NUI Galway
OE Gaillimh

The Socio-Economic Marine Research Unit (SEMRU)

National University of Ireland, Galway

Working Paper Series

Working Paper 10-WP-SEMRU-07

Benjamin Breen & Stephen Hynes

K\W Warine Institute S em/

Foras na Mara 4 ge
National Development Plan 2007 - 2013 Casadh na Taoide

For More Information on the SEMRU Working Paper Series
Email: stephen.hynes@nuigalway.Web: www.nuigalway.ie/semru/



10-WP-SEMRU-07

SEMRU Working Paper Series

Bio-economic Fishery Models and a Theoretical @etf
Portfolio Theory

Benjamin Breen & Stephen Hynes

Abstract

A portfolio modelling approach holds the potential to satisfy the tenets of
fisheries management both in Europe and in the U.S. (if lofialy); ecosystem
based fisheries management (EBFM) and a Precautionary Appidaatever, for
any novel modelling methods to be applied, a background of fisheodgls and
current conceptual issues must be addressed. Without themptled has no basis.
This paper thus reviews single species modelling methods, widea become
heavily criticized in the lasts three to four decades vd®tarmining the right level of
harvesting activity within a fishery. Despite this, these still commonly used by
fisheries managers. As a result, the paper also foausa#ernative approaches, and
treats of why single species models have not yet begnraplaced by these more
highly developed and complex models. This then has infereacé®Ww new models
are to be used; as alternatives to existent methods, angslements? A portfolio
approach, geared as it is towards the management of sisktgued to have a
complementary role to play. The theoretical framework offplot theory is then
reviewed and the various risk diversification intuitions loé tmodel are discussed.
Finally, in light of the different issues raised in thgaper, the reasoning behind
utilizing a portfolio approach to fisheries managementidsdat.
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1. Single Species Bio-economic Models

The Gordon Schaefer model

One of the earliest bioeconomic models adopted in fisherasmgement was the
Gordon-Schaefer model. The model arose out of the Verhulst (1838loagua
which it is assumed that the population growth of a marine spisciesited by the

availability of resources. Growth in Verhulst's logistic madexpressed by:

Gl =+511 —=|
\ A,

1)

Growth is depicted in terms of biomass per unit of time whes the population size
of the fish stock (biomass), r is the growth rate of teeksunder zero limitation of
resources (or the intrinsic growth rate) and k is the carryamgcity representing the
maximum population that can be expected with limited resoufosximum
equilibrium biomass the environment can hold). Under natural equitibconditions

(without fishing) surplus growth, or changes in biomass weight, eqeails

({5 =0 sinceS = k). This holds because the natural equilibrium carrying capacity
of the ecosystem will be remained at, unless some exogéomesinterferes and

pushes the total biomass away from its average.

Assuming that no such interference occurs, equilibrium populaip& will, on

average, remain more or less the same, meaning zero ghdwetimtuition behind the
parabolic growth function is that at relatively low stockels there will be less
competition for food and living space such that individuals matocereproduce at a
faster rate. The extent of these advantageous conditions mitigh as population
size increases such that the level of growth in the popaolatill approach zero. The
level of biomass at which growth is zero is known as the naggralibrium size. The
bell shaped relationship between stock size and stock grovghsralemonstrated

graphically in figure 1 in the appendix.

The Verhulst equation is transformed into a catch-effort modehtsgducing the
catch rate or harvest, as did Schaefer (1954). Withrtbiggion, the impact of fishing
on the equilibrium level can be quantified, or in other wordf) the addition of a
new predator into the ecosystem (man) a new equilibrium éexteThis is done by

assuming firstly that fishing effort is a constant proportiorthef stock and secondly
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that harvest is always equal to the stock's surplus grdwdhnesson, 1993). Given
this, the catch per unit of effort is proportional to and hirsear relationship with the

population size:
H=Y=EaS 2)

where Y is the yield, or catch/harvebt) of fish, E is fishing effort and q is what is
known as the catchability coefficient. Intuitively, becausaagin was otherwise zero,
and some external disturbance was all that could divedrit that value, the scale of
catchment (which we can consider to be that external distebamill equal the
growth level of the stock and thi¥ysG(S).In other words, harvest will be equal to the
new natural growth rate because the stock would begin to retuthet natural

equilibrium size if otherwise undisturbed. This gives,
- { LY
Egs=r5{1-"/4) 3)

which means that at the new equilibrium level growth agagoines,

ds L
—=GE)-Y=0 @

This simply represents the net growth in the stock per uniined, say one year.
Man's fishing effort constitutes a reduction in the carryiagacity of the ecosystem
and therefore again, when at the natural equilibrium stmek biomass does not
deviate from this average. Theoretically, if fishing stoppeavould return towards
the natural equilibrium size at the relevant growth rate, bstiraing fishing effort
and thus catch remains constant, that growth rate will ke Z&e new equilibrium

biomass, now a function of effort, is then written as
SEY=k(1-9/,)8 )

Inserting this into the harvest equation yields
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i qa
H{E)=qkE(1—-E)
\ .

(6)

This relationship is shown graphically in figure 2 in the appenfe harvestH*,
and stock siz&*, are now determined by the level of effort. Economic inforomais

not represented by the model yet, but one can envisage thatgihalecosts equal
marginal revenue &* then that is the level of exploitation that will take platan
open access fishery. In the long run, harvests will be belbat they could be
because growth &i* is far lower than growth at the highest point on the bell curve
This suggests that initial moves towards higher effort wiltéase catches in the short
run (by reducing stock t8*), but at some pivotal point (over longer time horizons)
will end up reducing them.

Equation (6) can be used to find the critical point of bionaasklevel of effort that
will maximize this sustainable yield, whereby catch is mmz@d without entering the
sphere of unsustainable exploitation. Solving the above equation igniziag the
values ofS andE we getS=k/2 and E=r/2q. These relationships can be plotted to
show the yield-effort curve that the Schaefer framework pteg&ee figure 3 in the
appendix). The maximum sustainable yield (M5Nas been reached wheEer/2q.
Beyond this point, increases in effort only act to reduce idd yntil such a point as

yield is zeroy/q.

Gordon (1953, 1954) used Schaefer's biological model to develop amecanodel.
The mechanism which allows the Gordon model to establishisttitee assumption
that net revenues, derived from fishing are a function of total sustainablemees
(TSR) and total costs (TC):

m=TSR-TC @)

or, alternatively,

MSY is the greatest long term average rate of étgtion of a fishery that can be sustained withediucing the ability of the
fish stock to reproduce and maintain current stioknass.
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T=p¥—cF (8)

wherep is the (constant) price of the species ansl the (constant) costs per unit of
effort. No distinction is made between fixed, variabiel @pportunity (of labour and

capital) costs. Substituting (8) into the harvest or yield egu#2) gives
w = (pg5 - o)f (9)

The economic equilibrium (of an open access fishery), muchtlikebiological

equilibrium, occurs when TSR is equal to TC, i.e. wiaen0 . At this point, no new
vessels will enter the fishery and none will exit. Becausa's determined level of
exploitation becomes constant at this economic equilibrium, Hhi@ogical

equilibrium will be established by it. This is so becausehig Schaefer model a
constant level of human exploitation means that the average populadimass does
not deviate away from the new biological equilibrium which hunmuolvement in

the ecosystem has created. This ‘simultaneous equilibrium’eplobit the Gordon-
Schaefer model is thus known as the bioeconomic equilibfBEh Stock biomass at

bioeconomic equilibriundz= can thus be inferred by solving equation (9) for S:

[
Sgr=—
BE ™ ap

(10)

Because effort will be reduced/ceased wihén TSR the model predicts th&will
never equal zero and will always be positive (there will bextmction). However,

because open access, free market type conditions will prometentiny of new

participants into the fishery uniil= 0 , the model predicts overexploitation, that is, it
predicts that the actual yield of the fishery will bellvibelow MSY (in the long run)
and that effort will be much higher than is needed to achS¥ (the TC curve will
intersect theTSRcurve at higher effort levels than those required to opatMESY).
Like the sustainable yield curve tA&Rcurve will be a function of effort but will

represent financial productivity. Thd$SRcan be calculated by multiplying the yield-

EgS =rS|1

. —=] L
effort equation i/ by the unit price:
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= 5 S0
TSR =prsi1 fic) (11)

TCis calculated by making cost a function of the catch perafimffort equation (2)

=Egs=r5(1—3/

and (3) where recall thdt k -:'. Solving for effortE and multiplying

out by cost gives the long term functionTd:

.-
cril="/y,

re=—-7 (12)

With all these relationships now defined, the long-run sustainbiolmass and
production functions of the fishery can be built in the Gordon-Seharodel by
specifying the corresponding levels of fishing effort at Maxn Economic Yield
(MEY)? , MSYandBE.

The above is a useful model for highlighting the key traitsaddingle species
bioeconomic model. One important point to make clear before camgitnawever is
that while the Gordon Schaefer model is ideal for this purpmse i€ still one of the
most popular models in use for fisheries management) it ithadull story. There
are many other varieties of single species models thst @tore advanced single
species models, in a bid to include more dynamic and iealisiwth and mortality
patterns, become more complex. It is outside the scope of thes fmapeview these
differences (see Hilborn and Walters, 1992; Quinn and Deriso, 19@fjdd, 2001),
but the crucial point is that despite adaption’s of mathealaBgpressions and
functional forms to depict the growth and mortality rates ofimeaspecies more
accurately, these two crucial variables are consideredolation under a single
species modelling framework. In an actual ecosystem, gramnth mortality are
determined by diverse ecosystem factors which are oniitted consideration when

using single species modelling approaches alone.

2 . . ) .

MEY occurs at a point to the left of MSY. RecalhittMSY is the uppermost point on the parabolic ghogutrve. Costs
increase with effort, and thus the cost curve hale a positive slope; it therefore cannot be tatigieto the growth function
curve at its highest point. In terms of economficieincy it is desirable, and otherwise would be tlase, that MEY=MSY.
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Shortcomings of the Single Species Approach
Single species models attribute the equilibrium biomassspeaies and changes in it

to:

1. Recruitment, the biomass weight of fish entering the adtehpopulation

during the period

2. Individual growth, the biomass weight of the growth of individual fisthin

the population during the period

3. Natural mortality, the biomass weight of fish lost from the pafoh due to

natural death and predation during the period

(Anderson, 1977). Marine ecosystems consist of complex food chaihs w
unfathomable degrees of species inter-relatedness; speaiggng from tiny
planktonic organisms that comprise the base of the marine fodd (we,
phytoplankton and zooplankton) right up to the largest mammals, shatisedator
fish species. Salinity, oceanic temperatures and pregadurrents, numbers and
feeding habits of other species of fish, the amount of radiatad energy, the rate of
photosynthesis and the rate at which mineral elements ascedphre some of the
vitally important environmental parameters that go into deteng the natural
equilibrium size of a species’ biomass and the rate of growthpproaching it
(Anderson, 1977).

These factors have consequences for the predictive powercanth@y of single
species models. For example, the assumption of constant momafitgny single
species modelling approaches ‘places the annual variancedatipre mortality into
other sources of variability within the assessment (e.cqasorement error when
turned to fishery independent data)’ (Hollowed, et al., 2000higblight this point,
suppose that data about the primary predator of a fisher's sreeies exists, such as

its population size and the percentage of its diet made tne disher’s target species.
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Under a single species framework, the ability of this mfation to play a hand in
more accurately predicting variation in the equilibrium siz¢heftarget species will
be wasted, and the predictive power of variation in the predaecies will simply

become ‘measurement error’.

2. Alternatives to the Single Species Approach

Criticisms of single species fishery models and the concepSY as a fishery
management tool are not new things in the literature, noyiigtto develop superior
alternatives. Larkin (1977) wrote the now famous epitaph, ‘Felleis M.S.Y’,
specifying its period of use as the 1930s to the 1970s. In itpmercled that ‘we
urgently need the same kind of morality, but we also need mocé sophistication’.
It is interesting to note that even in far more recentsyda two major concepts that
have come to prominence in the fisheries literature ausef the same desires for
sophistication and morality. The first is a call for furtiheanagement sophistication
through an ecosystem-based approach to fisheries management )(EBEMhe
second, in the face of failures to achieve that sophigiit&iinges on morality, and a
Precautionary Approach (there is a discussion of these twesno the policy and

literature review chapter).

To overcome the shortcomings of single species models an@vaclhiirther
‘sophistication’, multispecies approaches try to model thatiogiships which the
target species has with other species in the ecosystemy,Tdata on predator or prey
species is routinely used to model fish stock dynamicsvehdisheries. Furthermore,
marine ecologists have developed structural ecosystem sragei as Ecopath which
is then combined with Ecoism (a user friendly interfacefigiiery managers) to
determine optimal total allowable catch (TAG)cross species (Sanchirico, et al.,
2006). However as Sanchirico et al. (2006) point out, even thougmeel in food
web models for marine systems make structural modellingra nealistic option for
achieving EBFM, they are costly to develop, data intensind,subject to high levels
of uncertainty with respect to species interactions, tffeof fishing and

environmental factors.

3 TAC is the fraction of MSY which each fishing licanis permitted to harvest
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There is still a lot to be learned about marine ecosystemd the data intensive
nature of structural models combined with the sensitivity oir thesults to small
changes in the biological parameters are a cause for corsmecially when we
consider the level of difficulty in obtaining sound marine est&y data to begin
with. The logical deduction then, is that despite longstandiitggisms of single
species models, a viable alternative has not yet beendailgloped to take their
place. The consequence is a trend among fisheries managersciantists to
incorporate numerous types of models into management stratbgidlsey single-
species, multiple, or otherwise. Thus one should not view sapgleies modelling as
an outdated or redundant method and multi-species or structurallimpdas a
superior replacement, rather, the key issue to grasp ishtaanodelling of marine
ecosystems is a tricky business and the goal of developing nmedels is to
complement that which already exists. To highlight this paoing,author refers to the
minutes of an FAO focus group for the bioeconomic modellindeofiersal fisheries
off the Gulf of Thailand:

“Models should be seen as simplifications of reality. Addiogglexity may, as is
well known from multiple regression analysis, lead to aebeatata fit but may also
decrease a model’s capability for making predictions. Thergifoie often advisable
to use as simple a model as possible to capture the essethmeechallenges posed.
There are several angles to this: Firstly, one should not @bnexpect that the
construction of a very detailed model aimed at addressingsales related to bio-
economic (including ecological, economical and social) aspédtse fisheries of the
Gulf of Thailand would be feasible or desirable. Even ithsa model could be
constructed, there would be no certainty that its predictiomsldvbe reasonable.
Therefore, the direction taken by this workshop has been toeusitzeral models,
which show some overlap in the predictions they make, but whighbased on
independent approaches for obtaining their results. If such differedels come up
with similar results, there is greater confidence thatresults are robust. If not, the
properties of the models can be investigated in searchxmghrations for the

differences”.

Gaps in the science of marine biological modelling whickemeine the management

decisions of a fishery cannot be expected to go away soonwbhisl explain the
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logic of advocators of the Precautionary Approach who simpmgera that
precautionary provisions are needed as a safeguard againgpithed decision
making. Essentially, scientific understanding of marine reseuncay come later,
while policy decisions relating to marine resources have tmdde in the present, i.e.
under uncertainty. Those involved in fisheries research andogevent of new
fisheries models are charged then with two tasks: ¥firéti complement existing
models with alternative ecosystem and multi-species bagprbaches to fisheries
management and secondly, to assist in the incorporationkcami uncertainty into
fisheries management decision making frameworks. Adagiortfolio theory for
these purposes has already been proposed in M.Phil term papein dhe next
section, a background of portfolio theory is provided and the theamiréamework is

described in detail and discussed.

3. Mean Variance Portfolio Theory

One way in which asset managers or insurance companies attenipedge’
themselves from potential financial losses is through the cmtisin of portfolios of
assets. The emergence of portfolio theory (Markowitz, 1952) froenfitid of
financial economics gave asset managers and insurance riempamore formally
developed theoretical framework through which optimal investmeifopos could
be constructed by maximizing returns with respect to riskoutlining portfolio
theory | have relied heavily on the Elton, et al. (2003) texid&in Portfolio Theory
and Investment Analysis. From that text, the expected valuen agisaet with an
uncertain future value is arrived at by summing each possiile (outcome) by the

probability of its occurrence:

R;=P;Ry; (13)

whereR: is the expected return of ith asds; is thejth return on the ith asset and
P:; is the probability of thgth return on théth asset. Of course the predicted return,

or expected value, will not always be equal to the obsertedn. This measurement

error (variance) is given by,

o3 = S E AR —R,)
. Z[{ -] (1)
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The return on a portfolio of assets is simply the weightedame of the return on the
individual assets. The weight applied to each return idrdwion of the portfolio
invested in that asset; call#t for theith asset. The expected value of the sum of

various returns for a portfolio of N assets is,

(15)

While portfolio return is just the weighted average of irdlnal asset returns,
portfolio variance is calculated a little differently. $8ubtle difference is the basis
for portfolio theory's use a risk management tool. Imagine dofior, made up of
two assets. Similarly to the calculation of portfolio retuh® calculation of portfolio

variance includes the weighted average of each asadtscee;
Hivi +Xjod (16)

However the degree of covariance between assets 1 aamltBehpotential to reduce
the overall variance of the portfolio, that is, each aspete volatility has the
potential to counteract the others (so long as they do not moegactly the same
way i.e. have perfectly positive correlation). This relasinip has to be represented to

accurately depict portfolio variance. The covariance betwleenwo assets is given

by,

Gz = ::‘?1 - Elx_:' :R_ - E_\" (17)

and because the magnitude of this covariance within the oyendfblio variance

will be determined by each assets weighting within thefqant it is written as,
2X, X204z (18)
Thus portfolio variance will be given by (17) and (18);

Uy = Afuf +AF0f + 2734303 (19)
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The portfolio variance is therefore determined by multiplyihg variance of each
asset by its weighting in the portfolio, plus the covarianaa.tAssuming assets price
fluctuations are not perfectly positively correlated, aklaf symmetry in price
fluctuations  should reduce portfolio variance. Note that because
2X_ {1}X_{2)\sigma_{12} is the expected value of the product afa different
deviations on assets one and two, as in equation (18), it can beeposnegative. If
outcomes (good or bad, positive or negative) occur togetheasget values move in
the same direction, then the covariance term (and correspongimglolio variance)
will be large also. However, if good outcomes for asset ameelinked with bad
outcomes for asset two, then the counteractive affectasillt in a lower covariance
and lower overall portfolio variance. For a portfolio of N assetstfolio variance is

written as,

N N -.

Z[X:?Gf}+z E KX O

i=1 =1 k=1 (20)

which is the sum of all variances of individual assethégortfolio plus the sum of
all the covariance terms of assets in the portfolio wébh other. The end result for a
portfolio of risky assets is the cancelling out of idiosyricrask’ in individual assets
which approaches zero as N becomes larger. Then only syisteisief remain. For
the portfolio/asset manager this constitutes a useful measentblling risk so that
effort, attention and predictions about risks can focus on themsgtic kind and

avoid wasteful considerations of all the small individual rifleg exist.

To delve deeper into the portfolio theory framework and eatatuseful applications
to fisheries management issues, it is necessary to éoctee geometric interpretation
of asset combinations. The theory goes that it is possilpiltall conceivable risky

assets (and combinations of them) in terms of their arsk return tradeoffs. Since

investors are assumed to be risk averse in the portfudiory framework and since

In finance, idiosyncratic risks are micro levelpfispecific risks which other firms/assets are nojesiio.

5 In finance, systematic risk is any macro level reattér to which all firms/assets share exposurerdsteates, exchange rates,
and stock market indexes are all examples of systenigits which affect the value of financial assétsa fisheries adapted
portfolio model, one can envisage such macro leésks$ being interpreted as large scale environmentateanographic factors
to which all marine organisms share sensitivity.
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they gain utility from return, combinations of assets thahatomaximize return for a
given level of risk (or minimize risk for a given level i@turn) are not optimal and
therefore can be ‘dropped’ from consideration when allocating fiogfefficiently.

Plotting the remaining combinations of assets that satisfsetcriteria will lead to the
creation of what is known as the efficient frontier. The effit frontier is the set of
portfolios that are available to the investor that yieldedéht levels of return and for

which no more risk than necessary need be taken on.

Which portfolio the investor chooses will relate to their riskf@rence. For example a
highly risk averse investor would prefer low returns with iaMatility whereas a less
risk averse investor may be willing to take on more podfetilatility for the chance
of a higher return. Figure 4 in the appendix shows the riskrrefticient frontier that
resulted from twenty optimal combinations of three assatse Feries returns for the
three assets were generated randomly using the softwaremrogrilatlab and the
optimal portfolios that make up the efficient frontier werdindated using this
software also. Below the efficient frontier there arenyneombinations of assets that
a portfolio manager could create, but according to the framevamk of these
combinations would be sub-optimal because a portfolio yielding dhee sreturn
which lay on the efficient frontier could be constructed withower expected
variance. In this graphical example, the frontier consisterdy twenty possible
portfolio combinations of the three assets, but theoretichdyefficient frontier can

be made up of infinite optimal combinations of the universesséta.

A Portfolio Approach to Fisheries Management: Why?

From the previous treatment of single species models, thent €omings and

existent alternatives, several points emerged:

1. Criticisms of single species models are well founded, bificently superior

models that can completely replace them have not yet beelopiese

“Universe of assets' is an abstract, largely acazigani used to describe an infinite number of agkatsmay exist. It is
needed to mathematically satisfy the efficiencyagstion which portfolio theory makes about of theoséht frontier.
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2. Highly sophisticated models of marine multi-species relatigpgs and
ecosystem structural models have been developed, and titecannot
replace the single species approach, act as useful to@sstss/manage
fisheries and marine ecosystems

3. This previous fact has lead to more sophisticated multispistructural
models being used as “complements” to existent fishery ageament
approaches and single species modelling methods. Even with ghly hi
complex structural models that have been developed, it is ew#ssarily
desirable to completely “do away” with single species appraachiavour of
highly complex alternatives. Policy considerations are bersted by using
various modelling techniques ‘to capture the essence of therhed posed’
(Hin, 2000). Thus a set rule ideology relying on ‘the best’ modal ma
viewed as inferior to an adaptive, multi-model approaanaoaging a fishery
and determining its MSY.

4. Marine ecosystems are highly complex and difficult to obsandetherefore
often defy scientific efforts to understand them. Any potegtiakgative
impacts resulting from said modes of exploitation can tbezafiot be known
with certainty. This unavoidable circumstance dictates wiate resource
exploitation may continue, fisheries managers must/shouldealsore that
risk management measures are taken to protect resownesverly negative
outcomes such as stock collapse or habitat destructio.tfeefore require
models which focus on risk management and uncertainty to aiddhision
making process. Additionally, fishers themselves face ratauing to prices,
costs, stock biomass fluctuations and legislation changs. desirable that
fisheries managers utilize models which can inform thabout such

considerations.

5. Finally, as was discussed in the Literature Review, tliera demand for

models that move towards formalizing EBFM and a Precautiohgpyoach.
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4. Conclusions

The first three points above would suggest that there is no gaosfademand for
new and complementary models for fisheries management. A portfaidelling
approach would constitute another vantage point through which totigates
potential fisheries management decisions. The usefulnebgs ofaintage point (given
inescapable uncertainty when modelling ecosystems) would hbe portfolio
approaches explicit treatment of risk. Finally, in terrhaahieving EBFM, portfolio
theory is concerned with optimal portfolio allocation given thierrelatedness of
multiple assets; from a fisheries perspective the logicbhmaadapted to account for
species' interrelatedness and shared sensitivity todistffort within a fishery. A
Precautionary Approach can be built into a portfolio approachebsti@ining fishing
effort (reducing MSY) from a portfolio perspective, as oppasedt an individual

species level as is currently the case.
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