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THE LEGACY OF BEVERTON AND HOLT

George N. White, 3rd.

Department of Fisheries and Oceans, Canada

Abstract 7

Beverton and Holt's yield per recruit models provide the
rules by which many of the world's greatest fisheries ‘are managed.
Despite successes in rebuilding depleted stocks, profitability of
fishing enterprises remains low. Efforts now underway to increase the
economi¢ efficiency of the fisheries will require new models and
analyses. a

Quota licensing has been proposed asAmeans of impreoving
economic performance of the fisheries on Canada's west coast., A simple
model for the national economic behaviour of individual fishing
enterprises is presented. Analysis of this model suggests that quota
licensing will cause excessive reductions in harvesting capacity,
producting quota shortfalls.

Fisheries have historically failed to behave as predicted by
the simple models used im policy decisions. Thus management
organizations must monitor key policy variables. The variables
currently available for monitoring are, unfortunately, limited to those
which were important for conservation oriented policies. The
inability of existing informaticn systems to accomodate change can be
traced to constraints imposed by the primitive computational tools

available to Beverton and Holt. Change will be slow due both to the

size and complexity of management organizations and to the reluctance
to tamper with machinery which has been successful in meeting
conservation goals. Future information systems should be designed to

satisfy the requirements of a general model.

Intcoduction

There are few places where mathematical models have a more
direct influence on the lives of ordinary men and women than in the
fishing communities of Nova Scotia and Newfoundland. These pecple live
by what they can take from the sea, and what they take is, in law if
not always in practice, regulated, In Atlantic Canada, as in many
jurisdictions, catches are controlled using yield per recruit models.

The acceptance of these models as a basis for management is
due, in large part, to a book entitled "On the Dynamics of Exploited
Fish Popu1;ions" by Beverton and Holt (1957). This remarkable work
combines sound ecological principles with a practical frameZwork for
generating quantitative results. Where the prescriptions of their
theories have been followed, depleted stocks have indeed recovered.

The legacy of Beverton and Holt is an evoliving collection of
mathematical models and (sometimes heuristic) solution procedures.
Over the years many of the specifics supplied by Beverton and Holt have
been modified or replaced, but always in concert with the authors'
original aims. This may be viewed either as a tribute to their vision
or évidence for resistance to change by the institutions which use

these models,



Conservation was the dominant concern of fisheries manager§
in 1957. Today, however, needs of fishermen have comé to the
forefront.

Canadian fisheries managers are not faced with many of the
constraints which prohibit effective management in other jurisdictions.
There has been success in obtaining rebuilding of stocks which had
become depleted during the 1960's and early 1970's. The goal of
economic efficiency, a Canadian policy objective since 1975 (Fisheries
and Marine Service 1976), has, however, proven elusive. 1In 1981 the
present Departemnt of Fisheries and Oceans initiated major policy
reviews of the fisheries on both the Atlantic and Pacific coasts.

These reviews have concentrated on economic issues. The
final report of the Commission on Pacific Fisheries Policy (Pearse
1982} recommends sweeping changes in policies involving lTicensing and
allocation of the harvest, but few changes affecting the way in which
harvest levels are determined. The key Tssues identified by the Task
Force on Atlantic Fisheries (1982) are likewise economic in nature, and
the policy cptions being considered do not include changes in
mechanisms for determining allowable catches.

The majority of commercial fish species in Atlantic Canada
are managed by catch gquotas. The fisheries managers who set quotas
receive advice on scientific matters from the Canadian Atlantic
Fisheries Science Advisory Committee (CAFSAC). In practice the advice
of this committee relies heavily on the models and methods of Beverton

and Holt.

New policies intended to improve the economic performance of
fisheries will place new demands on fisheries management organizations.
Fisheries scientists will be required to advise on wmatters which they
have not previously considered. This paper will try to anticipate some
of these new concerns and the changes which will be required to meet
them,

The body of the paper is divided into two parts. The first
part recalls the historical development of theoretical models whch have
governed policies for fisheries management. The second part focuses on
the demands placed on operational management by policy. The system for
determining quota advice will be described in greater detail. A
specific proposal for economic rationalization will be examined using a
simple microjeconomic model. This analysis suggests a fundamental
principle: the scales appropriate for the study of different classes
of phenomena do not, in general, coincide. In terms of the fisheries,
this translates into an urgent need to refine the scales of spatial and
temporal aggregation used by current operational models. It is a

tribute to the quality Beverton and Holt's vision that this will not

require new models.

Policy Models
Fisheries policies are ultimately created by political
decisions. While mathematical models seldom play a direct role in such
decisions, they are useful in describing the logic hhich motivates a

particular policy.



The key variables which enter into discussions of fisheries
policy are the resource biomass, x, a biological meashre of effort, E,
and a measure of the efficiency of harvesting, q. In the early years,
effort was measured in units of time. In order to discuss economic
performance, an economic definition of effort is required. When
measured in monetary units the symbol for effort will be E', and for
the cdresponding efficienty, q'.

The basic models employed in discussions of policy are

obtained from the following system.
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where
H = rate of harvesting
= qfx = q'E'x
R = total revenues = price x H
C = total costs = ¢E = £'

k = a constant (often 0).

It is further assumed that
< D Q< x %Xo
£69 { s o Xo< X
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There ha¥ been three fundamentally different periods in the

development of fisheries policy models (Table 1).

Table 1. Historical periods in the evolution of fisheries policy.
open access (1930-1950)
characterized by éfforts to encourage deve]opmentf
research centers on vesse];i and catching methods.
conservation (1950-1980)
characterized by efforts to reduce catches;research
centers on sampling;wtarameter estimation.

economic rationalization (1980-7)

characterized by efforts to increase efficBlincy {gq').

Modelling of fisheries policy during the cpen access era was concerned
primarily with the decline of stocks as effort expanded. The
discussion of bionomic equilibria presented by Clark {1978) summarizes
the essential concerns of this period. Changes in g and q' were
generally ignored. In fact, boeth q and q' probably increased (k and
k'> 0) during this period, thus accelerating the decline of the

q,
resource (Figure a).



Recovery of North Sea stocks which had not been fished during
the war provided convingcing evidence that controls on'fishing could
reverse the decline. This marked the beginning of the conservation
era. In terms of the general policy models being'considered here,
quota management‘simp]ifies the model by making effort a function of Q.

x, and q:

£ &
*q

¢- 4
]

Again, it was assumed initially that q and q' would rot change. It is
clear that the expected increase in the resource could be harvested
with a much reduced biological effort, E. In retrospect, however, it
was politically impossible to reduce participation in the fishery while
stocks were increasing. A more realistic model for quota management

would allow E' to change, while assuming that q' satisifies

Q

!
§ xE’
) o
(Figure 2). Then
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Suppose the system was initially at a bionomic equilibrium (X, E'),

where
r.
8}
£ = =
P%'

and Q is chosen somewhat smaller than H = q' X E'. Then the right side
of (1} involves the sum of a positive term representing the growth of
the stock and a negative term representing the decline of effort due to
reduced revenue. Events have shown that intreduction of restrictive
quotas resulted in a decline in revenue to individuals and
organizations involved in fishing. This created political pressure for
compensatory measures. The result was th¥ E' tended to remain
constant, and q' dec]ined,'as the stocks rebuilt,

Policy debate;z in recent years have concentrated on ways to
reverse the decline in economic efficiency. The expected behaviour is
illustrated by Figure %ﬁ

The preceding discussicn has, for the sake of brevity,
omitted much of the debate concerning the criteria used to determine
the quata (. These discussions (Roedel, ed, 1975; Larkin 1977;
Cunningham 1981) are important because they expose the issues with
which policy makers were concerned, For our purposes, however, it is

important to note that fisheries have shown & perverse disregard for



models and that policies do not respond quickly to unexpected

behaviour.

Scientific Advice

Yield per recruit models are used by CAFSAC scientists to
provide quantitative recommendations for quota levels. The primary
mandate of CAFSAC, as given in its terms'ﬁg reference, reads:

CAFSAC is responsible for providing scientific advice to the
Atlantic Directors-General Committee on the management,
including the full range of conservation measures taking into
account ecomomic objectives, of all stocks of interest or
patential interest to Atlantic coast fishermen. fesource
management advice will be provided in accordance with
specific fisheries management objectives and strategies and
will normally be published as a matter of routine, (CAFSAC
1982) ¢
THe specific objective of management has, in recent years, been a
gradual rebuiiding of fish stecks. The strategy involves, among other
measures, catch quotas. CAFSAC has been asked to estimate the catch
which would produce an Fg 1 {Gulland and Boelema 1973) jevel of

fishing mortality. By defimition, Fp 3 satisfies

10

where Y(F} is the yield per recruit. For most stocks Fg y is
comparable to estimates for M, the natural mortality: When a stock is
very tow CAFSAC will advise a smailer quota, but quotas are generally
set at the Fg, 1 catch. In practice, then, this strategy is

remarkably 1ike that suggested by Goh ( ).

Despite the economic raticnale provided by Gulland and
Boer$ma, the decision to use Fg,1 as 2 reference level of fishing
mortality was make on pragmatic grounds. An fmportant advantage of the
Fg.1 ¢riterion is its nearly linear response to parameter
variation, in sharp contrast to the nonlinear response of Fyax
(White 1983a).

Beverton and Holt were writing for an audience with limited
mathematical ability and rudimentary calculating machines, These
constraints forced them to make many compromises ir their analyses
($.J. Holt, personal communication). In describing yield per recruit
modeliing as it is used today it will be useful to start with a
formulation of the model in terms of a conservation law:

IV W L I glIN dc

where N(t,a,w) is the population density at time T, age a, and weight
Wy 9 is the grokth ratey M the per capita rate of patural morta]it% and
fg% the rate of death due to fishing. Recruitment at age ag is
specified through a boundary condition: .

N(t,ag,w) = No(t,w)
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In practice it is assumed that recruitment is concentrated at one yeér
intervals and, after a certain stage in the analysis, that weight is a
function of age. An important innovation since 1957 is the use of

age-length keys. An age-iength key is a double freguency:

N(I‘,a,w)

n{taw) =
o 0
So So N(f’,q'w) dadu
These may be constructed directly from sampling data, and are used at a
variety of steps fn the development of quota advice.

Solving {2) by the method of characteristics yields, for each

cohort defined by the time of recruitment:

L TV

ds ~
dw
(3) TS = ?(W>

with initial conditions at s = 0 given by

M[O) = N, (f-a, Wc)
w(CJ) = Wy

A

4c .
It should be noted that. the foercing term g presents serious technical
problems betause it canmot be observed. In practice it is estimated

from the model:

o
O

I

= FN
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w

where T is assumed precewise constant and the observable is an

accumulation:

0

L
Sa 4—;45

Clasb] =
The interval for accumulation is generally one year. This choice was
necessary in the days of manual calculation, but introduces errors
which are not tolerable now that the calculations can be automated
{White 1982b),

From the bractica1 standpoint, the characteristic solutions
(3) have the important advantage that processes of growth, mortality,
and recruitment can each be analyzed separately.

The system required to make this mode! work can be divided
into four main activities. These do not necessarily correspond to
organizational boundaries. Each activity involves a different academic
discipline, as shown in Talme 1, and in more detail in Figures 73, a-d.
Beyer and Sparre (1982) discuss some of the procedures which have been
developed since 1957, but many have not been published except as

working papers.
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Space dees not permit a complete discussion of Figure 4. .It
is, however, important to note that many classes of data are used for
nan-scientific purposes such as quota monitoring and enforcement, and
may be 1nacc&rate or incomplete if fishermen are concealing illegal
fishing activities., The presence of a biological observer may alter
fishing patterns. Each data item passes through many hands, so there
are many opportunities for error and misunderstanding, It is
difficult, in such a system, even to ensure that basic guantities are
defired in a consistent way by all incividuals involved.

The procedures of the synthesis (Figure 4d) are descended
directly from those of Beverton and Holt (1957). Scme of the most
important changes to the original theory are:

1. the use of sequential population analysis to estimate historiecal
abundance,
2. the Fy,1 criterion, and
3. the calculation of the catch which would produce an Fo.1
fishing mortality.
This final step goes part way towards overcoming Beverton and Holt's
reliance on steady-state solutions of their models, but may be
inapprOpriafe for some stocks {Sinclair and Q'Boyle 1983).

Less apparent are the increasing use of statistical tools and
automatic computing machinery. The size and complexity of this system
makes it inevitable that irregularities will occur. Traditional
statistical procedures are not appropriate for the analysis of many of
the errors and distortions which occur in such systems (White

1983a,b,c).
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The models used by CAFSAC bear 1ittle relation to the models
used in policy amalysis. The data requirements of aQSystem which
generates gquantitative management advice have preduced a complex and
expensive apparatus which cannot respond quickly to changes in
policies, Many aspects of the design of this system were dictated by
the Timited data management and calculating tools available to Beverton
afd Kolt. In particular, aggregation in time and space reduces the
volume of data which must be processed. This minimizes computational
work and simplifies data transfers between different parts of the

organization.

Table 4. Activities of the systems defined by the Tegacy of Beverton

and Holt.

Activity Discipline Role

Samexag Field Biology collection of data

Data Management Information Science organize, edit, store
and retrieve data

Analysis Statistics estimation of funda~
mental para@?ers from
sampling data

Synthesis Mathematics calculation of results

Economic Rationalization

Usufructuary rights schemes are seen by many as an answer tg
the economic problems of the fisheries (Scott and Neher, eds. 1981},

Pearse {1982) has proposed that a system of quota licenses be adopted
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for west coast stocks currently managed by quota.' Under this system
each license entitles the holder to harvest a predete}mined quantity of
a particular species tn a specified area. The licenses are to be sold
using a system of competitive bids so that their cost will be
determiﬁed by the market.

A key tenet of microJeconomics holds that a free market
economy produces the same result as one which is perfectly managed.
From this it can be argued that free markets are preferable because
they place few demands on the management organization. Pearse {1982)
proposes that the quota Ticense system be administered by an
independent board with no capability for data collection or analysis.

Implementation of a quota license policy requires that the
fi%r@ grounds be partitioned fnto licensing areas. Since most stocks
are defined on an area basis for the purpose of determining quotas,
these areas shoula be a refinement of stock boundaries. It can be
argued that many stocks should be split into several quota license
areas. If this is not done fishing effort will be concentrated in the
most profitable areas, leading to overcrowding of port and processing
facilities while similar facilities in other areas g%'id1e.

To understand the implications of this guota license policy
it is necessary to model the behaviour of am individual fishing
enterprise. The analysis presented in this paper is designed to
explore the kinds of information that will be needed from biological
models. Although the actions of fishermen may not always be rational,

a model for rational decision making would be expected to invelve more

Yoq

n

e

kinds of relevant information than are actually used, and is therefore
suitable to the task at hand. Furthermore, constrained decisions can
ignore information which is irrelevant in the face of a constraint.
Thus many constraints which might be important‘in practice can safely
be omitted from the following discussion.

A standard model for rational decision making in the presence
of uncertainity is the haximization of expected utility {Luce and
Raiffa 1“2’5“7)... In this model a decision, _§ » Produces a net return,
r(§,#), whereﬁ is a random variable representing the state of nature.
In the case at hand, Ewill be a vector of fishing efforts, &«

(Ejo-vssEp), and

v (_“.ﬂ,w) = Z é". (: ;fw)

where p. is the net rate of return, This depends on the market price
of rights in category i as well as many uncertain elements, including
weather, equipment failure, catch rates, availability of labour, fuel
prices, markets, and others.

The utility of a particular net rate of return will be denoted
by u{r}. The decision rule stated above implies that a decision ;ﬁ -

is prefered to _4?'1_1'1*
ECulrls ) 7 ELal(v(d, wh)]

It will be assumed that u(r) is monotonic increasing and concave.

Then, by Jensen's inequality,

(4) ELulA) < w(EL¥Y)



Equality helds in (4) if the return is certain. Thusi no other
decision with the same expected rate of return can improve upen a
decision with a sure return. This raises the possibilty that fishing
enterprises may adopt strategic behaviour involving trade offs between
uncertainfty and expected returns,

One possibility for strategic behaviour under a system of
guota licenses is purchase of a portfolio including rights to a variety
of species and areas. Since profitability is likely to vary with
species and area, this requires a sacrifice of expected returns for a
gain in expected utility.

The advantage of spreading harvesting effort over a number of
units stems from the reduced tevel of uncertainity and the concave
shape of the utility function. In particular, if the units carrespond
to different geographic areas occupied by a single population with
unpredictable distribution, decitnes in abundance in one area must be
accompanied by increases in other areas. By fishing in all areas that
may be occupied, a fisherman is assured of finding fish. This idea is
illustrated in the following example.

Example

It is assumed that a stock has been divided into two quota
license areas, but in any given year is abundant in only one of these
areas. Let xj be the return from harvesting operations (price
receivedy?gst of capture} and h;j the numbar of quota units purchased
by a particular enterprise for the ith license area (i = 1,2).

x| = i-xp is assumed to be a coin-tossing game with values 0 or 1,

1

and the enterprise is assumed to have a maximum capacity of H £ 2

units. The net peturn is:

v = xtL,H(Ju - p “u"‘l“‘)“CH

where p is the price established by the market for a quota unit and ¢
the cost of harvesting capacity. The decision vectors
§ = (hy,hz,H} and associated returns are iisted in Table X,
Since x3 + xp = 1,
ELu{r(1,1,2})] = u{l-2p~-2¢c)
Suppose that this zero risk decision is optimal. Since the fishery
cannot exist with negative net return, the market price p must satisfy
0 < 1-2p-2¢
Recalling ( 4 ), the other decisions yield
ELu(r(0,1,1)}1 £ u(4-p-c}
Efu{r(0,2,2))] < u(1-2p-2c)
Since the decisioen (0,2,2) can do no better than the decision (1,1,2},

it {together with (2,0,2)) may be rejected. The decision (0,1,1) might

Table 3. Decision vectors and returns for an enterprise fishing a
stock with two quota license areas. Brackets enclose

decisions having identical expected returns.

Decision Return
hy ha H r(hlathH)?
%: 011 Xg-p-c ]
{jl 01 Xp=p-c

g 112 . x1+x2-2p-2c’ﬂ

. .



Decision Return
0z2 ‘ 2x9-p-2¢ 1
202 2x1-p-2¢

. be considered when 0 7 1-2p-2¢, but this contradicts the assumption of

profitability. Thus the decision (1,1,2) is an expected utility
maximum. Actually, it is possible to improve profitability if
harvesting capacity can be reduced to the single unit which yields a
positive return. This analysis appears to contradict a statement of
Pearse (1982, p. 91) to the effect that investment in the purchase of
quota rights is an incentive to exercise these rights, ard points out a
serious weakness in the proposal for quota 1icensing. It should,
however, be noted that Pearse (1982) has recommended that consideration
be given to an insurance system. By reducing uncertainties this could
encourage fulfillment of guotas.

Failure to modify the quota licensing system so that gquotas are
fulfitled could have disastrous consequences. Rationalization
necessarily implies loss of jobs. As the example shows, quota
licensing may go beyond rationalization and cause excessive reductions
in harvesting capacity. Furtharmore, treaty cbligations may require
that unused quota allocations be made available to other countries.

The preceding analysis showg one way in which a quota license
market may have undesirable consequences for a fishery, If the
management apparatus 1j unable to monitor the quota license market,
problems which arise may be &;3§nized late and their causes

misunderstood.

0

This managment function will require data from the
information processing portion of the advisory systeﬁ; The preceding
example suggests that these data must describe the distribution of a
resource in space and time. This requires a reduced Tevel of

aggregation from that currently used in providing quota advice.

Discussion

Beverton and Holt have exerted a profound influence in the
development of fisheries management, Their contribution was two-fold,
Firstly, their yield per recruit models provided a practical basis for
rational management towards conservation goals. Their second
contribution was explicit procedures for estimating the model's
parameters.

The strength of their first contribution 1ies in its sound
theoretical foundations. Beverton and Holt were keenly aware that the

limitations of the information processing machinery avaitable in 1957

placed severe constraints on their analyses. Their second contribution

suffers, consequently, from limited use of statistical procedures and,
due to high levels of aggregation, cannot accomedate change,
Reductions in levels of aggregation are required not only to
understand interactions between man and the fishery, but also between
other components of marine ecosystems. The fundamental factor
preventing reduced levels of aggregation is the need to transfer data

between different parts of the management organization.
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Today's technology makes possible a data processing system
which is dedicated not to the requirements of a particular medel, hut
to those of a generalized model. Such a system will not discard
information, but be able to provide it at many levels of aggregation.
It will include new kinds of information and will have the flexibility
to accept change.

The impetus for the creation of such a system can come only
from theory, for this wiil pravide the foundation for future models.
Theoreticians must work to establish generality and flexibility as
goals ranking in importance with the requirements of current

operational models.

Figure Legends

Figure 1. Expected (solid line) and observed (dashed line)
trajectories for policy variables. Upper coordinate axes
are biological coordinates, lower axes are eccnomic.

. open access {1930-1950)
b. quota management {1960-1980)

c. economic rationalization (1983-7}

Figure 2. Data flows for quota advice {as of November, 1982). Ouf; Wy
dote, Blows ant shewn. , )y
a. data collection ( Gov detacls see O'fople ad Metlillam we

b. information storage and retrieval
c. analysis

d. synthesis {for details see White 1983b,c; Rivard 1982}

sﬂmbols Lo At Howo oetb.gunm;:

soure ot duts

M4aa&lMe. VEthJ&, C3A>

puocess ™ f - Vc',pw-t';
op evwttons

-
I



24
(L)

2%

(a

oo

N

r'*::“'

A #
I K .
_ ' T
| \\ M
[ \
/ ,
kY
\
3
y
- y
N
“
N
N e
~
-
o
Py
\\
r n
A
\\. ...\ u \
& F \
.v\ /
; \
\,.\ /
» it
\
A
— e e |N. /
7/
7
/
i -~
'
! s



<

as

(e

Fix, 3

26
(a)

UQELorc
vessels?
logbooks

sovicn 9

Cﬂd(ug

CATCH-EFFORT SYysT&EM

brofq;:z‘f

Commeverd |

dage, le‘tgd

- Samples

PORT SAMPLING  SYSTEN

’o?o(o,n:a}

sauyales

AT~ SEA  SAMPLING  STSTENT

veseandl
catcl,, effart
age, fengtl,

RESOURCE SURVEYS
Fig, 20



<o vt f-i«ﬁ el atcl.
AEL tian u[a:hm tqb{es
Soviting cacted~ effrt
aceccin o lotion tabsfes

ng-ow’toh
ng\am

(from e.nnfys(:)

sovte
Coly ld-a?rcl'd/ < { + “‘3 ’
32 "’“j-ﬂL sleettm,
ALCLA WA Lt 1&7(1‘0\4

dots Lase.
Wanagemat
Sys‘r‘zu-.

obsem.ev-
cutels, efond,
a g C, !t.q,-bL

reseaycl,
catel, , efovt
age. feuyil,

\!

age ™ }E:M_g'da

vaviou s

vepovts

s,

v fequ

keﬂ.s

Vayiou s
selected

selated

data

2

cath~ effort
talsles

ca-tc,L
tables

selection,

ACE tAiALa &d‘l‘ﬂh

4?(,"[%9"52\
) l/(ags

reseavch
kﬂt!‘da; W'}b

y——e
veseaped.
e

ohserven
/
catehs reflot

2%

(o)

) comwmmf

| abcoamdmmee
ndices

selectich, catel, ot
muHr‘p lieatcn, | Ane -
K eLLLmnth ltvonn

SWWtL

req VeSS
qume'f'ers

aw\alé(stlc

\

selecten ”""d"
& L wedp Lt
Ptj vessin, ye,(n,{r\m.sf,rp

aualysts

\

rcsewdn
4%%&’%:&.
mdice s

shatified

Sauf(q.)

\

ama Ly s('s

\

obgemoen
P

("40{!'\'.1-_5




21

(4

S{'af;k
| status

Lo catel,

]

%VOW-&L
paveh. eters

'jf‘{fai IJW

weewul' € wogef'

24







