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Abstract

Inthis "aide memoire" the basic facts of fish population dynamics are described in a concise and acces-
sible form.

The effects of various fishery management measures, such as controls on fishing effort and minimum
mesh size, on the fish stocks concerned are explained. Conservation measures often lead to short-term
losses of catch before they lead to long-term gains, and the reasons for this are discussed.






1. INTRODUCTION

Scientific advice on the management of fish stocks is often given inahighly condensed and quite techni-
cal form, asin the reports of the ICES Advisory Committee on Fishery Management (ACFM). To
understand this advice properly requires an understanding of the basics of fish population dynamics, and
the effects of various management measures, such as controls on fishing effort and mesh size. The pur-
pose of this short note is to set out those basic facts in a concise and accessible form. It is intended to
complementother publications in the same series which give more information on important aspects of
fisheriesmanagment, ie,

assessing the state of fish stocks (J G Pope, 1982)

control of mesh size (A C Burd, 1986)

the basis of management and regulations (D J Garrod, 1987)
stability and the objectives of management (J G Shepherd, 1990)

Full details of these publications are given in Section 9 “Further Reading™.

Thetopics considered are firstly the effect of fishing on the size and structure ofa fish stock, and the
way in which the stock responds to a change in the level of fishing effort. Next, the implications ofthis
for catches are considered, with the problem of balancing short-term losses and long-term gains. The
effects ofadjusting the nature of fishing (rather than just the amount of fishing) through technical meas-
uresare considered, followed by the complications caused by variations of recruitment to the stock, and
the implications formanagement.

This account deals only with single-species aspects of the matter. Inreality there are also multi-species
aspects, caused by the capture of several species together in mixed fisheries, and by the biological
interactions between species, especially predation. These do not generally change the nature of the
mechanisms described here, but they do of course make the processes more complicated, and may
change the magnitude of the effects (eg, the size of the losses and gainsinvolved).

The discussion here also concentrates on the basis for scientific advice that fishing effort, and the
catchesitproduces, needs to be limited, but does not deal with the ways in which this may be done, or
the details ofthe calculations required (Pope, 1982 considers these aspects).

Atpresent, the basic method of management under the Common Fisheries Policy of the

European Community involves setting Total Allowable Catches (TACs)and agreeing national quotas.
These then have to be managed in some way, which usually involves direct or indirect limitations on
fishingeffort. There are of course differences in practice between limitation of catches and limitation of
effort, but both serve to moderate the level of exploitation, and here

the focusis onthe way in which the level (and nature) of the exploitation affects the fish stocks. The
discussionistherefore phrased in terms of changes of fishing effort, although in practice thismay be
achieved indirectly by restricting catches.

2. THE EFFECT OF FISHING ON STOCK SIZE

Catching fishincreases their death rate above that due to natural causes, and greater fishing
effortleads to ahigher mortality rate due to fishing. Thus, asillustrated in Figure 1, iteventually leads to
fewer fish of any yearclass! surviving to each age. This meansthat not only are there fewer fish, butin

L' A yearclass is all those fish (of a particular stock) spawned in any one year
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particular there are fewer old, and therefore large and mature fish, in the surviving stock. The
numbers, the average age and the average size of the fishare all reduced by fishing.

The size of a stock is best expressed as its biomass - the sum of the weights of all the fish of that stock
inthe sea. Clearly, since greater fishing effort means that there are fewer fish leftin the sea, and that
they are smaller, there is therefore a smaller biomass. Asillustrated in Figure 2, the effect of fishingon
stock biomass can be quite dramatic. A fishing effort whichleadsto a fishing mortality rate whichis
equal to the natural mortality rate is enough to reduce the stock to half of its natural size, because this
doubles the total mortality rate. This would in factbe alowlevel of fishing: the fishing effortinthe
North Seaand many other places is so high that the rate of fishing mortality is three, four or five times
that of natural mortality, and the stock sizes have consequently been much reduced by fishing. The
reduction to around 20% of the unexploited stock size indicated for heavy fishing in Figure 2 isnot
unrealistic.

Number
of fish
surviving

No fishing

Light fishing

Heavy fishing

Age
Figure 1. The effects of fishing on the survival of fish

Stock
size
(biomass)

Light Moderate Heavy
Fishing effort

Figure 2. The effect of fishing on stock size



3. THE EFFECTS OF CHANGES OF FISHING EFFORT

Figure 2 shows how fishing affects stock size if the level of fishing is kept the same for long enough for
the stock to come to equilibrium. This equilibrium (or steady state) isnever reached in practice, be-
cause of variations of yearclass strength, but this does not affect the underlying processes, and is dis-
cussed further later on. Ifthe fishing effort? is changed, it takes some time for the full effect to work
through the whole stock - about twice the average lifetime of a fish (a few years, in practice). Thisis
illustrated in Figure 3, which shows how the stock size responds to an increase and then adecrease in
fishing effort. The benefitof any reduction of fishing effort (and in fact any other conservation measures)
takesa few yearsto appear. Regrettably, itisjustnot possible to slide smoothly and quickly up and
downthe curve shownin Figure 2. In practice what happens is shown by the arrowed lines on Figure 4
-one only gets to the smooth curve eventually. Note also that (Figure 3) the detrimental effect of an
increase of fishing effort does not show up immediately, either. Thereisa“honeymoon” period while
the stock is being fished down to the new lower level where the full effect has worked through.

Stock
size
|
|
|
|
|
! !
A >
. L. Time
Fishing effort Fishing effort
increased here decreased here

Figure 3. The response of a fish stock to changes of fishing effort

Stock
size

Increase of fishing effort

=$ Year 1

Year 2

Year 2 Year 3
Year 1 { < tc

Reduction of fishing effort

.
Fishing effort

Figure 4. The same thing drawn in a different way

2 Fishing effort is in fact quite difficult to define and measure precisely. Scientific advice is therefore often pre-
sented in terms of the fishing mortality rate, which for dispersed, bottom-living fish is usually proportional to
fishing effort for any given method of fishing. For the purposes of this note the distinction is not important,
and they may be regarded as essentially synonymous. See Pope (1982) for a full explanation
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4. THE EFFECT OF FISHING EFFORT ON CATCHES

The discussion above deals with the effect of fishing on the stock. The effect on the catch israther
different, and more complicated. In the short-term, the harder you fish, the more you catch. Inany
givenyear, if fishing effort were low, then the catches would increase roughly in proportion to any im-
mediate increase of fishing effort. AsshowninFigure 5, however, athigherlevels of effort, one getsa
diminishingreturn. Ifone fished very hard indeed, the greatest possible catch would be the whole of the
stock that was there at the beginning of the year - thus the curve in Figure 5 levels off quite quickly at
moderate to high levels of fishing.

Inthe longer term, things get a bit more complicated: obviously fishing hard in one year reduces the
stock, so that in the next year there will be fewer fish to catch. One has to take account ofthis longer-
term effect on the stock size (already shown in Figure 2). When thisis done, one finds that the longer-
term effect of fishing (shown in Figure 6) is quite different from the short-term effect. In fact, there is

A

Initial size of the stock

Catch

Fishing effort
Figure 5. The short-term effect of fishing effort on catches

A

Catch

\J

Fishing effort

Figure 6. The long-term effect of fishing effort on catches



usually amaximum catch whichis obtained at quite alowlevel of fishing effort. Athigherlevelsoffish-
ing effort one getsinto aregion of reduced catches (negative returns, not just diminished returns). This
occurs because a fish stock is a limited renewable resource, with its own natural rate of growth and
replenishment. Such resourcesneed especially prudent management.

Now, Figure 6 is (like Figure 2) a steady-state picture - it shows what happens if things are kept the
same for long enough. Whatactually happens to catches after sharp changes of fishing effortis shown
inFigure 7. At firstthe response to anincrease of effortis anincrease of catch like that of Figure 5 (the
short-term picture). However, in the long-run the stock declines, and the result becomes like that of
Figure 6 - itis the long-term picture that wins outin the end. Conversely, if one then decreases effort,
thereisatfirstaloss of catch, according to the short-term picture, but thereafter the stock recovers,
leading to along-term gain.3

Figure 8 shows how these changes look over a period of time.

A

increase
of effort

Catch

Decrease
7/ - of effort

>
Fishing effort

Figure 7. Short and long-term effects of fishing effort on catch

Short-term
gain

Catch Long-term

gain
Long-term
loss

Short-term loss
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1‘ Time
Increase Decrease
of effort of effort

Figure 8. The same thing drawn in a different way

3 This assumes that the stock is over-exploited, as shown in Figure 7, with effort beyond the maximum of the
curve. If'it is not, there will be no long-term gain of catch, only of biomass
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5. PRACTICAL AND ECONOMIC CONSIDERATIONS

Figures 7 and 8 thus sum up the basic problem of fisheries management. Inthe long-term, itisagood
thingto keep fishing effortlow. Unfortunately, ifthe effortis already too high (asitusually is), getting it
back down is a painful business. The fishing industry needs to accept a short-term loss of catch (and
therefore earnings, since prices are not usually very elastic), ifitisto reap the benefits a fewyears later.
Findinganacceptable level of short-term loss which isjustified by the future gains isadifficult trade-off
tomake. It must be remembered that the long-term gains are for ever, whilst the lossis only borne
once. Evenifone discounts future gains rather heavily, as arough rule of thumb one might say thatifthe
size of the short-term loss is less than three times the long-term gain, then the investment (short-term
loss) is probably worthwhile. In fact, economic considerations suggest thatalower discount rate would
be appropriate so that it would be worth accepting substantially larger short-term losses relative to long-
term gains, but this would require the industry to take a very long-term view.

The economic effects of the short-term loss arising from areduction of effort may also be less than they
first seem. Thisis because going fishing costs money, so thatareduction of effortis accompanied by a
reduction of costs, although probably not by the same amount. The reduction of costs will go some
way to offset the loss of earnings, and thus the loss of profit is less than that of catch and earnings. Any
increase of prices due to lower landings will also help. In fact, the individual fisherman’s catch-rate
(strictly, catch per unit of effort) and therefore his earnings per unit of effort (and costs) is for most
stocks roughly proportional to the stock size. Ascanbe seeninFigure 3, the reductionineffortis
followed by animmediate growth of biomass: there is no short-term loss of stock size or catch-rates,
eventhoughthereisalossofcatch. Whether or notindividual fishermen suffer serious losses of profit
therefore depends as much on how the reduction of aggregate effort and catches is shared out, as on
anythingelse.

A final important pointis thatitis necessary to keep fishing effort down even after the stock hasrecov-
ered. Itisclear from Figures 3 and 8, that if the effortis allowed to rise again, the stock will be driven
back to its previous depressed state. The short-term gain of catch would be followed by long-term
losses of both catch and biomass (and therefore profitability). This means that the reductions of fishing
effortrecommended by the scientists (and economists) are intended to be permanent. The stock and
the catches will increase again, but the amount of fishing effort needed, and the number of boats needed
toexertit, will not.

6. TECHNICAL MEASURES: MINIMUM MESH SIZES,
CLOSED AREAS AND SEASONS

So far, we have not considered the composition of the catch - the proportion of large and small fish
whichitcontains. Most fishing gears, apart from purse seines and the small mesh nets used for
midwater trawling or industrial fishing, are more-or-less selective. They allowmostsmall fishto escape,
whilstretaining most of the large ones (see Figure 9). Thisisuseful, because it turns out that catching
small juvenile fish before they reach sexual maturity is very damaging to the spawning stock size - much
more damaging than fishing on the mature and spawning stock itself.

The reason for this is that any fishing mortality on juvenileskills the fish before they ever have achance
to spawn. Itistherefore notonly very effective, but operates again and again each yearuntil first
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Figure 9. Mesh selection and discards

spawning, so the effectis compounded. The same mortality operating after the fish have matured isless
effective, because each year the fish have the opportunity to spawn, as well as the risk of death, and
that opportunity isrepeated year after year: the processes of reproduction and death actin parallel
rather than one after the other. Itiseasyto see thatifexploitation were delayed until after the majority
of'the fish had had the opportunity to spawn at least once, it would be very difficult to reduce the
spawning stock to a very low level, however hard one fished. By contrast, even amoderate fishing
mortality operating on juveniles over three or four years can easily reduce the spawning stock to justa
few percent ofits unexploited size.

Ideally, if one wished to maintain a large spawning stock, it would be best to catch only large fish which
have already matured. In practice thisisimpossible, firstly because as shown in Figure 9, the selectivity
offishing gearis not perfect, and secondly because different species of fish which may be caught to-
getherinamixed fishery have different sizes at maturity. Thusitisimpossible to avoid catching some
immature fish of large species (such as cod) without losing altogether the catch of smaller species (such
aswhiting). Nevertheless, the impact on the spawning stocks of catching a given amount of fish can be
reduced to some extent by trying to ensure that the catch is composed mainly of larger fish. Minimum
meshregulations are used for this purpose.

The effects ofan increase of minimum mesh size are in many respects similar to those of areduction of
fishing effort, since both reduce the effective level of exploitation of the stock. Justasshownin Figures
3 and 8, there are long-term gains of stock size, and often of catches too, offset by a short-term loss of
catch. These are however caused not by moving up and down the curves as in Figures 4 and 7, but by
moving (usually at constant effort) on to different curves, as shown in Figures 10 and 11. These make it
clearthattechnical measures affect the efficiency of fishing: they lead to differentlevels of catch (and
biomass) for the same level of fishing effort. The benefits arise because the short-term losses consist of
many small fish, which escape to grow and to contribute to the spawning stock and the catchin later
years.
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From afisheries management point of view, however, control of minimum mesh size is arather limited
instrument. Itis possible to assist the stocks of fish which are naturally of a small size, but those species
which are big will not benefitas much. Sometimes, therefore, this may be the right tool for the job, but
at other times it may not be appropriate. Inthe same way, closed areas and seasons may be used to
modify the composition of the catch, both by size and by species mix, since fish of different ages (and
therefore different sizes), and fish of various species, all tend to be preferentially located in different
places atdifferent times of year. The separation is, however, very far from perfect, and as with mesh
size control, thereis alimitto what can be achieved by these means. These technical measures are
therefore bestregarded as allowing fine tuning of the basic conservation programme based on control of
fishing effort through TACs, quotas and direct controls, notas a sufficient alternative toit. Thereisa
limitto how far they can be used to compensate for the effects of excessive fishing effort.

Stock
size
(biomass)

Larger mesh

Normal mesh

—
—
- .-

v

Fishing effort

Figure 10. Effect of an increase of mesh size on stock size
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Catch

Normal mesh
~

~

~

-~
~

Fishing effort

Figure 11. Effect of an increase of mesh size on catches
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From an economic point of view, these technical measures have a further drawback compared to limita-
tionof effort. Thisisthatthey actbyreducing the efficiency of the fishing activity, by allowing small fish
to escape, or by forcing fishermen to avoid the densest concentrations of fish. Theyreduce catches
without any associated significantreduction of costs, and therefore result in reduced profitability at least
inthe short-term.

Forthese reasons, coupled with the fact that it is still possible to drive stocks down to alow level by
excessive fishing effort even using fairly selective gear, itis generally considered that technical measures
are an important but not a sufficient basis on their own for fish stock management. They are therefore
used as anaddition to other direct conservation measures which control the overall level of exploitation.

7. VARIABLE RECRUITMENT OF YOUNG FISH

The processes described above are complicated in practice by the natural variability in the numbers of
young fish which survive their first year of life, and are able to join the stock as new recruits each year.
Thisrecruitment, or yearclass strength, may vary enormously from year to year, as shown in Figure 12,
andisnot very clearly related to the size of the spawning stock. The variation of yearclass strength is
the other main factor, inaddition to fishing, controlling the abundance of fish stocks. The reasons forit
are notknown, despite many years of research, and itis clearly not controlled by any single factor oper-
ating every year. Mostlikely itdepends on the conjunction of several key environmental conditions at
certain times of the year, but because the processes of growth and death are taking place over large
areas of sea, the causes are difficult to study.

The variations in stock size so caused may be large, and are superimposed on those due to changes of
fishing effort, etc, asdescribed above. All ofthe diagrams used so far are drawn assuming constant
recruitment, and in practice there would also be alot of confusing changes due to varying recruitment.

Recruitment in millions
N w
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Figure 12. Recruitment of North Sea sole
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Figure 13. Stock and recruitment of North Sea herring

Itis for thisreason that the scientific advice sometimes proposes anincrease ina Total Allowable Catch
(TAC)atthe same time as it calls for areduction of fishing effort. This happens when a strong yearclass
isjustabouttorecruitto the fishery. Inthis case there will be an increase of the expected catch atany
level of fishing due to the increased stock size, and this may outweigh the reduction which would nor-
mallyresultfromareduction of

effort. Varying recruitment is also the mainreason for changes of recommended TACs from one year
tothe next. The TACsare usually justtracking the recruitment-driven changes of stock size - one
cannot buck the trends imposed by uncontrollable changes of recruitment for very long at all.

These increases of TACs due to fluctuations of recruitment should not be taken as a signal for invest-
ment: no more fishing boats or fishing effort are required, since the increase is only due to the expected
increase in the catch-rate of the boats already operating. Conversely, decreases of TAC due solely to
poor recruitment do not mean that boats will have to fish less, only that they will catch less because
there are fewer fish inthe sea. Any changes of TAC due to changes of fishing mortality however do
imply aneed to adjusteffortand capacity to follow suit.

Apart from these short-term fluctuations, the main problem concerning recruitment is the extent to which
itdepends on stock size. Clearly, if there are no spawning fish, there can be no recruits, but the rela-
tionship between spawning stock and subsequent recruitment is hardly ever clear, because of all the
short-term fluctuations. One ofthe clearest examples is that for North Sea herring (see Figure 13).
Nevertheless, ifrecruitment does decline when spawning stock size is reduced too far, this opens up the
possibility of catastrophic stock collapse at high fishing mortality levels, rather than just progressive
depletion; thisisillustrated in Figure 14. Itisbelieved that this is what happened to the North Sea her-
ring inthe mid-1970s, and there are several other examples of stocks collapsing after very heavy fishing,
including North Sea mackerel and the haddock on Georges Bank off North America.

Fisheries scientists have great difficulty inadvising when a stock collapse is likely, however, and sug-
gested minimum stock levels and maximum exploitation rates involve alarge measure of professional
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judgement. Nevertheless, the prospect of stock collapse isreal, evenifitonly manifestsitselfasin-
creased risk of poor recruitment when spawning stock size is low. Suggested minimum stock levels can
inany case only be taken asa guide, because it is in practice virtually impossible to try to manage to
maintaina fixed minimum stock size. A fishery managed in this way would suffer from severe fluctua-
tions of TACs as strong and weak yearclasses enter the fishery, and would often be closed completely
whenever recruitment was poor. Forthisreason the scientific adviceis usually framed in terms ofin-
creases or decreases of fishing effort (or fishing mortality) as this allows more continuity of effortand
suppliesto the market, and avoids a precipitate response to short-term fluctuations.

8. THE IMPLICATIONS FOR MANAGEMENT

Reducingthe size ofafish stockiseasy: giventhe levels of effort which can be deployed by modern
fleets, depletionto asmall fraction ofthe initial size in a few years is quite possible. Engineering are-
coveryis, however, much more difficult. Thereis essentially little thata manager can do, exceptto
reduce fishing effortto alow level and wait. Givenreasonable recruitment, this will permit the rebuilding
ofthe spawning stock overa period of several years, this being the time needed for the young fish to
reach maturity. Thisincreased stock should then provide the basis forimproved recruitment in the
future. Itis, however, not suggested that stock sizes should be increased for their own sake.

When the objectives of fisheries management are considered, it appears that, although there is some
conflictamong them, most imply that fishing mortality rates should be keptlow, and stocks high (see
Shepherd, 1990). Unfortunately, the economic forces acting upon fishermen have had, and still have, a
tendency to drive effort up to alevel where the mortality rate istoo high. Reducing effortand mortality
rates through management measures has proved to be difficult, largely because of the need to bear a
short-term loss in order to make along-term gain, as explained in this paper. Thisisaresultofthe
basic dynamics of fish stocks, and there seems to be no way around it.
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Hopefully, this publication will help all those concerned to understand why the scientific advice on fish-
eries management so often calls for areduction of fishing effort, why this isusually associated with a
reduction of catches, why this reduction of catches should be temporary, whilst the reduction of effort is
likely to be permanent, why the benefits of such changes usually take a few years to appear, and why
control of mesh sizes is notasimple alternative to control of effort. Ifitdoesthis, itmay assistinthe
task of finding an acceptable way of making the changes that are needed.
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