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ABSTRACT 

A model was developed for estimating daily production of eggs of northern anchovy from counts of the 
total numbers of eggs and size-frequency distribution of larvae. Estimates of egg production using this 
model were compared with three estimates based on the mortality rates of staged (aged) eggs. The 
model was used to calculate daily egg production of anchovy for a 24-year time series (1951-82) (data 
were collected each year from 1951 to 1966 and 1979 to present and every 3 years from 1966 to 1979). 
Comparisons of this index of stock abundance with ones based on the  standing stock of larvae indicate 
that  the present model is a better index of spawning biomass. It was found from the  1979-81 data that  
the  eggs and larvae (< 20 days) have different forms of instantaneous mortality ra te  (IMR): The larval 
IMR was age dependent, i.e., z ( t )  = p i t  for t c  < t whereas the  egg IMR was constant z ( t )  = 01 for t < t c  
where t c  is incubation time or yolk-sac absorption. Based upon this model, the  dailyegg production, 
and egg-larval mortality rates for larvae < 20 days (< 8 mm preserved length), were estimated for 
1951-82 from data collected with 1 m ring nets and bongo nets. Egg production varies with stock size 
proportionally if the reproduction effort remains constant. The egg production is a better index ofstock 
size than  the larval abundance because the latter is subject to the inherent egg and larval mortality in 
addition to reproductive output. 

Ichthyoplankton data have been used extensively 
for estimating biomass (or spawning biomass) of 
marine fish stocks (Murphy 1966; Ahlstrom 1968; 
Smith 1972). One of the tacit assumptions under- 
lying most of the methods used for estimating 
biomass from ichthyoplankton data is that egg or 
larval mortality is constant among years. In 
recent years, however, it has become increasingly 
evident that egg and larval mortality is quite 
variable among years and among life stages (Ahl- 
strom 1954; Marr 1956; Colton 1959; Burd and 
Parnelll972; Cushing 1973: Fager 1973; Harding 
and Talbot 1973). As a result, biomass indices 
based on standing stock of eggs or larvae are 
subject to a considerable bias if the interannual 
variability in mortality is not taken into account. 
In order to eliminate the bias, attempts were made 
to estimate the spawning biomass by using the egg 
production and reproduction parameters (Saville 
1964; Beverton and Holt 1965; Ciechomski and 
Capezzani 1973). The basic model is 

where PO = egg production at  age zero, 
Ba = spawning biomass, 

'Southwest Fisherles Center La Jolla Laboratory, National 
Marine Fisheries Service, NOAA, PO. Box 271, La Jolla, CA 
92038. 

R = proportion of spawning biomass be- 

E = average batch fecundity, 
W = average mature female weight. 

ing female, 

Equation (1) is adequate for species that spawn 
only once during a season. But for the multiple 
spawners, like northern anchovy, Engraulis mor- 
dux, one needs to include another adult parameter, 
the proportion of mature spawning female ( F ) ,  in 
the equation (Parker 1980). Moreover, Parker 
chose to  use egg production per day, as this could 
be easily estimated from a single cruise. Thus, the 
egg production model (EPM) for northern anchovy 
(or any multiple spawning stock) becomes 

(2) 

Staged eggs are used to estimate the daily egg 
production (number of eggs per day) of the popula- 
tion ( P O )  while adult fish are sampled to estimate 
the number of eggs produced per fish weight 
( E I W ) ,  sex ratio ( R ) ,  and proportion of mature 
spawning female ( F ) .  This method is, without 
doubt, the best of all ichthyoplankton biomass 
estimation techniques. I t  is, however, a data rich 
method requiring both ichthyoplankton and adult 
sampling plus staging of eggs and various labora- 
tory measurements which may not be available. 
In this report, I present an alternative method for 
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peak spawning season of northern anchovy was 
usually February-April, daily egg production for 
the central stock northern anchovy was computed 
from egg and larval data (CalCOFI” collected in 
January-April within these eight regions. The 
CalCOFI survey was conducted each year until 
1966 after which the survey was conducted every 
3 yr. Owing to various improvements in the design 
of the plankton nets over the past 20 yr (Smith and 
Richardson 1977; Stauffer and Picquelle 19806 ), 
different calibration factors were necessary to 
standardize the catch of eggs and larvae taken in 
different nets: A 1 m ring net with 0.55 mm silk 
mesh was used until 1969 when it was replaced by 
a 1 m ring net with 0.505 mm nylon mesh; this net 
was used until 1978 when it was replaced by the 
bongo net of 0.505 mm nylon mesh. Beginning in 
1979, a vertical tow of the 0.333 mm mesh, 25.23 
cm diameter CalVET net t CalCOFI vertical egg 
net) (Hewitt 1983) was used along with the 0.505 
mm mesh bongo net to collect egg and larval 
samples in order to estimate the northern anchovy 
spawning biomass using the egg production meth- 
od tEPM) (Parker 1980). In addition to the bias in 
catch caused by the different mesh sizes, biases 
also existed due to avoidance of the net, water 
volume filtered through the net (measured by 
water flowmeter readings!, growth rate of larvae. 
temperature dependent incubation time (in days), 
and proportion of larvae from each plankton 
sample sorted (Zweifel and Smith 1981; Lo 1983). 
All data (counts of eggs and larvae) were adjusted 
for the above biases, when it was appropriate, 
following the procedures outlined by Zweifel and 
Smith (1981). 

estimating biomass using conventional ichthyo- 
plankton data rather than the extensive sets of 
specialized information required by the EPM 
method. This alternative method provides esti- 
mates of the daily egg production ( P o )  and is 
referred to as the historical egg production (HEP) 
to distinguish it from the current EPM. This 
model for HEP requires only the standing stock of 
unstaged eggs, and the numbers of larvae in 
various length classes subsequently transformed 
into age classes using Gompertz growth curve 
(Zweifel and Hunter2; Methot and Hewitt.’; Lo 
1983). Daily egg production varies proportionally 
with the stock size if the reproduction effort of the 
population remains constant. The production of 
eggs by a stock is certainly a better index of stock 
size than the standing stock of larvae (Smith 1972) 
because both egg and larval mortality rates are 
considered in the former case. 

In addition to development of the model, I 
provide a time series of northern anchovy HEP for 
1951-82. This historical record of daily egg produc- 
tion rather than the EPM (Equation (2)  1 was used 
to estimate anchovy biomass for these past years 
because data were not available for all the female 
reproductive parameters until 1980 and none of 
the eggs have been staged. It would be unpractical 
and take years to  do all the staging of eggs that 
would be required for all the years. The HEP is an 
unbiased index for the spawning biomass ( B ,  ! of 
the anchovy population for those years if the 
annual reproductive output per fish weight has 
remained constant. I do not have sufficient data 
to validate the assumption of constant reproduc- 
tive output although 1981-82 data do indicate so. 

ASSEMBLY AND BIAS CORRECTION OF 
EGG AND LARVAL DATA 

The northern anchovy spawning area lies off 
central and southern California and Baja Califor- 
nia. The sampling area was divided into 23 regions 
covering 17.556 x 10” m2 (Fig. 1). The central 
anchovy stock is enclosed by eight regions (4,  5 ,  7, 
8, 9, 11,13, and 14) with a total of 5.703 x 10” m2 
(Duke 1976*; Huppert et al. 1980). Because the 

‘Zweifel. J .  R.. and J. R. Hunter. Unpubl.. manuscr. Tem- 
perature specific equations for growth and development of an- 
chovy, Engruu l~s  nwrdux, during embryonic and larval stages 

“Methot, R D., and R. P Hewitt. 1980. A generalized 
growth curve for young anchovy larvae; derivation and tabular 
example. Natl. Mar Fish. Serv., Southwest Fish. Cent. Admin 
Rey. LJ-80.17, 8 p. 

Duke, S. 1976. CalCOFI station and region specitica- 
tions. Natl. Mar. Fish. Serv.. Southwest Fish. Cent. Admin. 
Rep. LJ-76-3, 37 p. 
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Egg Data 

The counts of unstaged eggs from each tow were 
adjusted to a standardized volume of water filtered 
per unit depth (0.05 m3/l m depth = 0.05 m2 sea 
surface area = area sampled by the CalVET net). 
The adjusted egg counts per 0.05 m2 sea surface 
area were then stratified by CalCOFI regions. A 
weighted mean egg count per 0.05 mp was com- 
puted as 

‘CalCOFI. California Cooperative Ocean Fisheries Investi- 
gation, a program sponsored by the State of California. The 
cooperating agencies in the program are  California Department 
of Fish and Game, National Marine Fisheries Service, and 
Scripps Institution of Oceanography. University of California. 

1980. Estimates of the 
1980 spawning biomass of central subpopulation of northern 
anchovy. Natl. Mar. Fish. Serv.. Southwest Fish. Cent. Admin. 
Rep. LT-80-09. 

“Stauffer, G. D.. and S. J. Picquelle. 
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FIGURE 1.-Sampling area for estimating northern anchovy spawning biomass with CalCOFI sampling stations 
denoted by the open circles, and CalCOFI regions denoted by numbers (from Duke text footnote 4) .  
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up  to  age  t days  from fertilization. Here t i  is t h e  
durat ion of incubation. 

The  size of s t and ing  stock of eggs depends on not  
only egg production r a t e  and  mortal i ty  r a t e  but  
also t h e  durat ion of incubation ( o r  t h e  incubation 
t i m e ) ,  which is a function of sea temperature .  The  
ave rage  t e m p e r a t u r e  for all  posit ive egg tows 
(tows which contain one or more anchovy eggs,  
over J a n u a r y - A p r i l  in each yea r  was  used to  
e s t ima te  incubation t ime ( t i  1 using the  equation 
(Lo  1983 i 

X I ,  = z x, w,, x w, = 1 
1 I 

where  i, is t h e  adjusted mean  egg count for re- 
gion z and  W, is t h e  relative a rea  weight for region 
1 .  

Region nrnr' x I O  ' r n 2  x 10 ''I W, 
4 18 6.105 0.107 
5 29 9.878 0.174 
7 20 6.896 0.119 
8 12 4.116 0.072 
9 29 9.878 0.174 

11 9 3.171 0.0538 
13 21 7.122 0.126 
14 29 9.866 0.174 
Total 167 '57.031 1.00 
'Sum is not equal to the total due t o  rounding error. 

Zero catch was  assumed for regions where  no 
samples  were t a k e n  because historical records 
show those regions usually had  low densit ies of 
eggs and  larvae.  The  weighted ?,, 's were also 
corrected for extrusion th rough  t h e  mesh by mul- 
t iplying t h e  catch by t h e  rat io  of t h e  catch in a 
0.150 m m  C a l V E T  ne t  to t h e  catch in t h e  ne t  used 
in a par t icular  survey ( r ) :  r = 3.6 for 0.55 m m  
mesh silk 1 m r ing  ne t  i 1951-68), r = 3.04 for 0.505 
m m  mesh  Nitex' 1 m r ing  n e t  (1969-76 1, r = 12.76 
for 0.505 m m  mesh Nitex bongo ne t  (1978-present I 
(Lo 1983) .  The  0.505 m m  mesh bongo net  seems to 
catch 4 t imes t h a t  of a 1 m r ing  ne t .  The  reason is 
unknown. \ A  field experiment  was  conducted in 
April  1983 to reest imate  t h e  extrusion r a t e  of 
anchovy eggs from 0.505 m m  mesh bongo ne t .  The  
d a t a  have not been analyzed a t  t h e  t ime  of wri t ing.  
Although t h e  egg samples  from bongo ne ts  were 
used to  compute t h e  HEP, t h e  bongo ne t  is pri- 
mari ly  used for catching anchovy la rvae ,  whereas  
t h e  CalVET net  is t h e  egg sampler.  T h e  discrep- 
ancy between bongo and  1 m r ing  net  is not of 
major concern for t h e  cur ren t  anchovy biomass 
es t imat ion . )  The  s t and ing  stock of eggs per 0.05 
m2 is then  

where  m I is t h e  s t and ing  stock of eggs ( a n d  l a r v a e )  

'Reference to trade names does not imply endorsement by the 
National Marine Fishertes Service. NOAA. 
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where  ti = incubation t ime  i n  days,  
t emp  = t empera tu re  in degrees centigrade.  

Both t h e  s t and ing  stock of eggs ( t n / ,  and  t h e  
incubation t ime  ( t i  a r e  essential in computing 
t h e  t i m e  s e r i e s  of da i ly  egg  product ion.  T h e  
t empera tu re  in January-Apri l  ranges from 11' to 
19'C. The  long-term average t empera tu re  from 
J a n u a r y  to April is 14.25"C, t h u s  t h e  average 
incubation t ime  is 3.15 d. 

Larval Data 

The anchovy la rvae  from all  years  were mea-  
sured to t h e  nearest  0.5 m m  preserved length.  For 
t h e  purpose of es t imat ing mortal i ty  ra te ,  larval  
d a t a  were grouped into 2.5 m m ,  r ang ing  2-3.0 nim: 
3.75 m m ,  3.5-4.0 m m ;  4.75 m m .  4.5-5.0 m m ; . .  . for 
la rvae  30 m m .  Each preserved length was  first 
converted to a live s t anda rd  length using a shr ink-  
age  formula based on t h e  tew durat ion iTheilacker 
19801. and  then  converted to age  ~f days)  using a 
two-cycle Gompertz growth curve.  The  first cycle 
is from hatching to  yolk-sac absorption, a temper- 
a ture-dependent  growth curve,  and  t h e  second 
cycle is from yolk-sac absorption to 2 2  m m  larvae,  
a food-dependent growth curve (Zweifel and  Hunt- 
e r  footnote 2: Methot and  Hewitt  footnote 3; Lo 
1983) .  Larval  abundance  by length ( a g e )  group 
was est imated u s i n g a  negative binomial weighted 
model (Bissel l  1972; Zweifel a n d  S m i t h  1981) 
which incorporates t h e  "effective sampler  size" 
( re la t ive sampler  bias) .  All larval  abundance  d a t a  
were adjusted to  conform to t h e  following s t anda rd  
conditions: no extrusion,  no day-night  difference 
in avoidance, and  a constant wa te r  volume filtered 
per un i t  depth.  These  d a t a  were converted to  daily 
production tPt ) by dividing t h e  total  number  of 
la rvae  in  each length group by t h e  durat ion ( the  
number  of days  la rvae  r ema in  wi th in  each l eng th  
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group). It was necessary to  compute a weighted 
mean of larval production ( U j P t )  because the 
number of net tows was not proportional to the 
area size: The daily larval production (Pt, , ti  ) was 
estimated first for each of the three subareas ( j  = 

1: inshore = regions 7 and 11; j = 2: nearshore = 
regions 4. 8, and 13; and j = 3: offshore = regions 
5 ,9 ,  and 14) (Fig. 1). The data set ( U , P t ,  1 )was used 
for final fitting of the mortality curve where rc.Pt = 
7 

Z Pi, u , and I L ~  = 0.17,0.31, and 0 5 2  for j = 1,2,  
/ = I  

and 3, the relative area sizes. The unweighted 
average age 7 over three areas was used because 
little variaticn exists among t,/’s (Fig. 2).  

DAILY L A R V A L  PRODUCTION PER 0.05 m 2  (,P,)AT AGE t .  1 9 7 9  

( 1 )  ( W P t )  
P 4 i S i R V E D  L I V E  S I Z E  A V E  AGE DNLY L A R ~ A L  

S I Z E  (irn) (mm) ( d a y )  PROD ‘0 05 m 2  

2 5c  5 26  4 9 1  0 5 1 8  

3 7 5  4 5 7  8 60 0 1 7 1  

4 i i  5 69 1 1  SA 0 0833 

5 7 s  6 1 7  1 4  1 5  0 066.5 

5 7 5  7 6 3  1 0 4 1  0 0 4 8 1  

7 7 s  1 3 -  18 ti2 0 036 

wPt= 1 . 3 6 4  ( t i 3  16)-2.”‘ 

- 
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FIGIJRE 2.-We’eighled daily iarbal production IwPtl and age in 
days t t )  of northern anchovy cnd the fitted larval mortality curve 
based upon Equation ISBI for larvae 20 d old. 1Y7Y. 

MODEL 

If a cohort of eggs (larvae) is followed and N t  
is defined as the number of eggs (larvae) a t  age 
t (days), then the ratio N t i N o  measures the 
survival probability a t  age t :  S ( t ;  z i t ) )  = P ( T  
> t :  z i t )  ). The sample ratio ntino estimates 
the survival probability S ( t )  where z ( t ) ,  the in- 
stantaneous mortality rate (IMR), is defined as 

lim P ( t  r T t + A t  I T t )  , Ifthe sample data 
A t + O  A t  
(nt  , t )  are taken from a single cohort and the form 

of S ( t )  is known, both No and ~ ( t )  can be esti- 
mated through nt = no S ( ( t ) ;  z ( t ) ) .  Assuming 
that the standing stock of eggs and larvae repre- 
sents a single cohort (with stable age distribution) 
as it ages, then ( N t  , t )  can be estimated from the 
number of eggs and larvae in various stages 
(lengths) which are later converted to  age in the 
sample. Hewitt (1982) conducted a simulation 
study to  check for possible bias in larval mortality 
rate caused by seasonal changes in the intensity of 
spawning of northern anchovy which violates the 
assumption of a stable age distribution. He found 
that mortality was overestimated in the begin- 
ning (January-February) of a season when spawn- 
ing was increasing and underestimated at  the end 
(May-July) when spawning was decreasing. When 
the larval numbers were accumulated over the 
entire season, these two biases tended to cancel 
out. Therefore, the stable age distribution is a 
reasonable assumption if the egg and larval sam- 
ple covers the entire season. To compute larval 
mortality for each year, I chose larval data from 
January to April to be consistent with the current 
sampling scheme. According to Hewitt’s study, 
the larval mortality may be overestimated. How- 
ever, because only young larvae ( < 8  mm pre- 
served length) were considered in the model, the 
upward bias is slight. The number of eggs and 
larvae at  various stages or length classes (n t ,  ), as 
mentioned in a previous section, was further 
adjusted for the duration in days that eggs (larvae) 
remained in a particular stage or length class ’ .li ), 
i.e., Pt, = n t , / d , .  The quantity Pt, is egg (larval) 
production per day per unit area (e.g., 0.05 m2) at  
age t i ,  the average age of eggs (larvae) in the z th  
stage (length) class (Farris 1960; Saville 1964; 
Harding and Talbot 1973; Ciechomski and Capez- 
zani 1973;. (In later sections, the subscript z is 
dropped, thus (Pt , t )  is used in place of (Pt, , t L  1.) 

The model is based on the form of the mortality 
curves of northern anchovy eggs and those for 
anchovy larvae, the form of the curve for eggs and 
larvae being distinctly different. The daily egg 
and larval production Pt is modeled by three 
survivorship functions SI ,  Sp, and S3: 

with the IMR 
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which z ( t )  = z I ( t ) ,  after which z ( t )  = z z ( t ) .  Pt 
a n d  t from la rva l  d a t a  were used to es t imate  both 
Pt, a n d  z z ( t )  through Equat ion (3B) after S ( t )  is  
specified. Both la rva l  production (Pt,. ) and  t h e  
s tanding  stocks of eggs and  la rvae  up  to age t c  
( r n t , )  were t h e n  used to es t imate  PO and  r ; ( t )  
t h rough  Equat ion (3Ai as below: 

mtc =Jo Pt dt =Jic PO S l ( t ;  z ~ ( t ) )  dt  !5A) 
t r  

and  
Pt,. = P O  S l ( t c ;  Z l ( t I ! .  (5R) 

where  &(t;  z ( t )  I T > t c )  = P(T > t ;  z ( t )  1 T > t c ) ,  
tc is  t he  age when the  form of IMR changes,  
t k  is  max t l  for t l  < 20 d where  t r  is  t h e  average 

age  for t h e  i t h  length class. 

The  qual i ty  of la rva l  d a t a  for la rvae  older t h a n  20 
d is quest ionable  because older la rvae  avoid t h e  
n e t  (Hewit t  1982). The  forms of 2 3  ( t )  a n d  S3 ( t )  for 
t > 20  d a r e  u n k n o w n  at t h e  p r e s e n t  t i m e .  
Therefore, only t h e  mortal i ty  of eggs a n d  la rvae  
< 20 d old was  assessed. 

The  IMR, z ( t ) ,  re la tes  to the  survivorship func- 
tion S ( t ) ,  by definition, in t h e  form of 

s ( t ) = e - J ~ z ~ ~ ~  )du 

(4) 
= S l ( t i  1 d t,. 

The critical age  t c  was defined as t h e  age before 

Now I have two Equat ions (5A)  a n d  (5B) to be 
solved s imultaneously for t h e  unknowns  PO and  
the  pa rame te r s  in  z l ( t ) .  An i te ra t ive  procedure 
was  used to obtain es t imates  of Po and  21 ( t ) .  
Clearly, t he  selection of t h e  function forms of Z I  i t  ) 
a n d  2 2  ( t )  a r e  impor t an t  in  obta in ing  accura te  
es t imates  of PO and  Pt, . 

Anchovy M o r t a l i t y  Curves a n d  
Estimation of Egg P r o d u c t i o n  

Daily egg a n d  la rva l  production per  0.05 mz and  
the i r  ages  ( P t ,  t )  were e s t i m a t e d  for 1979-81 
to model t h e  mortal i ty  curves PO S l ( t )  and  Pt, 
S Z  ( t  1 T -, t c )  (Equat ion (3) ). The egg d a t a  were 
collected i n  vertical c e t  tows from 70 m wi th  t h e  

TABLE 1.-Daily egg and larval production per 0.05 m2 CPt 1 at  various ages in days 
( t )  sampled from CalVET and bongo tows, and the estimates of five parameters: egg 
production at age zero \Po I ,  egg niortality &!, larval  mortality coefficient () 1, larval 
production a t  hatching (Pi  ! and incubation time in days ( t i  1 in CalCOFI regions 4, 
7, 8, and 11, January-April 1979-81. 

1979' Live 1980 1981 Live 
standard standard 

I Pi length (mm) t pi f Pi length (mm)2 _ _ _ ~  
, 04167 1079 04167 9 3 4  04167 5 6 4  \ 

09167 4 3 6  0 9167 9 2 2  09167 7 66 5 14167 491  
UI 19167 4 5 8  19167 471  19167 6 05 

14167 6 3 4  14167 

24167 6 8 7  2 4167 5 14 24167 ' 29167 3 7 3  363  264  3 0 3  294  2 2 6  3 14 l:: 3 0 3 1  $ 
4 08 2 3 9  4 3 5  2 9 9  3 5 9  
5 91 0 9 9  625  210  413  
7 69 0 8 6  8 0 8  184 466, 

110  5 1 3  

3 1 4 7 2  196  326 3 0 5  235  3 1 0  5 2 9  2 9 7  
8 3 2  0 4 8  4 1 7  5 6 5  104  5 8 6  1 96 4 00 r 11 49 0 3 5  5 6 9  8 9 0  0 4 9  9 2 2  

1390 0 2 5  6 7 7  1147 0 3 9  11 79 0 7 2  623 Lo 

0 1 9  7 8 3  1383 0 2 6  1401 0 5 4  7 3 0  

17 99 0 1 5  1822 0 4 1  9 3 8  
L;::: 0 1 3  8 8 7  1591 0 2 1  1601 

pc 9 7 6  3(2 82) 11 46 (1 27) 6 73 (1 32) 
a 0 33 (028) 0 3 8  (009) 0 11 (0 13) 
P 183  (0 14) 124  (0 17) 1 1 9  (0 17) 
PI 3 5 9  (0 18) 2 51 (0 19) 481  (042) 
I /  3 21 2 96 2 85 

'Not weighted by area size 
2For both 1980 and 1981 larval data 
3Asymptotic standard error in parentheses 
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CalVET net, and the larval data were collected 
with both bongo oblique tows and the CalVET 
nets. The egg and larval catches by age group were 
standardized, that is, corrected for possible biases 
caused by extrusion through the mesh, day-night 
difference in avoiding the net, variation in the 
amount of water filtered, and the variation of 
larval growth rates which is both temperature and 
food dependent (Methot 1981; Lo 1983). The stan- 
dardized dai!y egg and larval production esti- 
mates per 0.05 m2 sea surface area in CalCOFI 
regions 4, 7, 8, and 11 for January-April 1979-81 
are given (Table 1, Fig. 3). 
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The IMR for the egg stage was believed to be 
constant, z1 ( t )  = a, (Stauffer and Picquelle foot- 
note 6), whereas the IMR for larval stage was 
found to be age dependent z2(t) = p / t  (a Pareto 
hazard function, Johnson and Kotz 1970). I first 
calculated sample IMR z ( t i  = (Pt,-l - Pt, )/(ti - 
ti--l)/Pt, which is an approximation of dS( t ) /d t /  
S ( t )  at various t for 0 < t < 20 d using 1980 
standardized egg and larval data listed in Table 1. 
The 1980 egg and larval production and age data 
were further combined so that z ( t )  > 0 for all t. 
The relationship between z ( t )  and t determined 
the function form of z ( t )  (Table 2). The z ( t ) ' s  were 

~ 

I I I " 0 , o  0 0.0 I 01 0 010 n , 0.0 I , 0 , o  o , n  " ,  - a 0.0 1 
p 0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0 
~ 

AGE (in days) AGE (in days) 
3.0 r AGE (in days) 

3.0 r n r 3 - O r  
0 .- 
c, 

1.0 E 
n * 0.0 

u -1.0 0 -1.0 -1.0 
0 0 0  

.- 
m 

0 Y = -2.0 -2.0 -2.0 
0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0 

In (age) In (age) In (age) 

FIGURE 3.-Daily egg and larval production of northern anchovy per 0.05 m 2  (Pt) by age in days (t) and their log transformations 
(ln(Pt) ), 1979-81. A linear relationship between ln(Pt) and t indicates a constant instantaneous mortality rate (IMR) and a curvilinear 
relationship between ln(Pt) and t indicates an age dependent IMR. Squares are egg data and open circles are larval data. 
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IMR changes, was subjective. Two values of t c  
were used: One was the time of hatching or the 
duration of incubation ( t i )  which is temperature 
dependent and the other was the average age of 
yolk-sac larvae (embryonic period) t c  = t.ys : tz 5 mm 
= age at preserved length 2.5 mm (about 5 d old). 
When t c  was considered equivalent to the incuba- 
tion time ( t c  = t i  ), the egg stages were considered 
as one group with constant IMR; and when t ,  was 
equivalent to average age of the yolk-sac larvae 
( t c  = t,, ), egg stages and yolk-sac length class(es) 
were considered as one group with constant IMR. 
In either case, PI, was esticiated from the fitted 
curve 

TABLE 2.-The instantaneous mortality rates of anchovy eggs 
and larvae < 20 days ( z ( t ,  ) )  by age in days (7,) computed from 
the daily egg and larval production estimates [ P t ,  and age ~ t ,  1, 
1980. r ( t )  = 0.0060 + 1.63it is the  function fitted to the data in 
the  last two columns for t > 4.5 d. 

Daily egg - 
and larval rl = 
production 

i r i ( d )  pt, pt;-,-pr, r , - r l - l  ( r f + t 1 - 1 w  z( r f ) '  

1 0 6 7  9 2 8  
2 1 6 7  553  
3 260 3 7 0  
4 3 5 7  237  
5 565 104 
6 591 0 9 9  
7 7 6 9  086 
8 8 9 0  0 4 9  
9 1147 0 3 9  

10 1383 026  
11 1591 0 2 1  
12 1799 0 1 5  

3 75 
1 83 
1 33 
2 28 
0 05 
0 13 
0 37 
0 10 
0 13 
0 05 
0 06 

G -iVPr, 

1 00 117 040 
0 93 214 036 
0 97 309 037 
2 08 4 61 046 
0 26 578 0 18 
1 78 680  007 
121 830  036  
2 57 1019 008  
2 36 1265 014 
2 08 1487 009  
2 08 1695 014  

quite constant for egg and larvae <4.5 d old and 
decreased thereafter. For t values >4.5 d, the 
function z ( t )  = a + b / t  fit the data best. Based 
upon the function relationship z ( t )  = bit (the mtc ={Jot' 
intercept a is not distinguishable from zero and 
thus was dropped), I have the IMR z ( t ) :  

{;it 

Substitution of Equation ( 7 )  in Equation (5) gives 

Po e - " ' &  = PO(1 - e-"'C)/a 
a>O (9A) 
a=O tc ' Po 

pt, = Po e - 1 y t c  (9B) 

where mtr is the standing stock of eggs and larvae 
up to age t c  . Equation (9A) divided by Equation 
(9B) results in 

t c t ,  
tc < t < 20. (') z ( t )  = 

Applying Equation (6) to Equation (4) leads to 

t ,  < t < 20. 

Combining Equations (3) and (7) one has 

= Ptc (k) -'. 

(8A) 

(8B) 

To validate both Equations (8A) and (8B), loga- 
rithms of Pt and t were plotted: h(Pt 1 against t 
should be a straight line for t 5 t c  (Equation (8A) ) 
and ln(Pt) against ln(t) should be a straight line 
for tc < t < 20 (Equation (8B) (Fig. 3). This was 
true for egg and larval production from 1979 to 
1981. The determination of t c  , the age at which 
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where t c  = t i  or t,, and q is the ratio of standing 
stock of eggs and larvae up to age t c  to the larval 
production Pt,. The estimated IMR, (Y, was ob- 
tained by an iterative procedure using Equation 
(10). The estimated egg production obtained by 
rearranging the terms in Equation (9B): 

The approximate variance of Lu and 6 were com- 
puted in the appendix. 

TIME SERIES ESTIMATES OF 
HISTORICAL EGG PRODUCTION (HEP) 

The HEP per 0.05 m2 (PO) and the egg IMR ( a )  
for the central stock of northern anchovy in the 
first 4 mo of the year, 1951-82, were estimated 
based upon Equations (9B) and (10). For years 
after 1978, catch data were available for CalVET 
and bongo nets, but I chose to use samples from 
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bongo nets because only bongo or similar nets (1 m 
ring nets) were used for sampling eggs and larvae 
prior to 1978. 

Two series of HEP estimates were constructed. 
Series 1 assumed a constant IMR for the egg stage 
with t c  = t i ,  whereas series 2 with t c  = t,, 
assumed a constant IMR throughout the embry- 
onic period (Table 3). Both PtI and Ptrs, the daily 
larval production at hatching and yolk-sac stage, 
were obtained from the fitted line of Equation (8B) 
with t c  = t i .  

Under series 1, nearly half of the egg IMR ( & i )  

were negative (11 out of 24 yr). This was because 
the egg IMR depended on the value of q through 
Equation (10) where q = mtI/PtI .  However, judg- 
ing from Equation (lo), q = ti for a = 0. Therefore 
for those years where q < t I ,  egg IMR would be 
less than 0. The small q’s could result from the 
underestimated mtI or overestimated PtI or both. 
The poor results of IMR (&) were likely due to the 
underestimation of m t I .  As a result, the standing 
stock of eggs and that of yolk-sac larvae were 
combined into one group in series 2, to eliminate 
the negative IMRs. 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1969 

1972 

1975 

1978 

1979 

1980 

1981 

1982 

TABLE 3 -7bo t i m e  series of est imated h is to r ica l  egg produc t ion  CP, t ,  and egg m o r t a l i t y  (61, l a r v a l  
m o r t a l i t y  coefficient I f i ) ,  m e a n  egg abundance ( r n t l ) ,  m e a n  egg a n d  yolk-sac l a r v a l  abundance 
( m f y s  1, J a n u a r y - A p r i l ,  a n d  m e a n  l a r v a l  abundance ( L a  ) p e r  0 05 m2, 1951-82 w i t h  s tandard  e r r o r  
in parentheses 

‘Series 1 ‘ Series 2 
Mean 

Daily Daily Larval Mean yolk-sac Mean 
egg Egg egg Egg mortality egg larval larval 

production mortality production mortality coetf abundance abundance abundancez 

0006 003  0012 023  0 85 0 02 0 03 0 04 

Year Po Po (I P m u  mrys La 

(0 024) 
0 002 
(0 003) 
0 026 

(0 019) 
0 031 
(0 026) 
0 026 
(0 028) 
0 122 

(0 114) 
0 148 
(0 040) 
0 966 

( 0 4 1 )  
0 444 

(0 267) 
0 678 

0 446 
(0 669) 
0 443 

(0 297) 
1 404 
(0 690) 
3 681 

(1 956) 
0 778 

(0 559) 
3 540 
(1 660) 
0 876 

(0 557) 
0 639 
(0 356) 
15320 

(1 1 608) 
10 524 
(4 566) 
4 258 
(2 215) 
2 338 
(1 427) 
3 95 

(2 658) 
1941 

(1 230) 

(0 535) 

(0 116) 
0 017 
(0 107) 
0 066 

(0 180) 
0 168 
(0 186) 
0 316 
(0 393) 
0 146 

(0 647) 
0 364 

(0 423) 
1274 

(1 182) 
0 992 

(0 822) 
1765 

(0 774) 
0 653 
(0 635) 
1314 

(1 171) 
2 275 
(0 991) 
4 147 

(2 681) 
4 019 

(1 176) 
5 256 

(1 799) 
3 821 

(1 062) 
1 657 

(0 804) 
19 691 

(10364) 
10 738 
(4 484) 
5 426 

(2 616) 
2 671 
(1 260) 
4 376 

(2 084) 
3 294 

(1 367) 

0 04 

0011 

0 17 

0 19 

0 11 

0 26 

033 

0 34 

0 34 

0 26 

0 67 

0 95 

0 65 

1 04 

0 80 

0 67 

0 62 

081 

0 29 

0 39 

0 40 

0 63 

0 46 

’Series 1 and 2 are hvo methods used for estimating daily egg production (Po )  Series 1 assumed a constant IMR tor egg 

2Computed from annual larval abundance for the central subpopulation (Table 2 Stauffer and Charter 1982) 
stage whereas series 2 assumed a constant IMR lor egg through yolk-sac larval stage 
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TABLE 4.-Daily egg production per 0.05 m* (Po) ,  egg instan- 
taneous mortality (a), egg abundance ( m i l )  of northern an- 
chovy, and number of tows (n) in CalCOFI regions 4, 5, 7, 8 , 9 ,  
11,13, and 14, January-April 1980-82. 

Under series 2, Po and a were estimated based 
upon q = mtys /Ptys (Equations (9B) and (10) 1, with 
tc  = tys . The average age of yolk-sac larvae ( tys  = 
t2.5 -) was 4.7 d. All q’s were greater than t,, , 
thus A’s were all positive. 

The HEP (PO) for both series have the same 
trend: a gradual increase from the early 1950’s to 
middle 1960’s, thereafter fluctuating until 1975 
when it reached the peak value at  15.32lday per 
0.05 m2 (series 1) or 19.69/day per 0.05 m2 (series 
2). From 1978, HEP decreased to the present level 
of 1.94/day per 0.05 m2 (series 1) and 3.29lday per 
0.05 m2 (series 2) (Table 3, Fig. 4). The approxi- 
mate standard error of the estimated HEP (PO)  
and egg mortality (&) is large for the early years 
and small for the recent years, possibly because 
of the poor quality of early egg data, or an insuf- 
ficiency of the delta method to estimate the 
variance. 

For the purpose of verification, HEP (PO)  from 
the two series based upon the egg-larval mortality 
model and the egg production at  age 0 estimated 
from the current EPM (Stauffer and Picquelle 
footnote 6) were compared for 1980-82 where 
adequate egg and larval samples were available 
(Table 4). The Po’s from the two series of HEP and 
the current EPM were not significantly different, 
nor were the egg mortality rates. However, the 

h 
I \  

N Daily egg production P E 
v) x 
5 

2 10 
W 
m 

z 

5 

0 
1950 1960 1970 1980 

YEAR 

FIGURE 4.-Estimates ofhistorical egg production of the central 
stock of northern anchovy using the series 2 method (Po) and the 
larval abundance (La) of the larval census estimates, 1951-82. 

1980 1982 1981 

(SE) (SE) (SE) (SE) (SE) (SE) 
P o  a P o  a io a 

Historical egg production 
Series 1 2.33 0.37 3.95 0.36 1.94 0.15 

(1.46) (0.21) (2.70) (0.24) (1.70) (0.20) 
Series 2 2.67 0.36 4.37 0.38 3.29 0.36 

( 1 . 4 6 )  (0.08) (2.70) (0.08) (1 70) (0.09) 
Current egg pro- 2.29 0.45 1.82 0.14 1.18 0.15 

duction method’ (0.51) (0.11) (0.31) (0.08) (0.32) (0 104) 

1980 1981 1982 

n E& n EK n 3) Egg abundance per 
0.05 m2 (mt,) 

~~ 

CalVET(0333mm)2 961 320 1 . 1 3 4  4 7 2  992 348 
(0 52) (0 72) (0 62) 

Bongo(O505mm) 97 4 12 403 6 8 8  113 4 9 3  
(1 46) (2  70) (1 70) 

I Picquelle. see text footnote 8 
2Mesh size. 

point estimates of Po’s from the current EPM were 
lower than those estimated from the two series. 
The reason for the lower values is unknown at  the 
moment. This could be due to random fluctuation 
of the statistics. The current EPM estimates of PO 
were much more precise than those derived from 
the historical egg-larval mortality model, where- 
as the precision of egg mortality rate from both 
methods was similar. 

As to the estimates from the two series of HEP, 
the point estimates of Po from series 2 were always 
higher than those estimated from series 1. Recall 
that the assumption of series 2 was that the egg 
through yolk-sac larval stage suffers a constant 
mortality rate. However, if in fact the yolk-sac 
larvae suffer a higher mortality rate than eggs, 
the mortality rate of eggs and larvae when com- 
bined (series 2) would overestimate egg mortal- 
ity as  well as  egg production ( P O )  (Equation 
(9B) 1. 

DISCUSSION 

Historical production (PO) and egg IMR ( a )  of 
the central stock of northern anchovy for the first 
4 mo of the year from 1951 to 1982 were estimated 
based upon the information of total number of 
eggs and yolk-sac larvae per 0.05 m2 and the egg- 
larval mortality model. Two series of PO and a 
were produced. Series 1 assumed a constant IMR 
for only the egg stage whereas series 2 assumed a 
constant IMR for the entire embryonic period. 
Both series of PO showed the same trend (Table 3, 
Fig. 4) with a peak in 1975. The high daily egg 
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production estimate ( P O )  in 1975 was caused by the 
high standing stock of eggs (mtl  = 30.06/0.05 m3 
per m depth) which was more than 10 times that of 
other years, and the high egg IMR (6 = 0.36) 
(Table 3). The high daily egg production in 1975 
reflects either a high fecundity (high spawning 
frequency) or a high spawning biomass or some 
combination of these effects. The present level of 
egg production is the same as that in the middle 
1960's. Both egg IMR ( G )  and larval IMR coeffi- 
cient p, z ( t )  = p / t ,  vary from year to year (Fig. 5). 

In addition to providing a 24-yr time series of 
HEP for the northern anchovy, two important 
conclusions can be drawn from this analysis: 

1.. The form of IMR of eggs (and yolk-sac larvae) is 
different from that of older larvae (6-20 d). 

2. Egg production is a better index of stock 
abundance than is the standing stock of larvae. 

Little doubt exists that mortality rates change 
sometime between the hatching of the eggs and 
the onset of feeding. Analysis of the daily egg and 
larval production by age for 1979-81 (Fig. 3) 
suggested a constant IMR for eggs (or eggs and 
yolk-sac larvae) and an age-dependent IMR of 
Pareto form for older larvae ( z ( t )  = pit for t c  < t < 
20 d) (Table 2). The age I C  in Equation (3) could be 

2'5 E 

Egg IMR (a) 

O . = ~  0.0 1950 1960 1970 1980 

YEAR 

FIGURE 5. -Estimated egg instantaneous mortality rate (TMR) 
(&) from series 2 method of estimating egg production and the 
larval mortality coefficient @) of the central stock of northern 
anchovy, 1951-82. 

considered to mark the end of the critical period 
after which mortalit,y decreases (Ahlstrom 1954; 
Marr 1956; Farris 1960; Saville 1964). Series 1 
assumed tc = incubation time and series 2 as- 
sumed t c  = average age of yolk-sac larvae. From 
the existing data, I could not ascertain which 
assumption was the more likely, but it was evi- 
dent that larvae a t  hatching or near first-feeding 
(yolk absorption) suffer higher mortality than do 
older larvae. 

The HEP (PO)  is certainly preferable to larval 
standing stock (larval census estimate = LCE) for 
use as an index of spawning biomass. Egg produc- 
tion is related to the spawning biomass through 
Equation (21, i.e., PO = Ba.C,  where the propor- 
tionality C is the reproductive output (R.F.EIW). 
If the reproductive output remains constant be- 
tween years, as shown by 1980-82 anchovy data 
(Picquelle'), the HEP will be an  unbiased index of 
the spawning biomass. The LEC assumes Ba = 
R.La where La is the larval abundance and K is 
a constant proportionality (Smith 1972; Stauffer 
and Charter 1982) (Table 3, Fig. 4). Thus to 
provide an  unbiased index of biomass, the method 
requires that not only the reproductive output be 
constant from year to year but also the egg and 
larval mortality must remain constant as well. 
Using Equation (8), the larval abundance (age 
< 30 d old) can be written as 

30 
L a  =J  Pt dt 

tz 

forp + 1 

e-a'z(1n30 - In t r )  

B = l  

where g(a, p ,  t i )  = 

a is the egg IMR and p is the larval mortality 
coefficient. 

The larval abundance ( L a )  is proportional 
to the spawning biomass (B , )  with constant 
proportionality only if the reproductive output 

"S. J. Picquelle, Statistician, Northwest and Alaska Fisheries 
Center, National Marine Fisheries Service, NOAA, 2725 Mont- 
lake Boulevard E, Seattle, WA 98112, pers. commun. July 1983. 
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al though subject to major biases. If egg and  ia rva l  
age d a t a  exist bu t  no d a t a  on reproductive pa ram-  
e te rs  a r e  avai lable ,  t h e n  the  H E P  is t he  preferable 
method. The  EPM is t h e  best method: i t  requires  
not only knowledge of egg mortal i ty  but  accurate  
es t imates  of a d u l t  reproduct ive pa rame te r s  as 
well. In  many t ime series, both growth a n d  abun-  
dance of eggs a n d  la rvae  a r e  avai lable  b u t  repro- 
ductive pa rame te r s  a r e  not. In  these  cases, t he  
H E P  is probably t h e  most  a c c u r a t e  m e a n s  of 
creat ing a historic t ime  series of biomass. 

(R .F .EIW)  a n d  t h e  egg a n d  la rva l  mortal i ty  ra tes  
t h rough  t h e  function g ( a ,  /3, t i  ) r ema in  constant  
from year  to year. I t  is  c lear  t h a t  from 1951 to 1982 
t i m e  se r i e s  (Table  3) t h a t  t h e  a s s u m p t i o n  of 
constant egg a n d  la rva l  mortal i ty  h a s  not been 
m e t  by t h e  central  California anchovy population. 
The  H E P  requires  constant reproductive output .  
The  validity of t h i s  assumption can only be tested 
with fu ture  da t a .  

I n  addition to  t h e  ichthyoplankton da ta ,  several 
o ther  indices of anchovy biomass exist: acoustic 
t rawl  surveys conducted by California Depart-  
ment  of F ish  a n d  Game,  aer ia l  survey records from 
a i rc raf t  associated wi th  t h e  fishery, catch-effort 
ana lys i s  (CPUE) ,  a n d  cohort  analysis  from t h e  
catch of t h e  United S ta tes  and  Mexican fishery. In  
a recent managemen t  plan,  all of these  indices 
except cohort  analysis  have been calculated and  
compared wi th  t h e  t ime  series of egg production 
presented i n  th i s  paper  (MacCall  e t  al!). The  
es t imates  of egg production covaried with these 
o ther  indices from year  to year  a n d  appeared to be 
t h e  most consistent index of spawning  biomass 
among these indices (Table 5). 

Selection of t h e  appropriate  method for esti-  
ma t ing  biomass depends upon t h e  d a t a  availabil-  
i ty  a n d  knowledge of t h e  growth of eggs a n d  
la rvae .  If nothing is known of t h e  age of eggs a n d  
la rvae  a n d  no information exists on reproductive 
parameters ,  t h e  LCE is t he  only method avai lable  

'MacCall, A. D., R. D. Methot, D. D. Huppert, H. W. Frey. and 
0. Mathisen. 1983. Northern anchovy second draft revised 
fishery management plan incorporating DEISIRIR. Pac. Fish. 
Manage. Counc. 

TABLE 5 -Correlations among various indices of an- 
chovy spawning biomass Upper value is correlation 
coefficient, lower value is number of observations (Repro- 
duced from table 4 3-2 of MacCall e t  al ( text footnote 9 )  ) 
Historical egg production 

0458 Larval 
(23) census 

0807 0 708 Acoustic 
(8) (7) survey 

0818 0327 0659 Aerial 
(9) (9) (9) index 

0791 0004 0512 0379 Spring 
(4) (4) (10) (9) CPUE 

0 395 0865 0290 0655 0256 Fall 
(4) (4) (IO) (10) (9) CPUE 

Spawning biomass index Consistency' Rank 
Historical egg production 0 654 1 
Larval census 0 480 5 
Acoustic survey 0 606 2 
Aerial index 0 583 3 
Spring CPUE 0 388 6 
Fall CPUE 0 517 4 

'Consistency is average of correlation coefficients 
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APPENDIX 

The approximate variances of Cir and were derived from the delta method 
(Seber 1973): 

var[f(xl,. . . , xi)] A f ( x 1 , .  . . , xi) var(xl 1’ 
var (&) was computed based upon Equation (lo), i.e., 

149 



FISHERY BULLETIN: VOL. U3, NO. 2 

Thus var(&) var(q). - 

- - v a r ( n i t , ) + q ~ v a r ( ~ ~ , ) - 2 q c o v ( n i t , , ~ t C )  . k d /  -1)+1 121 
A ez 

where cov (mt, , Pt , )  was estimated from the 1951-82 time series. Var (PO) was 
computed based upon Equation (9B) 

Po = pcce&tC 

= e z i t c  [ t C z  A , 2  var(&) + var(Pt,) + 2ptC . tc  -cov(ptc, 611 

where cov (A,, ai) was estimated from the 1951-82 time series. 
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