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INTRODUCTION 
The northern anchovy (E?rgrou[is nIordn.7 Girxtl) is 

abundant oft' tlie coast of California and Baja Chli- 
foriiia. ?'lie ccntral sul)population, or ccntral stock, 
extciids hom 30"s to YO"N, and has been cstitiintcd 
a[ 3 to 4 million short tons' spa\\~ning bioriiass i n  recent 
ycars (Vroonian aiid Smith, 1972; Smith, 1972). The 
coiril)iricd U.S. and Alcsican harvests i r i  1'377 tscre 
approximately 290000 sliort toils and shoiv pro- 
spects for increase. The A,lrsican industry is uitilnter- 
ally undertaking a major fishery cspnlision dcsigncd 
to provide tlorncstic sclf-sufficierlcy in fish rnc:il. 'l'liis 
is cstimatcd t o  rcquire a 300000 to iO0000 t har- 
vest li-otri the cciitral stock. S i l i i i i l ~ ~ i ~ i ~ ~ ~ t s l ~ ,  tllc U.S. 
Ic.fiial;ition \\.Iticli crcarcd the 200-niilc fislicry con- 
sensation zone requires all affectcd fiJli~ics to be 
iriaiiagcd fbr "optirnuni yicld". The  rcscnirw \ \ i l l  l iave 
to l)c allocatcd Iiet\\.cen U.S. and llcsican con~nicrcial 
fi>hcrnien, \ v h o  i d 1  to maxirnize tficir portioris tif tiic 
;i l loivali lc c:itch, arid the rccrciitional fi.tIicri:~cii, \vho 
I\ is11 to m.iintain the larges~ possil)lu alicl~nvy Iiit>inass 
to provide h r q :  \\.liicli \vi11 >upport lar;;c, p o ~ ) ~ . ~ I ~ t i o i i s  
of predatory Mi. Dctcrmiiiation of optimu:ri yield 
requires an analysis of the trade-offs Let\veen )-icld 
and stock size. 

i\ surplus production curve \ \ o d d  provide the Imsis 
for sucli an analysis, I m t  no large fishery has prcviously 
esploitcd the resource in such a \vay that (iaditional 
fishery rncthods can he applied. HoLvever, tllc Cali- 
fornia Cooperative Oceanic 1:isllcry Iiivcstigations 
(C:alCOI.'I) program has conducted rigorous czg and 
larval surveys since 1950,. providing an independent 
sourcc of population size estin~ates. MacCall, Stauffer, 
and Troadec (197Fj applied the Gulland potcntial 
yield formula (Gulland, 1970) to these biomass esti- 
mates, and concluded that the rcsource may have a 

1 This work was supportrd by a contract from the Southwest 
Fisheries Cknter, Sational Occanic and Atrnosphcric Administra- 
tion, National Marine Fisheries Service, La Jolla, California, USA. 

potential yield of ovcr 2 miXon t. An alternative to 
this crude and imprecise method is afforded by the 
time series of CalCOFI survey estimates itself (Fig. 1). 
The ancliovy spa\vning I)ioniass \vas rcriiarka1)ly sniall 
in the early 1950s, and grew ovcr rhc lollo\viiig t\veilty 
):cars to an a p p r c n t  equilibrium of ncarly ,4 inillion t. 
Siiicc popillation gro\vth n t  given initial s i x  is a Itearly 
dircct incahurc of surplus production, the C:alCOI~I 
time series provides tlic iliakings of a surplus produc- 
tion niodcl based 011 observed groivth rates. 

Bcfore sucli ii gro\vtli inodel can be coiistructed, \ve 
m u s t  cxaniinc the coiiclitions undcr \vhicli that qro\vth 
occurred. 111 particular, \ve must consider [lie rcasotis 
for the lo\\. I)ioniass i i i  1351. h popular hypothesis has 
brcri i l l a t  the dcclinc of the Calil'oriiia sardine (SOT- 
d i w p  scig!i~ ,.urrulea) Icft a vnid \vliich tl:c anchovy 
later Iilleri. This Iiypntlich requires that thc anchovy 
tiot IK abundant Ixfore 1951 when the sardine Ilia- 
mass \vas largc, and tliat sardine and anchov). abun- 
dances I)(: nrgativrly correlated. Rcsults of recent \\.ark 
have I)ecn contrary to tlicsc assumptions. Soutar arid 
Tcaacs (197-1) cs:imiiicd rates of s8:ale deposition in 
anncrul)ic st:diincn[s OK southern CMifornia for the 
past 150 )-ears, and obtained a rank-correlation coef- 
ficient of -+0.3-1. bet\\.ern sardine and anchovy scales. 
Assuniing that scale deposition ratcs arc proportional 
to population size, this strongly itrgues against an 
invcrsc relationship bet\vccn population sizes. Further 
evidence is given b y  Smith (19723, showing that larval 
census estimates made from ChlC:OFI-likc surveys in 
1910 and 1911 indicate an anchovy spa\vning biomass 
of between 2 and 3 million t. At the same time, the 
sardine spawning biomass is estimated to have been 
1.3 to 2 million t ,  so large populations of both species 
were existing simultaneously. 

I offer a n  alternative hypothcsis: the anchovy en- 
countered a prolonged series of poor recruitments 
during the late 1940s, and the subsequent CalCOFI 
records document the recovery to more normal levels 
of abundance. M'hile this hypothcsis cannot be proved, 
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Es1,rnated Growth C u r v e  . 

Y E A R S  

Fi~i i rc  I .  Historical incrcncr in nortlirrIt ancliovy Ppnwniiip bioni;iss, xvi t l l  ! i~trd gro\itli curre aiid approainiate confideucc limits. 

it is supportccl 1)y t \vo sets of cvitlriicc. l l i c  up\.::Iliyg 
intlcs of Bakiin (1973) for 33’1- I 19-11’ {rhc Soi~thcrii 
California Bight) in tlic sccond qiiarter of thc year 
(dlpril-~June) sho\vs a rcmaikdJlc set of aiionialich 
estciitling from l N 7  to 1932 (I,.ig, 2 ; .  LTprwlliii: 
during this period appcars t o  hnvr I ~ . c i i  niucli 11 

than at ally sul~~cquc~i i i  tinic.. 1.askc.r i I972:, tiiscii 
sonic possil)lc i i i~xl i~i i i i~ms for reri~iiit~iiciit failiiri. 
iii tht, ;iiicliol-y fi\Iicr!.. IIc iiitlic;itc.; t1:ut iiisiificiciir 
up\vclliiig in tlic s p i n <  ma) tic a coiili ~!JIII~II: factnr; 
as tlic plaitktoii hlnoins iirccwary for Iar\-,tl .;ui.vi\d 
may not form iii sdfiriciit Coii(.ciiti.;i:ii-)ii~. IC rlik 
actually orc:urrtxl, \vc iniglit XY:I : o  1ia~:c sccn poor 
rcc.r~iitmriits in otlicr pt.ingit ccics diii.iiig 111c sa t i~c .  
period. Such \vas thc case. ‘I’Iic 19 i9 and 19.33 yc;u 
classcs of tlic 1’‘irific sartliiic \vrw rs~rcnicl;; \vc:~k, 
ant1 coiitri1,utrd sigiiificLuitly to tlic l i i i n l  coliripsc o f  
that fishery. Tlrc 1949, 1950, and 1951 year classes 
of Pacific mackercl (Scor/iher j n p i i c u i :  v’crr thc smallrst 
on rccord until thc final collapsc o f  t l i n t  fishrry in tlic 
1960s (Parrish aiid hlacC:all, 19iDj. Tlic Pacific bonito 
(Swda chiliensis lineofotn) v i r t d l y  disapprnrcd froni 
southern Chliforiiia \raters in tlic latr 1940s until thcy 
returned in 1351 (Colliiw a i d  hIacCall, 1977). It 
appcars rcasonablc that the northrrn nnciio\~y, \vhic.Ii 
sharcs the samc cnviroiiriicnt, may liavc expcrieiiccd 
similar recruitment difficulticr. 

I n  the following population gro\vth model, I assunic 
that evciits of the type dcscribcd above arc unusual. 
Thc  sedimentary scale rccord of Soutnr and Isaacs 
(1 974) suggests that anchovy abutidancc was Iiigli and 
fairly constant from 1810 to 1925, but it  appcars to 
have bcen lower, and more variable, i n  recent years. 
The present modcl is based on conditions prevailing 

siiicc 19.71: and may therefore he optimistic. However, 
until adverse conditions occur, it is appropriate to 
base har\.est rates on the current productivity of rlir 
rcsourcc. Safeguards can be incorporatcd iiitc rhc  
resource management policy \\.hirh \vi11 minimi:c [ l i t  

impact of iiminticipn!rd rccruitiiicnt failures a-.d i w  

lial!ilitatc tlic fi\licr>- a t  dii oprimal ratc. Such A 

mari;iLqcnirii: policy !vi11 1;e di.scril)rd in a later sectioii, 
d t c r  rlic pnpii1;itini; niodrl is dcwlnpcd. 

453, 

zcc; 150 0 - 

1946 55 65 75 

Y E A R  

Figure 2. Mean upwrlliiig indcs for April, May, and June, at 
33”N 119”\\’ (from B;iliiin, 1973). 
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DETT:RllISISTIC LIODEL 

The gro\vth of the northern anchovy central sub- 
popiilation sincr 1951 followcd a pattrrn cnipirically 
similar, if oiic allmvs for random variability, t o  the 
Vcrliulst-Pearl logistic gro\vth c~i rvc .  Xlany nf the 
assumptions iindcrl+g t l i e  traditiorial lofiistic gro\\di 
niotlcl cannot lie nict by  tlic no r thmi  anchovy. I low- 
cvcr, it is quite rc;isonal,lc as an ciiipirical description 
of population sro\vth, aiid has alrr;dy Iwcn used in 
a varictj. of star idard fishcry prnduction irintlcls. 
\\liereas in tliosc rradiriorial niotlcls tlic iiaturc of 
popiilation gro\vtli is inferred from thc rcspnnsc to 
fislirry rrniovals, tlic prrscnt niotlcl must iiifir tlic 
rcspoiisc to fishcry rrmovals, givcii a pattcrii o f  popu- 
lation gro\\-th. T h c  basic componrnts of tlic inotlcl 
iirc s~tiidarcl lislier:, rquations, !c.liich t \ - ( ~ i  rcxscni- 
I~lcd to dcscrilic ai~iiu;il population processes, a i d  the 

Spnivning I)iomass is c lchcd as the total \ \  (.islit of 
irialc and fixnalc fish in tlic population \\-hi( 11 Ii<rvr 
spa\\-ncd a t  lrast oiicc i n  tlicir livrs. In pmcticc, orily 
li.nialc fisli, \\-liirli producc dctcct;iblr spaivniiig pro- 
ducts, arc counted ; nialcs arc assiinicd tn be p r i w n t  
in equal quaiititics. l l i c  spa\\-iiing bioniass is as~unicrl 
to I)c proportional to tlic al~undancc of anclioi-y 
larvae (Smith, 197s). Sincc anchovy spa\\.iiiiig usually 
rcaclics peak intcnsity in the spriiig, Init can occur 
throughout the yrar, the aniiual ccii\us \vi11 1)r iis~unictl 
to nir;tsure tlie spalvning biomass on 1IwAi 1 of cacli 
).car. 1icc:riiitiricnt is the irddition of spa\\.iiing 1)iotnass 
to the population h y  the entry of {hose intli\-idiials 
spa\vning for thc first timr. Kccriiit~rient is assunictl 
to occur on the first birthday, siiicc ai;clinvirs appear 
to spa\vii at age 1 (E. Kiinggs, pcrsoii:il cornrlnuii- 
ratioii). 1,’isli are assuinctl to bccomc fully avail;tlilc 
to the fishcry at thc  time t h r y  arc rccriiitctl to thc 
spii\vniiig 1)ioiiiass; Ilo\\-cvcr, they arc pir t i&iI ly  avai l -  
al)le for tlic preceding fciv moiitlis. 

Thc actual variation of spa\i-tiiiiy l~iomass tlirough- 
out the year may look likr the siniisoitlill curve in 
I igurr  3.1. At “A”, rccruitnicnt aiid sonutic g n \ \ . t l i  
rates cscccd the niortality rate so the popditioii  
r.ipidly iiicrcascs as nr\c spa\vlicrs ciitcr the pool. At 
“I$” ,  the cotriliincd ratcs crliial zero mid the spa\vning 
pnpuliition rcaclics peak I~iomass for tlic year. .\t “c”, 
the rccruitmrnt rate has I)cconic vrry lo\\. so that 
iiiortality is the dorninaiit force, cauqing the spawning 
bioniass t o  Fall until tlic next scason’s rccruitnicnt 
begiris to cntt’r the polnilation. At “D”, an autumn 
spaivning is dcscril,cd, \vhich lvould appear as a 
ripple in  the main population c).cle. 

To I x  useful, a population modcl must simplify the 
events described abovc and rclate thcrn to quantities 
xvhich we can measure. T h c  modcl proposed here 

clfc~cls of a fisl1cry. 

MA CH I MARCH I 

TIME 

awinlcs tli.it rcc:ruiimcnt can I I C  tlrscrilxd i ts  cntcring 
tlic spa\\.iiing I>iom;lcs en mns.ic on l l a r ch  1 of each 
ycar (Fig. :;E). The iclitli\-opl;utkton SUI’\ 

spa\\ iiiiia 1)ioni;lss cstiinate \vliich is sho\\-n a t  “E”.  

Sui)scrliicritly, tlic cohort coiisisting of all spa\vncrs 
iricliitlcd i l l  “ E ”  tlccliiics in I)iom;tss oiviiig to iialural 
and Nii i ig  niortality, \vliicli is partially ofTsct I J Y  
soiiintic grmvth. “F” shows the rciiiaining biomass 
irt the cnd Of the !.car \\,hich is augrncntctl by the 
I I C S C  recriiirniciit (I?) to give a iic\\r spaivtiing I,iomass 
cohort at  “c”. “ I C ’  rcprcwnts partial avail;ibility to 
the fidiery before first spajvning. ‘I’lie matlicmatical 
rclationqhips bct\vccn thc biomasses a t  points “E”, 

“F”,  and “GI’ arc easily described by standard fishery 
equations. 

The population at “ F ”  is a function of the popula- 
tion a t  .’E’’ arid the combined ratcs of gro\vth and 
fisliiiig and natural mortality. I f  the ratc of gro\vth 
is csprcsscd in similar fashion to rates of mortality, 
the eq~iations bccome very straightfor\\-ard. Lctting 
G be the instantaneous or specific rate of grojvth: 

dIV 
1 I ‘d? G =  
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where 1V is fish \\~3ght. Thc combined instantane- 
ous ratc of loss of cohort biomass is F+Al-G.  In this 
analysis tlic quaxitity Al-G' is usrd as an instantaneous 
rate of loss of bininass. Such an approximation must 
be used with caution, and should be discarded if 
hrtter information is available. The survival of bio- 
mass ( B )  from hiarch 1 (T) to time T+Af is given by 

( 1   ET+^( = BTe -(F-!-.lI-G) (Af) 

and the yield (3') during the pcriotl is 

c 1 

\\.Iicrc 13 r~ is the asymptotic niasirriurn biomass. is 
tlic intrinsic ratc of iiicrrasr, aiid 5;. ., rcpi cscnts a 
new cohort formcd honi tlir siirviving hionlass of riir 
old cohort & + I ,  givm IJ>- Lquatioii { I ) ,  augmeiiirr! 
by recruitrncnt IZy,. 1. I<ecruitnirii~ i j  t11rrcfc)re gi\-r;i 
b y  (3) minus ( 1  j \\.here F == 0: 

Thus the only indrpriidciit v;trinLlk. i l t  t l i i 5  s ~ ~ - . \ . I I I . I  - 
rccruit relatioiisliip is thc spaumiiig I)iornass 1 year 
prior to recruitment. In rulityt thc r rc~~i i t rnen~ cit 

time T b 1 is provided by the prcvious !.car's spa\viiiiig 
at time -r, but also to sonic cxtciit those at T-I a i d  

possibly at T--2. Since the spa\vning bioinasscs at 
tinics T-1 and T-2 arc relativcly nciir tlint at time T: 
the rrror rcsulting From siinplific'iiioii to a l->.car 

The hancst of prespa\\.iicrs \ v a s  includrd in tlic 
model to reflect more accurately actual fisher!- be- 
havior. Fish were assuincd to become partiall\- avail- 
able to the fishcry (with 'p as tlio cocfiicicnt of rclativc 
availability) for a length of time T bcfiirc spawninq 
on March 1 (tinic T). Thc qiinntity (M-Gj is assumed 
to l x  the same as that for spa\vners..Thc cquivalrnt 
of fish alive at  time T-T woiild h a w  I)ceii 

cyclc shoultl be srnall. 

= R T + l c  W - m T  (5) 

where R T + ~  is as given in  Equation (5 )  and RT+I-~  
denotcs equivalent recruitment a t  that time earlier 
than March 1 when prespawners first become avail- 
able to the fishery ("Fi'' in Fig. 3B). Since fishing 
begins at time TI 1 -T, the recruitment remaining at 
time T + I  (R++l) is 

= RT+l-7 e -(?F+iu-GhT 

~ RTT1 e ( M - G ) 7  e-(CpF+rM-G)T 

= R T + 1  c -VF7 (6) 

and Ihe biomass at T - 1  is 

(7) 

(R 

u:+l = E y e  - (F+BI -G)  - R,r - ~ - ~  e-(?F+JI-G)T 

= BTe - ( F - J I - G )  R T T 1  e-CpM. 

The total \.irld of fibh during the year is 

uhcrc 0 is a cocfficieiit of prespawiier body \\eight 
in units of adult fish body weight. 

Stochastic fornis of the above model will be con- 
sidered after the next section. 

PARAXIETER ESTIVATION 

T u o  mctliods of estimating the logistic growth 
p,ir:imetcrs, E r and Y, werc used. First, approximate 
values \\.ere estimatcd by fitting the logistic growtli 
equation to lar\*al ceiisus estimates using a curvilinear 
least-squares regression procedure. This method re- 
c~uii.cs us to ignore the effects that actual harvests 
ma). have had on thc population growth, and there- 
fore tends to bias the parameter estimates, An ad- 
vantage of the mcthod is that it gives approximate 
staiidard crrors and covariaiices for the cstimated 
par;iincters. The sccoiid estimation procrdure was a n  
irercitivc least-squares cstimate using catch-corrected 
biomass estimates, in which the growth model was 
used to estiniatc yearly transitions. While providing 
better parameter estimates, this method does not 
providc cstimatcs of standard crrors, and requires the 
assumption that actual biomasses are equal to ob- 
served biomasses with respect to the impact of the 
fishery. Spawning biomasses (P. Smith, personal com- 
munication) and catches are given in  Table 1, and 
parameter estirnatcs are givcn in Tables 2 and 3. 
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Table 1. Catch, cquivalcnt catch, and spawning 
biomass. Values in thousand short tons 

Total catch Equivalent catch Spawning 
at war-end biomass 

1951 8.4 5.4 
1952 -12.7 26.9 
1953 45.6 26.6 
1354 28.5 I 7 4  
1955 28.0 15.3 
I956 36.3 21.1 
1957 19.9 11.6 
1933 9-5 6.0 
1959 9.0 5.5 
1960 
1961 
1962 
1963 
I964 
1965 
I9G6 
!%7 
I968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 

7-6 
9.9 
8.8 
7.2 

12.7 
23.1 
tiG.4 
.47.7 
4 0.6 
93.0 

107.9 
60.5 
59.1 

162.6 
142.9 

- 

4.5 
6.3 
5.5 
4 6  
8.0 

14.1 
40.7 
29.7 
2 i - 5  
6 1.3 
78.7 
37.5 
40.9 

103-3 
95.7 - 

100 
I56 
510 
768 
8-16 

I72 
479 
514 
3 0  
I59 
985 
2j4 
90 I 

4 659 
3 572 

'185 

- 
- 

2 999 
- 
- 

2 i l l 4  
- 
- 

3 603 

Logistic paramctcrs - first method 
The logistic gro\vth curve 

\vhcrc A is a constant rrlating to L 1 I  a t  time t = 0 
[ B ( t  = O)], is a special case of the Richards gro\vth 
cllrvc (Richards, 1959; Pclla and l'oinlinsori, 1969) 

\\.here the skewness parameter (1.) is equal to 2. 
Equations ( I O )  and (1 1) are continuous equivalents 
to the annual transition Equation (3), but the former 
arc morc suited to rcgrcssion because the indepcndent 
variable, t ,  is not sulijcct to large random error. 

Regression also assumes that the residual variancc 
is constant with respect to t ,  an assumption which is 
not met by the biomass data (Fig. I ) .  There may be 
several reasons for the increase in variance for the 
later years, including a change from monthly to 
cpartcrly cruises, and statistical properties associated 
with the increase in biomass itself. Much of the error 

Table 2. Estimates of logistic gro\vtli paraincters 

Itrmtivc solution 
(corrrctcd for catchcs) 

3 m l  x I Ob t 

3.888.1 100 t 

0.3638 
3.195 

143.6 x103 t 

2.035 
c.11 to .In{ 

corirctinii Lictor I.Ob37 I .0657 

i n  larval siirvey cstimatrs ;irises fioni tlic clumped 
clisiril)utioii of the sp;i\vning products. 'I'aft (1960) 
sllo\vcd the l i (p t ivc  I~i i ioinial  tlistril)tition :ippliccl to 
sucli survey sanlplcs, \\ i!h tlic clialnctcrislic t h a t  the 
varinncc incrcascs rapidly \\ ith iiicrcascs i l l  tlic incan 
(al>undance). Zivcifcl and Sniith? (11s) aivc a pre- 
liminary cstirnate of C:aIC:OE'I larval sIr\.ry sanipling 
error I ~ x c d  on the nrgative Iiittomial clisi~~ibc~tion, in 
\vhich a confidcncc intcrval is dcscri1,cd by a 
in~Iltiplicnti\-r factor of 1.2. Logarithmic traiisforina- 
tion cxiunlixd the variance i i t  l~igll and l o \ v  Iiiotnnascs, 
supplying 1 1 ~ .  coiiciition of hornosccthsiicity ticccssary 
for proprr rcgrcssion estimates. 

'I'he parainctcrs of tlir log trat~sforiiia!ior~s of Equa- 
tions (10) aiid ( I  l )  ~vcre  rstimatcd b y  tlic curviliiicar 
lesxt-sqiiarcs rrgrcssion (llarquardt nl:;orithni) given 
by Coii\vay, Glass, and \,\Tilcos (1'370). \'arious vdues  
of ~z !\'ere t r i d ,  giving a. minitnuni rcaiclual sum of 
squares (RSSj at approsimr:tcly r n  - 1.6 (1;ig. 4). 
Since tlie XSS for ni == 2 gives only a slightly higlier 
RSS. the estra parameter in Equation ( I  1) docs not 
provide a statistically significant improvement in fit, 
and \vas thcrcfore unncccssary. Tliis justifics the usc 
of the logistic gro\rth curve in Equatioii (3) and sirn- 
plifies cstirnation of the pararnctcrs. 

Since the use of log-transformed varialdcs results 
in the regression being fitted to the geometric mean 
of the ra\v data, a correction described by Bcaucliamp 
and Olson (1973) was applied to estimate the appro- 
priate arithmetic mean. This corrcction consists of 
multiplying the antilog cstimatc of the mcaii by e(s2//2) 
\\-here 5% is the variance of the estimate (IZSs/r i -3) .  
In  terms of the logistic growth Equation ( I O ) ,  the 

2 James Zwrikl and Paul E. Smith, NXIFS, La Jolla, California, 

- - - -- 

USA. 
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corrcctinii is alipliccl to I: 7 .  Tlie paramctcr rstiniatrs 
arc fiivcii in '1aI)lr 2, and thrir s t a n r l d  crrors arid 
covariancrs arc givcn in Talik 3. 

Aliprnsiniatc confidcncc limits for tlic groivtI1 ciirvI> 
(10) arc ol)tainrd I )?  tlic "dcltii rnrthc)tl", \vliich i.; 
I~~isiciilly ii 'ra>-lor scrics approxiniation (Srl,<.r, I'Ji3,:. 
I n  Sclxr's notaiinn, thc approximnc,. varialicc of a 
fuiiction ,q ~vliicli hi i s  pnrainetcrs si, (; :- 1, 2. . . . ~ 771 

is givcii l)y 

Since the log transform of Equation ( I O )  was used in 
tlic regrcssion, function g ,is the logarithm of ( I O ) ,  
and the partial derivatives must be calculated appro- 
priately. Also, B =  arid its covariances do not yet 
incorporate the geometric mean correction factor, 
which in this case must be applied after taking antilogs 
of the estimated confidcnce limits The approximate 
95qo colifidcnce limits were calculated by the regres- 
sion esriniatcs r'_ 2 standard errors (Fig. 1). 

Confidcnce limits for the rate of population growth 
arc more interesting, as these have a direct bearing 
on thc precision of the surplus production curveon 
ishich fis!iing strategy will lie based. Annual growth 
ratc is obtained by subtracting BT from Equation (3), 
and approximate confidence limits were again calcu- 
lated 11). the dclta nicthod. In this case the parametcrs 
uscd iii the calcul;iiion \vere already correctcd for tlie 
gronietiic ii~ciln. \Vhilc thc instantaneous growth rate 
fulmion iiiirlrrl! ing the Iofiistic growth curve is a 
s)-mmcti-ical paral~oln, tlie correspondilig annual 
yrn\?-tIi 1.3~~ (Fig. 5 )  as a function of initial Iiomass 
is s!x\iccl s l i ~ l i t l y  to 1111: right. Thr highest annual 
gro\;.:li ratc occurs at an initial biomass slightly 
s m ; ~ l ! ! ~  i l i : in 4B 2, such that the peak of the instanta- 
neous yro\vth rate curve is encompassed by the 
year's qroivtli. 

Lo;i<!ic parnnictcrs - second method 
Tlie al)o\.~: cstinintrs of logistic grolvth parametcrs 

\s;crc matlt. undc~- the aswmption that actual harvest 
or andin\.ic> during t l iv  prrird had negligible effect 
on populuion gro\vtli. Such a n  aswmptioli \\as nercs- 
sn r~~-  i r l  ortlrr tn obtain parameter error estimates by 
t l i c .  curvilinear rcjircssioll procedure. The follolsing 
paramctcr cstimntcs for harvest-correctcd gro\vth iii- 
corpt)r.li.c* a ratch correction Iiut do not h a w  error 
cstiiiiiitcs; errors arc proliablp similar to those given 
prc\ iousl>- (Tablc 3 ) .  

rIl~(: second method cmploys the dcterniinistic model 
(Eqiutioii 3 )  to give expected biomassrs each year, 

v r I g  (.vl, .y2. . , .)] - i r' i . c i l ,  "g 1' 
i = l  , 5  si 

( I? ; ,  -t 2 2 cov [ S i ,  .lj] 
ti 

(IO'* Inrvnr) G.11 (6.513)? - - - - - 

(IO? t) G.lI (638.2): 
B ,  A.11 - ( 6 4 2 i ) '  - - - - 

rl.lI (ti78.9)t - - 
- - - - - 
- - - 

r - 221.6 - 23.57 - 21.71 - 23-10 (0*05G0)* - 
A 546-8 58 I .G 53.6 57.0 0.00677 (0.271)' 

n = 19 df= 19-3 f ,  = 1950h.0. 
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nllo\\ iiig (lie timc series to be Gttcd nn:ilo~ousl 
!hc first mctiiod. I n  order to corrcct L>r Iiarvcs 
qiiniitity c~liial to tlic nct ycx-ciid c,ffcct of tlic pre- 
vious )-car's catch ('I'ablc 1 ) \ v a s  wl)iractetl ii.0111 t l ~ c  
crpecred po!iulation size. This qiiaiitity \vas dctcr- 
i i i i n c d  by an applicatiim of coliort aiialy& Cquntions 
(1; arid ( 2 )  arc analogues of the usiinl  catch c:quatioiis 
\\.liicli crnploy o i i l !~  A1 and F. I n  this c'ise: C: is a 
const:iiit instantaiicr~iis rate mid caii t l irrchi~c I)c co~n-  
I)iiicd \\it11 f; ;ind .\I \vllich arc also t:n~ist;tnt iiistan- 
tancoii~ ntcs .  Usill< rlie valiir. or thr sixxitic :;i-o\vth 
rate coii.;taiit d~~vclopcd ii t  a latcr section: thc qiiitntity 
(.If- C) = 0.0 \\'as zubstitutcd for .If in rlic coliort 
;iiialysis cqu;\tions ('I'oinlinsnn, 1 Y O )  :illo\virig co!iort 
mial~.sis of a popiildtion nicasxlrrd in \vciglit rather 
than iiunilm-s. 

l lontl i ly catchcs in iiciglit \I rre c~oni!)ilctl for a 
;Zlal.ch-to-l'el,ruary year. California landings by month 
\Yere olit;iiiictl from tlic (:'ilifoniia hIaIiiie I'ish Land- 
ings serics of Fish  0iiilrfin.r from the Calilbrnia Dcpart- 
inent of Fish aitd Garnc. Bait landings \\.ere also ob- 
tained from tlic abovc sourcc, but only annual totals 
arc giivx. The bait catcli \\Vas arbitrarily di7;ided 
equally among Jcne, July, d\iigust, and Scptcrnbcr, 
thc nioriths of maximum bait harvest. Mexican catches 
\\-t:rc olitaiiied from hIacCall, Stauffcr, and Troadec 
(l976), and from recent unpublishcd fishery reports. 
Since no data are availitblc on Xlcxican catches beroore 

100 t annually to 500 t in 1960 ivcrc used. Again, only 
annual totals arc availiil~le, so the ;\Icxican catclics 
\\ere tlividid iiito ilic sanic* ~ L n ~ o n t h  period as thc bait 
ra tch.  'l'his t l i \  ision is coiisibtcnt \\.it11 thc Enscnatla- 
I)nscd lishcr). \vliicIi opi:ratrz niaiiily during the slim- 
iiicr ~no l i t l i s .  

:\ "L~r\vard ari lut ioi i" h r m  of cohort analysis \vas 
itscd to h i d  ilic siirviviiig bioiiiass of t!ic sp;i\\wcrs 
;it the bcgiiiiiiiig ol' tlic ncxt spii\\.iiiiig scaso~i. .In 
iiiitiai \-a!iie of lialiing iiiortality \\':is ol.~t;iincil by 
solving Eqii;\tioii (2) f i r  I:, givcn the total Xlarch 
I;tiidings and the larvd survey cstiniatc of sp\vning 
1)iomass (11:ircli 1 ) .  AIontIily Iiiomasses \\'crc then 
c.stirnared scqii(:ii~ially to givc l)ioniass 011 the fillo\v- 
irig ;\Inre11 ! . Tliis final biomass \vas tlien sul1tr;icted 
h n i  tlic 1iioni:tss \vhich ~\.ould IJC indicated by 
Ecp;itioit ( 1 )  Iiad there lrccn 110 fishing. 'lliis tliffcxiice 
is tlic catch corrcction hctor applictl t o  tiiomasses 
prcclictd b y  17r~ti;ition ( It c;in t ic  vici\wl as the 
c ; i t d i  \\hich \voiiId have the saint net cifcct as tlic 
ti-lie cnti:lics, Iind i t  Lc:cn t.tkitii cntircl>. on thc la\t 
d a y  of f'e1)rii:ir~~. :\iit:~t;iI cnichrs ; i i t d  ).c;ir-c::itl cclui- 
v.ilrnt catches .ire given in 'Yable I .  

I'aramctcr v,il~ics \\x:re cstiiriatcd b y  a i  itcixiive 
proccclurc bzirvd on searching the rcspnnsc siirfiice 
for the miiiiniiini residual sum of squares ;St;iuffcr, 
1973). ?'hrce trial values of each of tlic parmicirrs r ,  
8 x and R(t  -1 0) ivcrc sclrctcd, si\ irig 27 c-oiii:,ina- 
lions in all. ?'lie 19 Iiioniass cstimatcz corrcspoiic!iiig 
to the C'n!C:0I7I siirvcys fro111 1951 to 1973 \ \ere 
vrcdictccl b y  citch cornbination of tlircc trial para- 
itietcr vnlucs, and ii residual sum of scluarvs ( I ? S S )  
for the I n ~ a r i t h r n  01" the biomasses \vas ca1culntc:d. r l  

multiplc linear rcqressiox progrnin ( l 3 ~ 1 l ) O ~ R )  \ v x i  
utilizctl to cztim;itc cocflicicnts or the follo\ving iqiia- 

tioii usetl t o  i i i ~ : c I r l  the rciidual s w n  ofsqiiiircs rcspoiiw 
surfice : 

RSS= b , . b ,  I 1n - :6?rTb3B( t  = 0; .:- b,  I l ~ ' : h ~ t ~  
-1- 6, G(t  = 0 ) 2 T - b ; ~  B Z  . b, /IT B(t . 0 )  
i- b,rfljt = 0 ) .  ( 13) 

Tile valiues of r, I l r ,  itiid G(t  = 0) that niininiize the 
RSS are t l ~ c  solutioii to the thrrc first order partial 
derivatives of (13). \ \ . i t11 rcspcct to r ,  B I ?  and B(t :. a), 
set equal to zero, i.e., 

= 
"" 3 r  

6 ,  26,r ~ 6 , B s - b ~  B(t  - 0)  -- 0 

= 6,- 26,B(t = 0:-  b, B a  Lb,r = 0 .  
S ASS 

S B ( t  == 0) 1962, arbitrary values of 100 t ill 19 jG increasing by . , 

-- I- 
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Thcsc can bc rewrittcn in terms of matrix algebra as 
DX - ~ =  d 

where thc matrix D = 26, 6, 6, 

[ :: :p 1 
the vcctors x -= [; ] and n ; =  [ 4; 

B(1 L- 0) - b3 

From this, the valurs of r ,  U x ,  ;itid B(t  = O j  that mini- 
mize RSS ran IK cxprcssid a$ 

,y =7 D-1 n (14) 

Sincc Ikluation (1 3) only apprnsimatrs the response 
surfacc, about lour itcrations of tlic abovc paranietc’r 
estimation proccdure ivitli successively cloacr deliti<.- 
ations of the trial paramcter region gave results prccise 
to tlirrc significaiit digits in most cases. h i  indcpcndcnt 
test of accuracy is fiunished by the previous curvi- 
lixicar rqgi rssion estimatcs. An itcratixe solution \\‘as 
run for the rasc of “no catches”, giving results vcry 
similar to thc rcgrrssion estimates. It is interesting to 
notc that this solution, tvhich includrs the effect of 
actual harvests, givrs a slightly larger rniiiimunl RSS 
11i;iii tlo1.s tlic prcvious regression solution (T;iblc 2). 
Tliis suggcsts that t h c  small fishcry \vhich has esi5tt.d 
docs not account for a dctcctable portion Of the vii- 
riance in 1jiom;iss \vhich has bcrn obsrrved. 

Otlicr paramrtcrs 
The paramctcrs :\I and G a l ~ a y s  apppar in com- 

i)inntion iis ( - \ I -G)!  \vliiclt raii bc intrrprctcd as in- 
stant;tiiimus rate of natural dccreasc: i n  biomass, itnd 
wlricli \vwr rstiniatcd as such by tlic hIlo\viiig appros- 
imaiion (‘Yal)ic .I.). Crro\vtli koni agc 2 to agc 3 
\vas consitlcrctl I ypical or thc popitlation. ;\[can !cngtli 
at age (Spratt, 1975) \vas cxpandtd by the letigt!i- 
\vciglit rclationsliip (Collins! 19W3:; to  obtain apprnx- 
imatc mcan \vcight. Survival \vas aasiimcct to 1)r 
1.0 at age 2, atid 0.316 at agc 3, 1iasc.d on .\I -- 1.06 
(MacCall, 1971j. The diffcrriice of the logaritlitn of 
approximate cnhort biornaw*s \rap, 0.73, and \vas 
roundrd to 0.8 as a functional rstimatc of the quantity 
( I l l -  C) . 

Table 4. Approximation of (.\f-C) 

Mcan Icngtli \Vright Nuniln.is in \\'tight In wriglit 
(mni-S1.\ (9) cohoi t of cohoi t of colio~ t 

2 112 14.2 I*OOO 14-25 9.55 

DiKwcnce = 0.73 
3 124 19.3 0.346 6.69 8.8 I 

l a b l e  5. Mean weight data for estimation of o and 9 

Ratio mean weight Ratio catch 
Scason Age 0 to mean weight 

age I t  
Age 0 to catch age 1 - 1  

1965/ 1966 0.542 00251 
1966: 1967 0.50 1 0.0370 
1967/1968 
1968’1960 0.76i O*I740 
19691 19TO 0.63G 0-2347 
197O:1971 0.639 0.02iO 
1971 j1972 0.639 0.08 I 2 
1972: 1973 0.815 0.0852 
1973/ 1974 0.642 0.0178 

No &t.i for soutliern California 

.\.lcn11 0.647 
Stnridard di.vintion 0.103 

0.0890 
0-076-4 

The clu;intity 0 is the ratio of the weight of an 
avcragc prcspaivnrr (age 0) to that of an average 
spa\\.nrr (age 1 and older). B!. dividiiig total \reight 
landed by total numlxr of fish landed ILr each cate- 
gory, average weights for thcse t\vo groups were ob- 
taiiir:d frurn the landings reports. The average ratio 
of these avrrage \\rights gives a n  estimate ofw := 0.647 
(T:ibIc 5 ) .  

Prespa\\-tting ancliovics are assumed to be partially 
(9)  available in the fishcry for a short period (T) 
l~cfore tlicy spaivii on thcir first birthday. Relative 
availaljility is dcfricd as 

for rlir same wason. Harvest of prespaivncrs is given by 
- 

= F, BOT (17) - 
\vherc f i ,  is the avcragc. biomass of prrspawners 
duriiig t!ic period of availability prcccding spa\vning. 
Hanx~st of ;idult ancho\ks is givcii by 

2;; = Fl+ 31, (18) 

9 = (ro/yl+) (jl+!EuT). (19) 

\$:hcIc timc is unity, bcing onc fishing >-car. Thercfore, 
(17)  and ( I C )  are substitutcd into (16) to obtain 

Thc quantity 2T, j2 ;+  can be obtaincd from fishery data 
(‘T;ible j), and thc theorctiral ratio of mean biomasses 
can I x  obtained from the model. 

The mean biomass of adult fish is given by 

B’ 
F + M - G  

= _ _ _ .  

where t = 0 dcnotcs time of first spawning, and B’ 
dcnotcs the biomass at that timc. This equation uses 
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t l i c  approsimation that the biomass of all adult cohorts 
in a singlc season is eqiiivalent to thc biomass of a 
single cohort ovcr its lifetime. The mcan I)iomass of 
prcspaivncrs during the pcriod of pnrtial avai1al)lity is 

1-0 

wB' e - ( T F + M - G ) t  dt ""T 5 
t - -T  

wB' [c (?FtM--C)T] - 1 
(21) = _ _  ._ _.____ ~ 

T ( T F +  U - C )  

Equations (20) and (21) arc no~v substitutcd iiuo (19) 
to obtain 

The quantity P can now be cstiinntcd by itcr;ition, 
gi\wi \~alucs of rllc rcniairiing varialdcs. T l ~ c  11i.itorical 
;i\waSc value of has becn 0,089 ('L'nl)lc 5). 
'I'ltc fisliiiig mortality rate F has avcragccl 0.03, and 
(.\f-C) \ \as c-stimatcd aliovc to I)c 0.3. Xgc 0 mcliovics 
first nppc:ar in January, about 0.2 years I x h c  spuivn- 
iiig on .\larch 1,  so for 5 = 0.2, 9 is estimated to he 
0.76. 

1)ISCI'SSIOS OF TIIE DISTEKMINISTIC JIODEL 

The  dctcrniinistic modcl d c s c r i l d  2tlmvc allo\vs 
cqui1iI)riuni )ic.lrl to be dcscrilxd as a fiiiiction of 
spa\vning biomass (lig. 6). Lquilil~riuni > icld is dc- 
Gncd as tliat yield \vhich is espcctcd to maintain the 
spi\vniiig biomass at the same lrvcl in tlic follo\\ing 
}car. Sotu that this is not equivalent to sustaiiiablc 
ytcltl, I)ccausc natural fluctuations in rccruitnicnt SLIC- 

cess \ \ i l l  not allon. a givcn biomass to be niaiiitained. 
Sustniidility tlrcrcascs xvith increasing varialiility 
aiid \\-ill bc discussed in inorc detail later. 

A soinc\\.hat surprising result of the modcl is that 
tlic tquilibrium yield is considcrably grcatcr than the 
expcctcd population groivtli in thc abscnce of a fishery 
(560000 t pcr ycar as opposed to 353000 t prr year). 
This is contrary to thc assumption of cquality often 
made in production modcling, and arises from the 
fact that rcproduction is pcriodic rathcr than con- 
tinuous lvith imrnediatc rdcruitment. Qualitatively, 
thc pltcnonienon arises from the competing risk of 
dcath from fishing and natural causes, so that many 
fish taken by the fishery ivould not have rcproduccd 
at thc nest spawxing in any case. .4 simple correction 
factor can easily be dcrived from gucsses of mortality 
rates, and could significantly improve the performance 
of catch-transition production models (e.g., Schacfer, 
1957; Pclla and l'omlinson, 1969), particularly when 

061- 

YIELD \ f : O  

T . 0 2  

I I I \ J  
10 2 0  30 4 0  

I.'igurc 6. Equilibrium yield xiid growth rates for the northern 
:inchovy crntrd stock. Growth is mean population growth in 
thr ahrncc of fishing. Eqiiilibriiim yield is given for no harvest 
of prcspawnrrs (T  = 0). :IIICI for partial nvaiinbility of pre- 
sp;lwners (T = 0.2). 

SPAWNING BIOMASS (miltion short ions) 

applied to stocks in I\ hich rcproduction is scasonal 
(llacCal1, 1978). 

Another rather surprising property of thc equili- 
brium yield curve is the fact that yield clccreascs d i c n  
prespaivners arc harvested (484000 t per year as op- 
posed to 560000 t per ycar). Yield pcr recruit con- 
sidcrations indicate that maximum yield pcr rccruit 
is obtaincd by fishing the rcsource inteiisivcly \\ith a 
sinall size at ctitry (?\lacCall, StauKcr, and Troadec, 
19763. The prcscnt modcl, wliich includes rcproduc- 
tion, indicates that harvesting anchovies immrdiatcly 
bcforc spalviiing results in a t\vofold loss to thc popu- 
lation: loss of the fish and of its progeny. The niodcl 
predicts that )+Id \vi11 gencrally be near a masiniuni 
ivhcn fish arc takcn as soon after spawning as possible. 
\Vhcthcr thcsc are valid conclusions rcinniiis to Ix 
secn. For comparison, thc Peruvian anchovcta fishery 
was highly productive under intensive fishing of pre- 
spawners in the 1960s. Holvever, the abovr ttvo con- 
siderations may also help csplain the uncspcctedly 
slow rccovery of the anchoveta resource sincc the 
population collapse of the carly 1970s. 

STOCHASTIC MODEL 
\Vhile thc above deterministic model is uschi1 for 

estimating the approximate long-tcrm productivity 
of the northern atwhovy central stock, it is unable to 
provide a realistic aiid useful description of short-tcrm 
productivity and variability. Spalvning biomass has 
shown large fluctuations about thc hypothesized trend 
(Fig. 1). A simple stochastic modcl can bc derived 
from the second method (iterative least squarcs) of 
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logistic parameter estimation described above. Equa- 
tion (3) of the population growth model can be re- 
written as 

In BT = In (BT + RT) 

. 
or more simply 

In B+ = In B.i. + E 

where E is a stochastic error term with mean -= 0, 
B+ is surviving biomass plus recruitment, and B+ is 
predicted fiom B T - ~  by the deterministic growth 
model. Thcrc are three principal sources of this error: 
I )  variability of population processes, particularly re- 
cruitment, 2 )  error of observation of biomass at time 
'r, and 3) error of observation at tirnc T-1. A more 
complicated model could be constructed with sto- 
chastic errors in recruitment and in obscrved popula- 
tion s i x  respcctivcly. Such a niodcl would allo\v 
simulations of population and fishery behavior over 
long periods. Holvcver, there is at present no definitive 
\\a?- to separate the components of the error term in 
(23). Thus there \\.odd be a wide spcctrum of simu- 
lation niodel results depending on the portion of the 
variability assigiied to recruitment. 

The simplc stochastic modcl (23) does not require 
that thc error term be separated into components, 
but requires the assumption that the rffect of the 
fishcry on a population of the observed biomass \vould 
be a close approximation of the effchcts of a fishery 
on a population of the actual biomass. This assump- 
tion also occurs in the sccond mctliod of logistic 
parameter estimation, so thc pararncters inherently 
reflect this assumption. On the othcr hand, tlirrc is 
a clefiuite non-linearity in the model, siicli t l int  re- 
sponses to an uridcrestimated biomass are not equal 
and opposite to responses to a n  equally overestimated 
biomass. This problem should not be severe except 
when large catches are being taken from small bio- 
masses. 

A plot of In B$ against In 6;. from 1952 to 196G, 
where the lattcr variate is corrected for catches ac- 
cording to the second logistic parameter estimation 
mcthod, shoivs the deterministic modcl to be a good 
description of the average year-to-year behavior of 
the observed spawning biomasses (Fig. 7). The residual 
error term (E = In B+ - In B+) is well behaved when 
plotted against in B+ (Fig. 7), with a mean of 0.016 
and a standard deviation of 0.496. The mean is suf- 
ficiently near zero to justify acceptance of the para- 
meter estimates of Bco (arithmetic mean) and Y for 
predictive purposes. The residuals show no distinct 
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Figure 7. Comparison of predicted and observed spawning bio- 

masses, including a plot of residuals. 

changes in pattern over the range of obscrved bio- 
masses. Thcrefore, E \vi11 be assuincd to be normally 
diwibuted (v = 0, cs = 049G) in the stochastic   nod el. 

Equation (23) is equivalent to 

BT.+;= B T + ~  A RT+I = 

) I-' (24) 
1 

eE [ + (-BT - ~~~ e - r  

so i f  there is no fishing, R T + ~  can be obtained by the 
analogue of (4) : 

(25) -BTe -(M-6') 

Notc that R T + ~  is not actual recruitment, but apparent 
recruitment, since the observation error of BT and 
B T + ~  is included in the stochastic error term. For this 
reason, apparent recruitment can become negative for 
low values of eE. Equation (25) can be used to estimate 
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T;tlde 6 .  Conditions for ncgativc apparent recruit- 
ment, and prolxibilitics of occurrcncc Imcd on an 
nssuincd normal distribution (BE 0496) 

Spa\viiiiis hionlass hlinimuln E for positive I ' iohbi l i ty  
1j.I ( I  000 1 )  :tpp:irriit rrcruiliiwnt E .. ~ ~ , , i ~ ,  

valrics of E \vliich givc ncgativc apparent rccruir iiiriit 
for various Icvcls of BT. Some saniple \alucs. \\-ith 
their prnl)iil)ilitics, are given il l  Table ti. \\'liilc no 
instances of ncgativc apparciit rwruitmeiit havc oc- 
curred in tlic timc series a>f C;ilCOl:I sp;i\\-ning- 
Iiomass csriinates, thcrc nppcars to he 110 reason, 
other than lo\\- prol)ability, lor such a coiidition not 
io bc olmrrvcd in ~ h c  future. 

CiitcIi \\.ill bc givsli as a fiinctioii of sp;i\\ iiing bio- 
niass, ~.\-Iiieli could citlier rellcct lcvcls of' iioiiiiiial 
fisliing  fort> or in tliis case, be controllcd by a 
variable quota inaiiqxnerir system of the Corm 

\viicre Q is a reduction fishery quota. h is iiiiniinrini 
apa\vitiriq i)ion~ass for a quota t o  br  establishid. and 
(1 is a fraction of tlic csccss .pa\vninq biomass o \ w  
lcvcl b. The quaiitit! i is a hi i i . i l 1  rnainrcnancc fislicry 
frtr lion-rccluction uses such .is live h i t .  

L\hcii '.\-e iiicludc csploitation of prespa\viicrs in 
ilir stochastic model. the cquatinns Iwcomc Icngrliy. 
UIC quaiititv R,r+l \\~hicli is given by (25) is a u l J ~ t i t u t c c l  
into (9) to give an csprcssion rclating w t c h  r o  BT, 
E aiid I;: 

MARKOV MODEL 

\\'hilt the stochastic model could be investigatrd 
by Rlontc Carlo simulation methods, the modcl is 
uniqucly adaptable to treatment as a Alarkov pro- 
cess, which can directly provide probability distri- 

butions of obxcrvcd biomass. Various discrctc levrls 
of Iiomass ciiii I)c trcatcd as states. Sincc the model 
coiiuins no tiiiic lags, transition pro1)al)ilitics between 
states arc statioiiary. 

For a vector of I I  discrete obscrvcd biomass valucs 
B,. . . . , B,, ( i l l  ascending order), \ve \\ish to calculatc 
tlic clcrncnts of a matris containing the probabilities 
rliat a popiihtion of obscrved size Bi at time T \vi11 
hcome a population of observed size 8, at  time ~ 4 - 1 .  
'1'11~ probabilities of cacIi possible transitioil ;n'c asso- 
< inted rv i t l i  tlic corrcspoiitling error tcrni E ,  .. lvhich 
Ii'is the propcrtirs dcscrilxd in the stochastic popu- 
I.ttion niudel. 

Siiicc \vc arc: given that thc obscrvtd biomass a t  
iimc 'r is B ;  a i d  the q,lisc.rvc.d l~ioniass at time T-I- I 
is Bj ,  Lqti'ttioii (8) protidcs us \ \ i t11 

or 

I n  implementing the hlarkov model on a coinputcr, 
i29) can be substituted for E in (27), sn that F can 
Ix estimated iteratively given Bi, B j ,  and Ti. Tliis 
vziluc of I; thcn gives  EL^ from (29), and a probability 
can be coniputed cor the transition. Sotc that Yi is 
dctermincd by Bi and the quota formula (26). Each 
different quota formula will give a diffcrent aiid 
unique transition probability matrix. 

The Markov model was based on a 3 0 x 3 0  pro- 
bability matrix. Riscrete biomasses wcrc a gcotnctric 
series from B ,  = 200000 t to B,, = IGOOOOOO t, \\ith 
an element ratio ( 5 )  of 1.16312. The probability asso- 
ciated with was calculated from a fixed value of 
R f ,  and an interval centered about Bj: 

\vIiere 3 is the cumulative density function for the 
normal distribution. The probabilities corresponding 
to the tails of the distribution \yere assigned to 
and Ef,m, respectively. The quantity 5 was calculated 
by a polynomial approximation. 
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Each harvest policy (26) generatcs a unique tran- 
sition probability matrix. Any probability vector as- 
sociatcd with the vcctor of discrcte observcd popula- 
tion sizes B can be multiplied by thc transition 
probzbility matrix to obtain a new vector of pro- 
babilities reflecting tlic likelihood of observing the 
corresponding population sizes in the follo\ving ycar. 
This multiplication can be used to invcstigatc the 
probable ncar-term effects of maiiagemcnt dccisions. 
In the case of an infinite time horizon, which could 
be appropriate to long-term managcmcnt policy, we 
can find the stablc probaldity distribution to wliich 
all bcginning probal,ility distributions tcnd to con- 
vcrgc after rcpeatcd niultiplication by the transition 
probability matris. This stablc prolmbility distribut ioii 

is that eigenvector of the transition probability matrix 
\diose cigenvalue is I .  iictually, aftcr about 10 multi- 
plications Lg the transition matris, most initial pro- 
bability vectors converge to very ncarly the stnl,lc 
prolmbility distrihtion givcii by the cigci~vcctor. 

kVlii1e the motlcl is at prcsent usccl to evaluate altrr- 
nativc pre-spccificd quota policics, otlicr uses art: 
possiblc. If an ohjcctive funciioii can be specified, 
the hIarkov modcl could scrve as a basis for detcr- 
mining the optiniiim harvest policy (,\lciidclssohn3, 
fils). In a maiiiigemcnt mode, thc inodcl can prov;de 
an a priori probability distribution so that biomass 
could be cstimatcd by efficient Ea)-cs mctliods. 

Example Application 
Thrcc fishcry maiiagement policics \vi11 bc examined 

and comparcd (l.‘iq-. 8: ‘l’able 7 ) .  .I “no fislier).” policy 
(Casc I j  allo\vs only 10000 short totlS’ ~ l i u a l  Ilarvrst 
for livc bait and licsh-fish m d x t i .  l‘his policy. a l h v s  
the biomass to reinaiii at virgin Icvcls aiid forms a 
basis for comparison. The “ ~ ~ C S C I L I ”  fislicry (Gmc IT’, 
was rcccntlg adoptcd by tlic United Statci as an 
optimum yield policy, \\.licrc;ii the p a l e s t  overall 
bcncfit arises froin niaintainiitg ;L bioin 
larger than that resulting fioiii a strictly maximum 
yicld policy. A ma.ximum yield or “hca\;\. fislii~lg” 
policy (Case 111) passes through thc peak of tlic 
equilibrium yield curve. Tlicorctically thc Iargcst yield 
would bc obtained by a policy \\.it11 a vwy stccp slopc 
and a fishcry cutoff at about 1.5 milliuii short tons. 
That policy would produce a highly v;irial)le fishcry, 
wlicrcas our Case 111 sceks to stabilizc the fishcry by 
virtue of a shallo\ver slope and a lowcr fishcry cutoff 
point. 

When plotted on a log scale, the stablc probability 
distributions rescmblc normal dcnsity fiinctions (Fig. 
9). ’The discontiiiuity at the tails of tllc distributions 

’ Roy iMendelssohn, NhlFS, Honolulu, Hawaii, USA. 

Table 7. Comparison ofresource characteristics under 
three harvest policies, and under the special case 
of an unequal sex composition in the landings. 
Values in million short tons 

hlinimal Optimal Heavy OptiIna1 (sex ratio (‘I) 
(1) (‘‘1 (I1*) 1-73?: 18) 

Harvest 

SloIx (4 - 0.33 0.33 0.33 
- Cutofl(b) 1.00 0.50 1 -00 

M;iiotciiancc (c) 0.01 0.0 I 0.0 1 0.0 1 
Assumed inaximum 0.01 1 -00 1-00 1 -00 

SpawninS hiomass characteristin 
hlrdian 3.35 2.05 I 66 1 4 4  
hlcan 4.12 2-75 2.35 2-48 
Standard deviation 2-33 2.32 2.19 2.1 5 

Pruhabilit)’ (perccntiigr of yrars) 
B < 0.5 I .3 4 4  8.7 5.3 
B c 1.0 6.6 18-4 28.2 22.3 
B r_ 1.5 14.9 34.5 45.3 39.8 
B < 2.0 2-16 484 58.3 54.1 
B < 2-5 3-14 59.6 67.9 65-0 

Y k l d  characteristics 
.\Irdi:iin 0.351 0.387 0.280 
Mcan - 0.442 0.467 0.333 
Stanrl:id dcviation - 0.379 0.3132 0.370 

Probability (prrccntage of years) 
Y - 0.01 100 18.4 8.7 22.3 
r<wi 100 28.2 15.9 33.1 
I * <  0.5 100 59.G 58.3 63.0 
3 ’ <  1.0 100 80.0 80.3 83.7 

- 

is sliqlit. C‘ndcr a minimal fishcry (Case I ) ,  the highest 
probabilities are associated with biomasses near L1 x ,  

as cspccied. However, the variability of tlic biomass 
is high, \\it11 a 253: probability of observing a biomass 
of less tlian 2 million short tons in any given year 
(Tal,lc 7 ) .  As fishing bcconies more intense, the peak 
bionms shifts to lower values, and the probability 
distributions brcomc flatter. hlcaii yield fioin Case I11 
is only 6?h greater than that from Case 11; hoivcver, 
the mcan biomass is 14% smaller, showing little 
marginal value from the hcavy policy, especially if 
benclits arise from increascd biomass. The lower 
fishcry cutoff point of Case 111 results in fewer years 
of fishcry closurcs, but at the same time would dclay 
rccovcries from periods of low abundance. Expected 
valucs and variances of more complicated fishery 
measures, such as economic yield, are easily calcu- 
lated if the measure can be expressed in terms of 
biomass and catch. 



304 Alcc D. hlncCa11 

0.6 r 1 

Figure 8. Three 

0 I 2 3 4 

SPAWNING BIOMASS ( IO6 SHORT TONS ) 

harvest policies rsniiiined by thc inodcl: I ,  miniiiial fisliiiig; 11, optimal fishing; 111, I1cnvy lisliiiig. 

DISCCSSION OF TIIE STOCHASTIC MODEL 

Previous estimates of potcntial yield from the north- 
ern anchovy ccntral stock have bcen based on the 
Gulland (1970) approximation formula. -4 \vide range 
of potential tklds  was given, depcnding on the base 
years for detcriiiining “virgin biomass” (hLacCal1, 
S tauffcr, and Troadec, 1976). Rcasonal~lc est imates 
rangcd from 1 to 2 million short tons per )car. ‘The 
model developcd in this papcr suggests a much smaller 
potential yield of about 450000 short tons pc.r year. 
In view of the historical low biomasses of anchovy, 
tlic Gulland potcntial yield estimates sccm high, and 
arc clearly not sustainable. The prescnt cstimate of 
potciitial yield scenis some\vliat low wlicn comparcd 
with fishcrics on similar species. Nowever, many of 
those fXterics have subsequcntly cxpericnced severe 
depletion, and the expectations may have bccn too 
high. 

This model cmphasizes the role of natural popula- 
tion variability in fishery projections. While thc cquili- 
brium yield curvc from the deterministic modcl indi- 
cates a maximum yield of 184000 short tons, the 
stochastic model shows that somewhat less than this 
can be expectcd, and only under a highly fluctuating 
fishery. Yiclds of 200000 to 300000 t are more nearly 
sustainable in the strict sense. 

In any particular year, abundance is determined 
by natural variations in recruitment, and a fishcry 
will have little cffcct. However, over the long term, 
a fishery strongly modifies the probability distribution 
of biomasses. When a period of low abundance occurs 
under a fishery, one must not simply blame it on the 
fishery nor explain it away as a n  unavoidable natural 

event. In actuality, lobv aliunclancc must 1.x inter- 
prctcd as a natural wcnt xvhich has Imwnic more 
likcly bccause of the fishery. Management policies 
udiicli do not rcduce fishing pressure a t  low population 
sizes greatly incrrase (lic probabilitics of low popula- 
tion sizes, oftcn to thc point of virtual certainty. The 
California sardine fishery, \vhich had no c.ffcctive 
constraint on fishing pressure or harvcst, is such a 
case. i\n intlcsible constant quota, even if sct a t  a 
levcl bclo\v maximum equilibrium yield, contains a 
large risk of prolongcd or possibly irrcvcrsiblc lo\\ 
population sizes. 

The management policy adopted for the norlhcrn 
ancliovy ccntral stock (1;ig. 8 ,  Table 7) attcmpts to 
maintain an avrrage population somc\vhat Iargcr than 
that producing strictly maximum yield, by incans of 
a harvest quota formula (26 ) .  Biomass \\*as seen as 
contributing benefits by providing foragc to other 
consumable and non-consumniile predators, by pro- 
viding more rcadily available supplies of livc bait for 
recreational fishing, and by reducing harvcsting costs 
of the reduction fishcry. A rcscrve spaivning biomass 
of 1 million short tons serves to preserve the rcpro- 
ductive capacity of thc rcsourcc during advcrsc pcriods, 
and should help maintain some stability of trophic 
relationships in the ecosystem. \Vhen the rcsource is 
abundant, the allowable harvest will incrcase. 

This variable quota policy is very rcsistant to errors 
in the model predictions. If the resource is more 
productive than anticipated, a larger biomass will 
obtain, and allowable harvest will increase. Similarly, 
if the rcsource is less productive, there will be a smaller 
average biomass and a smaller harvest. Random 
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Figurc 9. Spn\\ninz t~iomasn probability distribution for thrre hnrwsr policies. 

varin1,ility is likely to produce periods of apparcnl 
high produc:tivity a i d  pcriods of apparent lo\\, pru- 
ductivity. Uioiii;isscs a r c  serially correi‘lwd rotractiiig 
these periods sonic\vliat loiigcr than might be ex- 
pected froni raiidotn runs alone. A vcry large numlicr 
of years \vi11 liavc to pass before tlie model can be 
adequately tested against actual resource performance. 

‘I’hcrc is considerable imprccisioii in the varialili[y 
prcdictcd by the niodcl. Tlic sinall iiumber of olmr- 
vatioiis rcsults in  a \\-idc coiifidt.iice intrrval. ’Tl!c 
substitution of obscrvcd biornnss for actual biomass i:i 
the ca1cul;itioiw rcsults i l k  ar. ovcrrstimntc of rcsourcc 
variance, the actual biomass bciiig lcss variablc thai: 
our imprecise rstiniatcs. FIw! ever, positive scrial cor- 
relatioii in recruitment stre,!grlis IS likrl\.. altl~uugli 
nom \*;as detected in t l ic  short rim- sr-ries \v l i ic .h  \vas 
availalilc. .As a11 rstrriiic casc n i  serin1 corrrlatioii: \ve 
must consider possiblc chailgcs in tlie oceanic “IC- 
giincs”, as inay  ha\^ occurred in :!IC kite 1 0 . i ~ ~  2nd 
early 1‘350s. Such scri‘il corrc!;ition \vi11 ilirrc.isc t l ic  
variability of pnpiilntioii s i x ,  r t i i d  the mcdel predicts 
a loivering of average populatiori size and yiciti. 

A further crroi. in tlie rnodcl predictioiis arisrs fro111 
the assumptinn that the fishery impact on tile spa\vii- 
ins biomass is measured by total yield. ?he fishcry 
for tlie northrrn aiichovy is pcctiliar in that tlie sex 
ratio of laiidings has averagcd 1.73 females to each 
male by \veiglit, whereas the populatio~i itself appears 
to be cvcnly distributed betivccn the sc.ycs (Kli~igbril, 
1978). Thus i t  appears likely that thc fishery may 
have a disproportionate impact on tllc bioniass of 
female fish, and therefore on tlic sp.i\\ming potcntial 
of the population. If this hypotliesis is true, the es- 
pected yield and biomass will be lcss than anticipated 
(Table 7), and the resource may be overfishcd with 
respect to the stated goal of optimum yield. As a 

1. p 

corollary, ri~iiragenient which cncouragcs the harvest- 
in; of n n l c  fish could potcntially increase yield at 
littls l o s b  10 population size, and a more optimal 
utilization or :lie rcsourcc \vould result. 

SUSfA1’~RY 

Tire lo\v aiicho\.y central stock biomass in the early 
19jOa was prolxhly due to a series of reproductive 
failiircs rather than tq competition from the Pacific 
sardiiic. ’lhe patterii of anchovy pol~ulaticn gro\vth 
siiice 195: c a i  be empirically described by a logistic 
gro\\,tli ciirvt., \vhicli foriiis thc basis of a population 
grr;-.:.th niodcl. Estimated maximum equilibrium yield 
(42-1 000 ahort tons!yt-arj is higher tlian maximum 
gro:\-th rate (353000 shor: toiis/year) due to com- 
pi:tiiig risk of dcath and discontiiiuous rcproductioii. 
Asyiiytotic masiii;uni spanning bioniass is 3.9 niillion 
toils. A stochastic poptiiation growth model \vas 
dcrived fimiil the de!crniiiiistic logistic model by con- 
sidc.ring error iii n~iinial population size predictions. 
This niodel \vas itnplcmeiited AS a JIai.kov process 
\vil l i  various bioniasses as states, and stationary tran- 
sition prolmbilities based on a given harvest policy. 
‘The stable probability distribution indicates that the 
resource is highly variable in a natural unharvested 
statc. ?Ylanagenieiit policies can be examined by the 
niodcl, providiiig expectcd values, variances, and pro- 
babilities of various events or conditions. The present 
man;tgerneiit policy of allowing a reduction fishery to 
harvest one third of the C X C ~ S S  over 1 million short 
tons’ spawning bioniass could be expected to have a 
mean annual yield of 443000 short tons and a mean 
spawning biomass of 2-75 million short tons. Because 
the fishery harvests a disproportionate amount of 
femalcs, there may be a corresponding disproportio- 

20 
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nate impact on spawning potential, in which case the 
above management policy may result in overfishing 
with respect to the desired goal of optimum yield. 
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