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INTRODUCTION:

An Egg Production Method
for Anchovy Biomass
Assessment

REUBEN LASKER

Southwest Fisheries Center,

National Marine Fisheries Service, NOAA,
PO. Box 271,

La Jolla, CA 92038

Fishery scientists engaged in estimating the size of free-swimming
populations have never had a technique available to them whereby
all the parameters could be estimated from a resource survey and
where no parameter values need to be assumed. Recognizing the
need for a technique of this kind, the staff of the Coastal Fisheries
Resources Division of the Southwest Fisheries Center (SWFC) de-
vised an egg production method for anchovy biomass assessment.
Previously, anchovy biomass was estimated by approximate methods
derived from a long-time series and anchovy larval abundance, which
required about 5 mo of shiptime each year to integrate the area under
a seasonal spawning curve. One major assumption used in the lar-
val abundance census method is that there is constant proportionality
between larval numbers and spawning biomass. This has now proved
to be erroneous.

The chief advantages of this egg production method are: 1) it yields
an instantaneous estimate of egg production and spawning biomass
requiring a single cruise with one or two ships, and 2) each factor
in the biomass estimate is formally derived with estimates of preci-
sion. The major disadvantage of the method is that eggs are patchier
and represent a shorter time period than larvae. This requires that
numerous samples be taken to improve precision. Each sample must
be small to reduce variance and to limit the time needed to sort out
the eggs, and the entire spawning area should be encompassed by
the cruise to detect the geographic edge of spawning.

This egg production method is based on an original finding by
Moser (1967) that postovulatory follicles can be seen and used to
determine time of spawning in rockfish. Hunter and Goldberg (1980)
and Hunter and Macewicz (1980), following upon this suggestion,
developed criteria for ageing postovulatory follicles in anchovy and
hence the frequency of spawning of natural populations. This was
confirmed in the SWFC aquarium using Leong’s (1971) laboratory
breeding anchovies. Thus incidence of females with postovulatory
follicles or hydrated eggs could be used as a measure of spawning
frequency. Parker’s (1980) model, in which all parameters can be
estimated, uses an estimate of egg production divided by the product
of batch fecundity and the proportion of females in the mature stock,
and accounts for the fact that spawning in anchovies is relatively
continuous. Estimates of egg production are derived from direct
plankton net sampling using a net designed by Smith and modified
by Flerx (see Smith et al. 1985). Smith conceived the idea of sam-
pling small numbers of eggs, and guided the procedure at sea each
year since its inception, 1980-84, at the SWFC. Lo (1985) developed
analytical procedures to estimate the natural mortality and the con-
tagious distribution of the eggs. Moser and Ahlstrom (1985)
developed the criteria for staging the eggs.

Besides an estimation of biomass, the application of this tech-
nique provides a great deal of information heretofore unobtainable
on the natural history of anchovy populations. For example, we now
can determine the mortality rates of eggs and early larvae and we
have shown that multiple spawners can spawn as many as 20-30 times
in a season. The biological rates we measure appear to be much
more dynamic than we had supposed; egg mortality has differed
greatly from year to year as has fecundity and spawning frequency.
Together these new findings have given us an insight we did not
have before into the potential for recruitment in fish populations.

It is our belief that the egg production method may also be the
technique of choice for determining the spawning biomass of other
multiple spawning pelagic fish, particularly clupeoids, (e.g., sar-
dine, anchovy, and menhaden). Thus this volume is intended to be
a guide to fishery scientists in applying the method to their own
species. We have provided the theoretical basis and described the



operational aspects of the method as we have used it to determine
the spawning biomass of the northern anchovy, Engraulis mordax,
for the last 5 yr in the waters off California and Baja California,
Mexico.

There are several important criteria which must be met before
this egg production method for biomass estimation can be used. The
fish must be a multiple spawner, and its eggs must be pelagic. The
eggs must be caught by a plankton net in the upper layers of the
ocean without significant losses by extrusion. Spawning and
nonspawning adults must be equally available to a trawl or similar
sampler. Application of this technique to other fish may require
modification to fit the biology of the species and circumstances of
sampling and capture.

This manual provides a description of the biomass model and its
mathematical parameters; a physical description of the parameters
themselves, e.g., eggs and spawning adults; and information on the
field methods as we have applied them to determining the spawn-
ing biomass of the northern anchovy.

The various steps of the egg production method for determining
northern anchovy biomass, as they are done at La Jolla, are charted
in Figure 1.
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Biomass Model for the
Egg Production Method

KEITH PARKER!

Southwest Fisheries Center,

National Marine Fisheries Service, NOAA,
PO. Box 271,

La Jolla, CA 92033

ABSTRACT

The spawning fraction of multiple spawners is estimakle when females exhibit mor-
phological characteristics which indicate when spawning will take (or has taken)
place. The length of time in which characteristics remain detectable must in itself
be estimable and constant over the field sampling interval. Spawning biomass is
then estimated as a function of the estimated spawning frequency and other
parameters: egg production, batch fecundity, sex ratio, and average weight of
mature females. Based on the delta method, approximate variance estimates for
spawning biomass are derived and given.

'Present address: 8263 Vista Drive, La Mesa, CA 92041.

A

The relationship between the spawning biomass of a fish stock and
its production of eggs is easily derived. Simply stated, the produc-
tion of eggs (P) must be equal to the female biomass that produced
those eggs multiplied by the female batch fecundity:

P = (B'R)F' @

The female biomass is represented as the product of the total
biomass of the entire stock B, both males and females, and R’, the
portion of the entire stock that is egg-producing females. The batch
fecundity F’ is the number of eggs spawned per batch per unit weight
of female.

Note that R’ is not the biomass of females divided by the biomass
of males plus females, a simple sex ratio in terms of biomass. Rather
R’ is the total biomass of females that has produced eggs in a specified
period of time divided by the biomass of males and females together.
If females spawn more than once during the period of time in which
production is measured, R' may be greater than the simple sex ratio
in terms of biomass. The converse would be true if, on the average,
females spawn less than once.

It is this fundamental definition of R’ that allows Equation (1) to
be easily derived. However, in its present form, Equation (1) is of
practical value only when each mature female spawns once during
the time interval over which production is measured, in which case
R’ becomes the simple sex ratio estimated from biomass, say R.

In its present form, Equation (1) is not useful for multiple spawners,
when population spawning appears to be continuous over the period
of time over which production is measured. There is no way to relate
production of eggs, P, to female biomass that produced those eggs
without making an adjustment for spawning frequency.

R’. the proportion of female-producing biomass, is composed of
two parts: R, the simple biomass-based sex ratio (the biomass of
females to that of males plus females) and f, the fraction of females
spawning during the time interval,

R =Rf. @

Parker (1980) documented the above relationship and demonstrated
that spawning frequency (f) can be estimated if three conditions
are met: 1) Females can be examined for a characteristic which in-
dicates when spawning will or has taken place, 2) the length of time
such a characteristic remains detectable is estimable, and 3) the
spawning rate (or frequency) remains constant over the sampling
interval in which f is estimated.

Under these conditions the spawning fraction (f) is the fraction
of females displaying characteristic 1 above, divided by the length
of time the characteristic remains detectable. For example, if from
a sample of 10 females, 2 display a characteristic which lasts for
1 d and which indicates that spawning will take place in approx-
imately 3 d, then the spawning rate can be expected to be 1/5 in
3 d. Spawning frequency so estimated is additive. For instance, a
daily rate can be summed over any length of time, week, year, etc.
However, if multiple spawnings occur in the time period, parameter
f can exceed unity and is no longer properly a “fraction.”

Having developed a condition under which the spawning frequency
can be estimated, Parker (1980) rewrote Equation (1) in terms of
the simple biomass sex ratio (R) and the spawning frequency (f),

P =B-RfF 3)



Spawning biomass can be estimated directly,
B = P/(R-f-F"). @

Equation (4) is a conventional equation relating spawning biomass
to egg production. The estimate of production (P) can be for any
time interval, as long as the fraction of females spawning (f) is com-
puted for the same interval. For a species that spawns but once over
the time interval in which production is measured, say a year, Equa-
tion (4) is still valid, but now greatly simplified since f = 1.

Stauffer and Picquelle (1980) modified Equation (4) for the north-
ern anchovy, Engraulis mordax, and based the biomass equation
on a daily estimate of production and fraction spawning,

B = P-Ak-W)/(R-F-S) (5)

where B = spawning biomass in metric tons,

P = daily egg production, numbers of eggs produced per
0.05 m? per day,

W = average weight of mature females (g),

R = sex ratio, fraction of population that are mature
females, by weight (g), as before,

F = batch fecundity, number of eggs spawned per mature
females per batch,

S = the fraction of mature females spawning per day,

A = the total survey area (in 0.05 m?),

k = conversion factor of grams to metric tons.

Stauffer and Picquelle (1980) found that more stable estimates
of spawning biomass are achieved if Parker's batch fecundity
estimate by weight is replaced by F, eggs per female per batch,
and W, the average weight of mature females. Stauffer and Pic-
quelle (1980) demonstrated estimation with an example. A detail-
ed example is given in Picquelle and Stauffer (1985).

Based on the delta method (Seber 1973), Stauffer and Picquelle
(1980) show the approximate bias and variance of the biomass
estimator to be a function of sample variances and covariances. Bias
(b) is given by

E[B] = B+b (6)

where E[B] is the expected value of the biomass and B is the estimate
from Equation (5). The bias is approximately

b = B(CV(R)? + CV(F)? + CV(S)* + COVS) (7)

where CV denotes coefficient of variation, and COVS is the sum
of terms involving covariances:

COVS = COV(PW)/PW — COV(PR)/PR — COV(PF)/PF
— COV(PS)/PS — COV(WR)/WR — COV(WF)/WF
— COV(WS)/WS + COV(RF)IRF + COV(RS)/RS
+ COV(SF)/SF. ®)

Ignoring the bias, approximate variance of the estimate is given by

Var B = BX(CV(P)? + CV(W): + CV(F)* + CV(S)? + 2 COVS)
&)

LITERATURE CITED

PARKER, K.

1980. A direct method for estimating northern anchovy, Engraulis mordax, spawn-

ing biomass. Fish. Buli., U.S. 78:541-544.
PICQUELLE, S., and G. STAUFFER.

1985.  Parameter estimation for an egg production method of northern anchovy
biomass assessment. /n R. Lasker (editor), An egg production method for
estimating spawning biomass of pelagic fish: Application to the northern an-
chovy, Engraulis mordax. p. 7-15. U.S. Dep. Commer., NOAA Tech. Rep.
NMES 36.

SEBER, G. A. F

1973, The estimation of animal abundance and related parameters. Hafner Press
NY., 506 p.

STAUFFER, G. D., and S. J. PICQUELLE.

1980. Estimates oi the 1980 spawning biomass of the subpopulation of northern
anchovy. Natl Mar. Fish. Serv.. Southwest Fish. Cent., La Jolla, CA, Ad-
min. Rep. LJ-80-09, 41 p.



Parameter Estimation for
an Egg Production Method
of Northern Anchovy
Biomass Assessment

SUSAN PICQUELLE and GARY STAUFFER!
Southwest Fisheries Center,

National Marine Fisheries Service, NOAA,

PO. Box 271,

La Jolla, CA 92038

ABSTRACT

The estimate of daily egg production is derived from the exponential mortality
model fit to the egg density data generated by the plankton survey. The specific
formulation of the model used in any particular application depends on the
availability of computer programs to run the regression analysis. The model also
provides an estimate of egg mortality. Stratification and station weighting schemes
depend on survey station pattern. Poststratification of plankton stations is recom-
mended for eliminating those plankton stations occupied that lie beyond the spawn-
ing area.

The adult spawning parameters for the northern anchovy example are estimated
from trawl survey data using the equations for the sample mean and variance
from cluster sampling theory. The choice of the most appropriate estimate in any
particular application depends on the ple design. The need for stratifying the
survey depends on whether the daily population fecundity parameters change in
a consistent fashion over the range and duration of the survey.

The estimation of average weight is straightforward except that the weight of
females with hydrated ovaries must be adjusted downward to correct for the tem-
porary weight gain from the increased fluid in the ovaries. Since batch fecundity
cannot be measured for each female fish, it is estimated for each individual from
a regression model of batch fecundity and ovary-free body weight derived from
a sample of female fish with hydrated ovaries. The station value for batch fecun-
dity is estimated as the sample mean of the estimated fecundities. The variance
of the mean fecundity, however, is adjusted to include the additional variance
resulting from the regression estimation.

For the northern anchovy trawl survey, spawning fraction is the proportion of
the mature females which have day-1 postovulatory follicles. Evidence from these
trawl surveys indicate female fish classed as day-0 spawners are oversampled. The
number of mature females per station is adjusted to compensate for this bias.
The sex ratio parameter is the fraction of the mature population that is femal
based on weight rather than numbers. Sex ratio data are best generated from a
second subsample. For these trawl surveys, the sampling bias of day-0 spawning
females occurs during the peak hours of the evening spawning period and im-
pacts the estimates of spawning fraction and sex ratio.

'Present addresses: Northwest and Alaska Fisheries Center, National Marine Fisheries
Service, NOAA, 7600 Sand Point Way NE, Seattle, WA 98l115.

INTRODUCTION

The development of equations for estimating egg production
parameters is based on statistical procedures that are applicable to
survey and sampling designs and that give valid estimates of the
parameters and their variances. The purpose of this paper is to pre-
sent the statistical equations for estimating daily egg production and
daily specific? fecundity parameters and the associated variance
estimates that have been used for the northern anchovy. For conve-
nience, a summary of the parameter values estimated for the north-
ern anchovy from 1980 to 1984 is included in Table 1.

Table 1.—Time series of egg production parameters (1980-84).

Parameters 1980 1981 1982 1983 1984

Daily egg production P4 26.34 2096 13.51 17.25 12.98
(10" eggs/d)

Average female w1744 1337 18.83 11.20 12.02
weight (g)
Batch fecundity F 7,751 8,329 10,845 5297 5485

(no. eggs/batch
per mature female)
Spawning fraction S 0.142  0.106 0.120 0.094 0.160
(no. spawning
females per
mature female)

Sex ratio R 0.478 0.501 0472 0.549 0.582
(no. females/total)

Daily specific 30.28 33.03 32.53 2435 4243
fecundity

(no. eggs/g biomass

per d)

Spawning biomass B 870 635 415 652 309
10° 1)

DAILY EGG PRODUCTION

The estimate of daily production of eggs released into the sea, P,
by spawning adult fish is derived by regressing the counts of eggs
on their age using the exponential mortality model. This model
assumes a constant mortality rate.

-2Zt)
Pl/' =P,~8( o

+ €k ()]
where P = the number of eggs in day k age category from sta-
tion j in stratum i,
i = the age in days measured as the elapsed time from
the specified spawning time, #,, to the time of sam-
pling of station j in stratum i,
P; = the daily egg production per unit area in stratum i,
Z = the daily rate of instantaneous egg mortality, and
€ = the additive error term.
A number of regression procedures can be used to estimate P and
Z from the observations of Py and #;; depending on the design of
the survey and the availability of statistical computer programs.
First, the need to stratify the plankton survey should be evaluated.
Stratification is usually undertaken to reduce the variance of
parameter estimates. If more than one major spawning area exists,
or if the survey is conducted over a relatively long period such that
spawning rates differ among areas or over time, stratification of the

t

?Daily specific fecundity = number of eggs produced/gram of biomass per day.



data after the survey would be appropriate. This occurred in the
anchovy spawning survey conducted in 1983 (Picquelle and Hewitt
1984).

In addition, the total survey area may be considerably larger than
the spawning range. This has been the case for the anchovy resource
off the California coast. The anchovy surveys are intentionally
designed to sample the full range of anchovy spawning, knowing
that in any one year the spawning will occur over a much smaller
area within the range. As a result, many stations are beyond the
spawning area of anchovies and contribute a large number of sta-
tions with zero egg counts, thus inflating the variance of the egg
count data set. To reduce the impact of these zero-count stations,
the total survey area is poststratified into two strata depending on
the presence or absence of eggs in the sample. Stratum O contains
the stations beyond the geographic area of spawning so that P is
zero for stratum 0. The geographic area containing all the anchovy
eggs and the few embedded stations with zero egg counts make up
stratum 1. In this latter case, the size of the geographic area of stratum
1, A;, and the number of occupied stations, n,, become random
variables with variances and expected values. The magnitude of this
added variance is negligible if n, is larger than 100 (Jessen 1978).
Poststratification of the stations to eliminate those stations beyond
the spawning area is a recommended procedure for estimating egg
production.

In addition to stratification, it is desirable to increase the density
of plankton stations within the geographic area where adult spawn-
ing is expected. Increased sample size in this area will reduce the
variance of P for the positive stratum. To correct for differences
in station density, the egg count observations by station need to be
weighted by a factor proportional to their representative area such
that the sum of the station weights in the positive stratum, i=1, equals
n,, the total number of stations in this stratum, i.e.,

iy
ZWU = My
J=1

Since the egg counts in the zero stratum are zero, weighting in that
stratum is unnecessary. The preferred statistical technique for
estimating parameters P and Z from Equation (1) is weighted
nonlinear least squares regression fit to individual egg counts and
ages from stations within the positive stratum. The computer pro-
gram used for the northern anchovy case was BMDPAR (Dixon and
Brown 1981).

The stratified estimate of P can be calculated as the weighted
average of P, and P,, where P, is zero by definition and P, is
estimated by regression analysis, and the weights are the relative
areas of the two stratum, i.e.,

P= % P+ % Py
and the variance, adjusted for postsurvey stratification (Jessen 1978)
is
Var (P) = (1+%)(%'— Var (P)) + % Var (Py))

where A; = the area of stratum i for each region,
A = A, + A,
n = the total number of observations for the survey,
Var(P,) = estimated for stratum 1 from the regression

analysis, and
Var(Py) = 0 by definition.
In the event that a computer program for nonlinear regression is
not available, the egg mortality model must be linearized so that
P and Z can be estimated by linear regression methods. The linear

version of the model is

n(Pyx) = inPy— Ztyjx + €ijx -

This linear model gives the error structure of ¢ as additive in the
transformed expression. This implies a multiplicative error struc-
ture in the nonlinear model. The form of the error in either case
should be studied by examining the variability about Py versus age.
This can best be accomplished by examining the residuals between
the observed Py and those predicted by the model. The antilog
estimate of P will be biased. An unbiased estimate can be approx-
imated by
P = enP+sY2)

where s? is the estimated residual variance from the regression
analysis, usually denoted by s,..%.

If computer facilities are not readily available. the estimation of
P and Z can be further simplified. This simplification involves
averaging the egg counts Py, over time intervals of equal length.
A minimum of three time intervals is necessary to estimate the two
parameters P and Z. For the anchovy example, five intervals of
12 h were tried. The modified mortality model in this case is?

Pi=Pie k(11— e 23/ ZA1

where P, = the average number of eggs of age f, sam-
pled during the time interval (¢, t,.,),
t.=t, —1, = the time elapsed (or age) between spawning and
the beginning of the time interval, &,
Iy = the midpoint of the daily spawning period, and
At = the length of the time interval (z,,, — t,) over
which Py, are averaged.
The linear form of this model is

In(Py) = In(P,(1 — e=23)/ZA1)-Z1]

where the regression coefficients b, = In(P,(1 —e~?2)/ZAf), and
b, = —Z. Substituting the value of Z from b, into b, will provide
an estimate of P;. These estimates of P and Z should be useable
in most cases, but their associated variance estimates will not be
realistic.

DAILY SPECIFIC FECUNDITY
Station Weighting Alternatives

In sampling theory, several estimates of the population mean are
described; the choice of the most appropriate estimate depends on
the sample design. Trawl surveys typically consist of a three-stage
sampling design: 1) the selection of the trawl stations, 2) the catch
of fish at the station, and 3) the selection of the subsample of fish
from the catch. The sample design, and hence the estimate, is deter-
mined by how each of the stages is executed.

There are two common methods for selecting station locations:
random sampling and judgment sampling. Under the random sam-
pling regime, the trawl stations are distributed randomly over the
survey area. The exact locations of the stations are determined prin-
cipally b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>