the rate of excretion (EX) is given by

EX = (FEAN ~ GAN.AN)
TEX = total excretion from all animal groups



Other tarms

FEO = animal food eaten by other animals
FEZE = plant food assimilated by zooplackton herbivores
FEZO = plant food assimilated by zooplankton omnivores

0.4 FEZR + 0.2 FRZ0 = input of faecal nitrogen to pool of dead orgenic
matter | . :

FEB8 = food eaten by benthos

Bacteria \ ‘

Bacteria are pot included explicitly im the mcdel. Bacteriwl action is allowed
for by the psrameters D and G {sese Appendix 2).

21 = addition to animal biomass due to lateral transfer from younger
life stages

R, = loss of apnimsl biomass due to latersl transfer to older life
stages (including transfer of egge to youngest juvenile stage).

Egz production per unit biomass (GO)

CO = GAN.EG/(MGA)
RI = G0r(Biomass of adults)
For i >1 |

i = X+(Riomass of juveniles of stage 1)}/DUR - v



APPENDIX 2

Input parameters

D

)
JE

26

por
SINK

oran®

@)
(2)

rate of conversion of dead organic matter into nutrxe?{ aveilable
for plants. (Value varied sessenally from 0.3 to 0.6
allow for tempe rature changes)

rate of soluble organic productzon as a propcrtzon cf partaculate
prxmary production (value of 0.3 used).

maximum growth rate per unit bxomaas of phytoplanhton. ‘given
unlimited: nutrient (value varied ssason ally from 75 to
150 to allow for temparature changes)

maximum growth rate per unit biamass of animsl material
(includicg teproductive growth if an adult life stage)

annual maintenance :equirements per unit biomass of animal
material

nutrient level at whxcthhytOplankton grow at half meximmm
rata (value of 0.7g ¥/m" used)

prey concentrations at which predatcr are able to eat at half of
maxinum possible rete

"nutrient threshold below which phytoplankhon grewth rate is
"zero (value of zero used)

prey concentxaticns, below which predators cease to feed.
(¥ainly low values used just sufficient to present prey from

" being grazed to extraction)

p:oportxans of HGA's converted: into eggs

‘durations of juvenile stages (in years)

rate of sioking gf phytoplankton
individual growth efficiency

Maximym food induced moxtality rate for acimals when there is
no food . . o -

botieat s ‘

all instanteous rates in annual rates

separate values for each category of animal material
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APPENDIX FIGURE 1

PARTITIONING EHERGY FLOWS WITH RESPECT
TO BIOMASS OF A SINGLE ANTMAL LIFE STAGE

FEO

= net change in bioma2ss dua to operation of all factors
= addition to biomass due to growth of individuals -

« food eaten by biomass concerned

= food eaten by predators on that biomass

excretory loss term

= food induced mortality term .

= biomass gained from younger life stages

= biomass lost to older life stages

FE=EX + § : erecneseccanrescsssrssne
C'ﬂ"G"FI"‘Rl"Rz"FEO [stsessascssecacsranares
or

m"‘nl.mo *‘thrll\'bn‘m 94N TV OIQOBOEROROONGSOSOIAABQLeD

1)
2

(3



