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A SIMPLE APPROACH FOR CALCULATING THE POTENTIAL YIELD OF
KRILL FROM BIOMASS SURVEY RESULTS

D.S. Butterworth*, A.E. Punt* and M. Basson™*

Abstract

Estimates are calculated for the parameter A in the yield equation
Y = AMB, for a krill fishery in which both the fishery and krill
growth are seasonal. The criterion used for the calculations is that the
probability that the krill spawning biomass drops below 20% of its
median pre-exploitation level over a 20 year period of harvesting should
equal 10%. The value of A depends strongly on the value of M (natural
mortality) and cy(recruitment variability), and also on the relative
values of the ages at maturity and first-capture. Seasonal effects seem
to be of lesser importance.

Résumé

Calculs d'estimations du paramétre A dans 1'équation de rendement
Y = AMB, pour une pécherie de krill dans laquelle l'intensité de la
péche et la croissance du krill sont saisonni¢res. Pour les calculs, le
critere utilisé est le suivant : la probabilit¢ qu'en une période
d'exploitation de 20 ans, la biomasse reproductrice du krill chute en
dessous de 20% de son niveau moyen d'avant l'exploitation, devrait
étre égale & 10%. La valeur de A est fortement dépendante de la valeur
de M (mortalité naturelle) et de oy (variabilité du recrutement) ainsi que
des valeurs relatives des dges de maturité et de premiere capture. Les
effets saisonniers semblent €tre de moindre importance.

PesiomMme

Boiulric/sieHbl OLEHKM NapaMeTpa A B ypaBHEHUU BbLJIOBA Y =
AMB, B npoMbicJie KpUJIsi, IPpU KOTOPOM KaK NpOMbIceJ, TaK U
pPOCT KpUJIsT HOCSAT CE30HHBIN  XapakTtep. Kpurtepuem
BbIUMCJIEHHI! SIBJISIIOCH TO, UTO BEPOSITHOCTb cnajia 61oMacchl
HepecTymomero  KpuJjasda Huxe 20% ero  MeJAuMaHHOI'O
JAO3KCIJyaTallUOHHOIO  ypoBHA 33  20-JIeTHUI  NepUon
MNpoMbichia, AOJIKHA paBHsITbest 10%, 3HaueHUe A CyHECTBEHHO
3aBHCHUT OT 3HaueHUsT M (ecTeCTBeHHasli CMEPTHOCTb) U OR
{(U3SMEHUUBOCTb MONOJIHEHUsI), a TaKX€ OT OTHOCUTEJbHbIX
3Hau€HHN BO3pacTa NPU MOJIOBO3PEJNOCTH U MEPBOM BbIJIOBE,
Ce3oHHbBIE  BO3JEUCTBUS, IMO-BUAMMOMY, HNPEACTARJASIOT
MEHBIIYI0 BAXXHOCTB.
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Resumen

Se calculan las estimaciones del pardmetro A en la ecuacién de
rendimiento Y = AMB, para la pesqueria de krill, en la cual la pesqueria
y el crecimiento del krill son estacionales. El criterio empleado para los
cédlculos es que la probabilidad de que la biomasa de desove del krill
descienda a menos del 20% de su nivel mediano de pre-explotacién,
sobre un periodo de captura de 20 afios, deberd ser igual a un 10%. El
valor de A estd estrechamente ligado al valor de M (mortalidad natural)
y de oy (variabilidad de reclutamiento), y también a los valores relativos
de las edades de madurez y de primera captura. Se considera que los
efectos estacionales tienen menos importancia.

1. INTRODUCTION

One of the topics considered by the Second Meeting of the Working Group on Krill was
the estimation of potential yield (SC-CAMLR, 1990). Some members suggested that a possible
approach to the determination of appropriate yields might be to use the formula:

Y =AMB, 1)

where Y is the annual yield,
M is the natural mortality in yr1,
B, is an estimate of the effective total biomass of the population prior to exploitation,
A is a numerical factor which is typically less than 0.5.

A basis for calculating an appropriate value for A is set out in Beddington and Cooke
(1983). The criterion which they use is that the probability that the spawning stock size drops
below 20% of its average value prior to exploitation, over a 20 year period of harvesting, is
equal to 10%. Clearly the value of A is dependent on biological parameters such as growth
rates and the extent of recruitment variability, as well as on the age-at-first capture, and
Beddington and Cooke (op.cit.) provide tables giving the value of A for various combinations
of these parameters.

However, Beddington and Cooke’s calculation is based on a von Bertalanffy growth
curve, which reflects steady growth throughout the year. In contrast, krill exhibits growth
which varies systematically over the year (Miller and Hampton, 1989). The Second Meeting of
the Working Group on Krill (SC-CAMLR, 1990) therefore suggested that, rather than use values
given in Beddington and Cooke’s tabulations, their calculations should be repeated for krill in a
manner which takes account of seasonal growth variation, for a range of plausible values for
pertinent parameters.

This paper reports the results of calculations along these lines.

2. METHODS

_ The mathematical detail of the calculations carried out is given in Appendix 1. This
section comments only on the assumptions upon which those calculations are based.

The model of Rosenberg, Beddington and Basson (1986) is used to describe the
seasonal growth of krill. This model for the length of krill of age (a+t) years may be written:
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. A ] 0<t<1/8 -
gm[l_e—ﬁ(ﬂﬂ)] 1/86<t<1

Rosenberg et al.’s (op.cit.) fit to data yields an estimate of d = 4, which corresponds to
a three month growth period, followed by nine months of zero growth.

Much of the fishing of krill off Antarctica is concentrated in the three summer months
December to February (Miller, 1990), so that it is convenient for these calculations to assume
that the three-month growth and fishing seasons coincide exactly, even though results in
Rosenberg et al. (op. cit.) suggest that the krill growth season is a little earlier than this. The
start of this season is taken to be the appropriate time to reflect a measure of spawning biomass.

The biomass estimate B, which is to be used in equation (1) is considered to be made in
the middle of the season (i.e. mid-January). This is an estimate of the biomass prior to any
harvesting taking place, but the analysis takes account of the fact that unexploited biomass will
fluctuate from year to year because of recruitment variability. Beddington and Cooke (1983)
assume that the estimate is exact, but allowance for (survey sampling) estimation error has been
made in this analysis [the N term in equation (A.9) of Appendix 1]. In other respects, the
method of analysis is identical to that of Beddington and Cooke (op.cit.), except that only a
constant catch harvesting strategy has been considered. Beddington and Cooke also considered
a constant fishing mortality strategy, but this seems inappropriate for krill. The reason is that,
in practice, such a strategy could only be implemented in the form of fixed fishing effort, but
for krill any simple (e.g. linear proportionality) relationship of CPUE to abundance (or
equivalently fishing effort to fishing mortality) is questionable, particularly for the crude
measures of effort (such as vessel-days) in terms of which regulations would have to be framed
(Butterworth, 1989).

It is important to appreciate that the computations are of a “Myopic Bayes” nature
(Walters, 1986). They assume that the only information available upon which to regulate the
fishery for the following 20 years, is that from a single pre-exploitation biomass survey. No
account is taken of the likelihood that further surveys will take place, and that their results could
also be incorporated in some more complex feedback control management procedure.

The basic krill dynamics model used (see Appendix 1) assumes that natural mortality,
unlike fishing mortality, has no seasonal component and takes place uniformly throughout the
year. This assumption could be questioned, as krill predator abundance around Antarctica also
fluctuates seasonally, because baleen whales (for example) are present primarily in the late
spring to early summer months. To ascertain whether this might have a marked effect on
results, some of the calculations have been repeated for the extreme assumption that all natural
mortality also takes place during the three-month growth/fishing season. The appropriate
equations for this alternative model (equivalent to one with no seasonal component, as
investigated by Beddington and Cooke) are also given in Appendix 1.

3. CHOICE OF PARAMETER VALUES

The model developed in Appendix 1 has nine parameters: M, a,, R, Og, &, B, am, a+
and o,. As the results of interest concern only biomass ratios [D(y) - see Appendix 1], they
are unaffected by the values chosen for R and o, so that these two parameters can both be set
equal to 1 for convenience.

Rosenberg et al. (1986) estimate /., = 60 mm and § = 0.45 yr'. The values of
length-at-age at the start of the season corresponding to these estimates are shown in Table 1.
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Acoustic surveys of krill biomass would probably be most sensitive to krill of length
20 mm and above (D. Miller, pers. comm.), so that the lengths listed in Table 1 suggest that
a* = 1* would be an appropriate choice. [Given a value for M, the multiplicative factors
required to modify the values of A reported below can be found by a simple deterministic
calculation.]

It would be inappropriate to consider every possible combination of the remaining five
parameters: M, a,, Oy, a,, and o,. The greatest uncertainty would seem to exist regarding
appropriate values for M and o, so that a “base case” has been chosen which includes all nine
combinations of the choices:

M=0.3; 0.6, 1.0 yr’
ox=0.2; 04; 1.0

Fixed values a, = 3, a,, = 3 and o, = 0.3 have been chosen to complete this “base case”.
[Some data-based case could be made for each of these choices; for example, the choice for o
seems typical of coefficients of variation reported in Anon. (1986).] The sensitivity of results
to variations of these choices has been investigated only for the central element of the (M, Og)

combinations considered, viz. (M = 0.6 yr’, og = 0.4). The different choices explored are:

a=24
a, =2; 4
o,=0; 0.5

A value o, = 0 is, of course, unattainable. It was selected to correspond to the
calculation procedure of Beddington and Cooke (1983).

For the alternative model (M concentrated in the three-month growth/fishing season),
calculations have been carried out for the "base case" set of parameter value choices.

4. RESULTS AND DISCUSSION

Table 2 shows the estimates of A for the “base case” set of parameter values for the
(seasonal) krill dynamics model of Appendix 1. Certain of the entries in this Table are shown
as “(1.00)”. For the “base case” choice of identical ages at maturity and first-capture
(a, = a, = 3), the 2-year-olds of the preceding year contribute to the spawning biomass
(calculated at the start of the season) before the year-class concerned is affected in any way by
fishing. In certain circumstances then (high M and low oy), it becomes possible to catch
effectively all krill older than the age-at-first-capture, because the recruiting cohort is always
large enough to satisfy the criterion that B,/K,, > 0.2. It is for such circumstances that the A
estimate is shown as “(1.00)”.

Table 3 reports estimates of A for the tests of sensitivity to the values chosen for a,, a,,
and o,. The sensitivity does not seem to be particularly marked, unless circumstances become
such as lead to a “(1.00)” estimate situation.

Finally, Table 4 gives the results of assuming that M is concentrated in the three-month
growth/fishing season (effectively equivalent to a no-seasonality situation). They show very
little change from the results in Table 2.

The primary implications of these calculations are that the value of A is strongly
dependent on the values of the M (natural mortality) and oy (recruitment variability)
parameters, and also on the relative values of the ages at maturity and first-capture.
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The seasonality of the krill fishery seems a matter of lesser importance at this stage. The
calculations of this paper have assumed krill fishing over the summer season. In certain
statistical areas (specifically Subarea 48.3), krill fishing actually peaks in winter (Miller, 1989).
The values of A would obviously change for this situation. However, given the smallness of
the seasonality effects evident in the Table 2 - Table 4 comparison, one would not anticipate the
change in A for a winter fishery to be large compared to the differences in A evident for
alternative choices for M and og. Clearly, efforts to narrow the range of likely values for M
and o merit the greatest attention at this time.

The growth equation used for krill in these calculations indicates a fairly long-lived
animal. If this is correct, one would not expect a value of M that is very high (or too few krill
would survive to the older ages indicated). Appropriate ranges for M for calculations such as
these must therefore be correlated to some extent with the growth curve assumed.

Finally, it must be pointed out that equation (1) applies to a situation where B,
represents the total biomass of the stock concerned. In cases where a biomass survey does not
cover the full range of the stock, including those where there is net transport of krill through the
%rea surveyed, yield estimates from equation (1) will obviously contain an element of negative

ias.
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Table 1:  Values of krill length-at-age [ £(a)] at the start of the season corresponding to the
parameter estimates obtained by Rosenberg et al. (1986) for the growth model of
equation (2).

Agea Length £(a)
(years) (mm)

0 0

1 22

2 36

3 44

4 50

5 54

6 56

7 57

Table2:  Estimates of the harvesting fraction parameter A (where Y = AMB,,,) for the krill
dynamics model of Appendix 1 with the “base case” set of parameter value choices:
a,=3; a,=3and 5,=0.3.

M=03yr-! M=0.6yr M=10yr"
o, =0.2 0.43 (1.00) (1.00)
op =04 0.39 0.23 0.21
cp=1.0 0.20 0.08 0.04

Table 3:  Tests of the sensitivity of estimates of A for the case (M = 0.6 yr 1, 6z =0.4) to
variations in the “base case” (BC) choices for parameters a;, a,, and C.

Parameter Change A

BC 0.23
a =2 0.18
a =4 (1.00)
a, = 2 (1.00)
a, = 4 0.15
o =0 0.25
o, = 05 0.20
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Table 4:  Estimates of A for the alternative krill dynamics model (M concentrated in the
three-month growth and fishing season) for the “base case” set of parameter value
choices.

M=03yr M=0.6yr! M=10yr"!
cp=02 0.44 (1.00) (1.00)
cp =0. 0.40 0.24 0.25
cp =10 0.20 0.08 0.04
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APPENDIX 1

MATHEMATICAL DETAILS OF PROCEDURE USED TO CALCULATE A

1. KRILL DYNAMICS MODEL

The numbers of krill of age a years at the start of “year” y (N,,,) are governed by the
equations:

Ny,a€ 0<a<a,

Ny, e—[M+F(y)] a,<a<7
Y,

Ny+1,a+1 = (A.1)

where “year" is a 12-month period whose commencement coincides with the start of the
season during which krill grow,

M is the natural mortality rate (effective throughout the year),
F(y) is an effective annual fishing mortality rate in year y, and
a, is the (knife-edge) age-at-first-capture.

These equations assume that the number of krill 8 years of age and older is relatively
small and so can be neglected.

The number of krill recruits at the start of each year (Ny,) is given by:
Ny,o =R exp(ey - G%{ /2) gy from N(O; G%{) (A.2)

where R is the mean recruitment, and
N(0; ©?) is a normal distribution with zero mean and variance 62.

Mass-at-age is obtained from the growth curve form used by Rosenberg ez al. (1986),
together with the assumption that mass is proportional to length cubed. Thus the mass of krill
of age a at the start of the “year” (w,) is given by:

w,=0o[1-eBap3 (A.3)
In thé middle of the season during which the krill grow, their mass-at-age (w,) is then:

Wa=o [1 _ e—ﬁ(a+0.5)13 | (A.4)

The spawning biomass of krill (taken to correspond to the start of the “year”) is
accordingly:

;
By(y)= X waNys (A.5)
a=a;,

where a,, is the age-at-maturity for krill.
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The median spawning biomass prior to any exploitation (K,) is therefore:

Kgp = 27) wy R exp(—ozR /2) eMa_R exp(—cZR /2) o % e"Ma[l—- e_Bar (A.6)

a=a;, a=ay

Assuming further that the growth and fishing seasons coincide, and are of three months
duration, the mid-season biomass of krill aged a years and above (B,,) is given by:

7 _
By (y)= ¥ Wa Ny, exp[-{1.5M/12+F(y)/2}] (A7)
a=a+

The catch in number of krill over a season from a single cohort of size N, at the start of
the “year” will be given by an equation of the form:

j}ﬁ%’ . N(t)dt=J':4215? o N, e M+ gy

Making allowance for krill mass and its growth during the season, the annual catch in
mass [C(y)] is therefore given by:

C(y)

Y,a

il
e o
N
W
N
s
Ve
<
N
[ ]

N, e (Mol oz[l—e"i(‘”"“)]3 dt =

3
= 4FG)a Y, Ny, 3 y(u) et [1-e O I [+ 4P () + 4up]
a=a, ﬂ=0

(A.8)
where ¥(0) = 1; y(1) =-3; y(2) =3 and y(3) =-1.

2. THE ALGORITHIM FOR THE COMPUTATIONS
The results required are computed using the following algorithm.

(i) For given values of biological parameters and the age-at-first-capture, choose a
value for A.

(ii) For “year” y=1, set up deterministic equilibrium age-structure for F=0, i.e.:
Nja =R eXP(—GZR /2) e M a=0,1,.7

Note that since results are required for biomass ratios only, R can be set equal
to 1.

(iii) Project the numbers-at-age forward in the absence of exploitation
[F(y) = 0] using equations (A.1), with stochastic recruitment given by equation
(A.2), for “years” y = 2 to 11. Thus, by “year” y = 10, all memory of the initial
deterministic age-structure has been lost.

(Gv) In year y = 10 (the year before fishing commences), the a+ biomass is
“measured” in mid-season, yielding a result B,,, where:
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7 —
B = Y, Waly, exp[-15M /12] exp[n—o? /2] 2

a=a*

where 1 from N(O; Gg) is the log normal variation associated with the biomass
survey.

(v) Fix aconstant catch C=2AMB,, .

(vi) For year y = 11, find the fishing mortality F(y) which satisfies equation (A.8)
for the catch computed in v). [To speed computations, in instances where F(y)
exceeds 5, it is set to oo, i.e. all the krill above the age-at-first-capture are
harvested.] Project the age-structure forward to y = 12 using that value of F(y)
in equations (A.1). Calculate the ratio of the spawning biomass to its median
pre-exploitation level, D(y) = B, o(Y)/K, for y = 12. [Note thaty = 12 is the first
year for which the spawning biomass has been influenced by the effects of
fishing.]

(vii) Repeat step (vi) for y = 12 to 30, thereby obtaining values of D(y) fory = 13
to 31.

(viii) Ascertain whether any elements of the set {D(y) : y = 12, ... 31} are less
than 0.2.

(ix) Repeat steps (iii) to (viii) a large number of times (1 000 simulations was found to
provide adequate precision for this study), to estimate the probability P that a
value of D(y) less than 0.2 occurs during the 20 year harvesting period.

(x) Repeat steps (ii)) to (ix) for different values of A until one is found which yields
the result P = 0.1. This A value is the result required. [For reasons explained in
the text, an upper bound of 1.0 is set for A in this exercise.]

Note that to ensure a smoother relationship between A and P so that computations
[specifically step (x)] are eased, the same set of random numbers [1 and £(y)] are used for
different values of A.

3. ALTERNATIVE DYNAMICS MODEL

Under the extreme assumption that all natural mortality also takes place during the

three-month growth and fishing season, the problem becomes equivalent to the standard form

where seasonality has no effect. The consequent modifications to equations (A.6), (A.8) and
(A.9) involve effectively the replacement M — 4M, which yields respectively:

B, 2 wa N, ,exp[-{M + F(y)} /2] (A.10)

a—a

F(y 2 23‘ ’}’(u) e HPe [1—e{M+F(y)+”p}]/[M+F(y)+,uﬂ] (A.11)

a=a,

7
B, =Y, waNy, exp[-M /2] exp|n—o? /2] (A.12)
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Tableau 1:

Tableau 2;

Tableau 3;

Tableau 4;

Ta6auua 1:

Tabaula 2:

Ta6auna 3:

Tabauna 4:

Tabla 1:

Tabla 2:

Tabla 3:;

Tabla 4:

Liste des tableaux

Les valeurs des longueurs du krill selon 1'dge [£(a)] au début de la saison,
correspondant aux estimations des parametres obtenus par Rosenberg et al.
(1986) pour le modele de croissance de I'équation (2).

Estimations du parametre A de la fraction disponible pour I'exploitation (lorsque
Y = AMB,s) dans le modele de dynamique du krill de I'appendice 1 avec
comme "reperes” les valeurs suivantes des paramétres : a,=3; a,=3 et 6;=0,3.

Tests de sensibilité des estimations de A dans le cas ot (M =0,6 an-1, og=0,4)
aux variations des choix des "repéres" (BC) des parametres a,, a,, €t C;.

Estimations de A pour le second modele de dynamique du krill (M concentré
pendant la saison de trois mois de croissance et de péche) pour les valeurs
"repéres” du paramétre.

CNUcoK TabJIuL]

3HaueHUs1 "pa3Mep MNpu BospacTe" kpuJs [£(a)] B Hauasie ce30Ha,
COOTBETCTBYWINHE OLEHKAM MapaMeTpa, NoJyudeHHbIM PoseH6epromM u
Ap. (1986) as1s1 MoZle il pocTa B YpaBHEHUH (2),

OueHkH Apo6Horo mnapaMeTpa npoMbic/a A (rae Y = AMBgp) A
Mo e/ AMHAMHKH KPpUJs, U3J10XEeHHOU B IIpnJjoxeHuy 1, ¢ UCXOAHBIM
Ha6OpOM aJIbTEPHATUBHBIX MapaMeETPOB: ar = 3; ayy = 3; Og = 0.3.

UyBCTBUTEJNBHOCTh  OllEHOK A, korga (M = 0.6 yr'l, og = 0.4),
H3MEeHEHUSIM HUCXOoAHOro Habopa (BC) aJIbTEPHATHRHBIX MapaMeTpOB ay,

OueHKH A AJis1  aJIbTEPHATHBHOM MoJeJu JAUHAMUKU Kpuas M
COCPEAOTOUEHO B TPEXMECSAUHOM CE30HE pOCTa U MPOMbBIC/A) AJs
HUCXOJHOro Habopa a/IbTePHATUBHbBIX MTapaMETPOB.

Lista de las tablas

Valores de talla del krill de la edad [ £ (a)] al comienzo de la temporada, que
corresponden a las estimaciones de parametros obtenidas por Rosenberg et al.
(1986) para el modelo de crecimiento de la ecuacién (2).

Estimaciones del pardmetro A de captura parcial (donde Y = AMB,,,) para el
modelo de la dindmica del krill del apéndice 1, empleando valores seleccionados
para el conjunto de pardmetros del “caso base™: ar = 3; ap =3 y 5= 0.3

Pruebas de la sensibilidad de las estimaciones de A para el caso (M = 0.6 afio™],
or = 0.4) a las variaciones en las selecciones de los pardmetros ar; am y s del
“caso base” (BC).

Estimaciones de A para el modelo alternativo de la dindmica del krill (M

centrado en el crecimiento de tres meses y la temporada de pesca) para las
selecciones de los valores del conjunto de pardmetros del “caso base”.
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