NOAA Technical Report NMFS 36 December 1985

An Egg Production Method

for Estimating Spawning Biomass
of Pelagic Fish: Application

to the Northern Anchovy,
Engraulis mordax

Reuben Lasker (Editor)

U.S. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration
National Marine Fisheries Service




NOAA TECHNICAL REPORT NMFS

The major responsibilities of the National Marine Fisheries Service (NMFS) are to monitor and assess the abundance and geographic distribution of fishery resources, to
understand and predict fluctuations in the quantity and distribution of these resources, and to establish levels for their optimum use. NMFS is also charged with the development
and implementation of policies for managing national fishing grounds, development and enforcement of domestic fisheries regulations, surveillance of foreign fishing off United
States coastal waters, and the development and enforcement of international fishery agreements and policies. NMFS also assists the fishing industry through marketing service
and economic analysis programs, and mortgage insurance and vessel construction subsidies. It collects, analyzes, and publishes statistics on various phases of the industry.

The NOAA Technical Report NMFS series was established in 1983 to replace two subcategories of the Technical Reports series: *‘Special Scientific Report—Fisheries™ and
“Circular.” The series contains the following types of reports: Scientific investigations that document long-term continuing programs of NMFS; intensive scientific reports on
studies of restricted scope; papers on apphed fishery problems; technical reports of general interest intended to aid conservation and management; reports that review in con-
siderable detail and at a high technical level certain broad areas of research; and technical papers originating in economics studies and from management investigations. Since
this is a formal series, all submutted papers receive peer review and those accepted receive professional editing before publication.

Copies of NOAA Technical Reports NMFS are available free in limited numbers to governmental agencies, both Federal and State. They are also available in exchange for
other scientific and technical publications in the marine sciences. Individual copies may be obtained from: U.S. Department of Commerce, National Technical Information Service,

5285 Port Royal Road, Springfield, VA 22161.

1. Synopsis of biological data on the Blue Crab. Caliinectes sapidus Rathbun, by
Mark R. Millikin and Austin B. Williams. March 1984. 39 p

2. Development of hexagrammids (Pisces: Scorpaeniiormes) in the Northeastern
Pacific Ocean, by Arthur W. Kendall, Jr., and Beverly Vinter. March 1984, 44 p.

3. Configurations and relative efficiencies ol shrimp trawls employed in southeastern
United States waters, by John W. Watson, Jr , Ian K. Workman, Charles W. Taylor,
and Anthony F. Serra. March 1984, 12 p.

4. Management of northern fur seals on the Pribilof Islands, Alaska, 1786-1981, by
Alton Y. Roppel. April 1984, 26 p.

5. Net phytoplankton and zooplankton in the New York Bight, January 1976 to
February 1978, with comments on the effects of wind, Gulf Stream eddies, and slope
water intrusions, by Danicl E. Smith and Jack W. Jossi. May 1984, 41 p.

6. Ichthyoplankton survey of the estuarine and inshore waters of the Florida Ever-
glades, May 1971 to February 1972, by L. Alan Collins, and John H. Finucane. July
1984, 75 p.

7. The feeding ecology of some zooplankters that are important prey items of larval
fish, by Jefferson T. Turner. July 1984. 28 p.

8. Proceedings of the International Workshop on Age Determination of Oceanic
Pelagic Fishes: Tunas, Billfishes, and Sharks, by Eric D. Prince (convener and editor),
and Lynn M. Pulos (editor). December 1983, 211 p.

9. Sampling statistics in the Atlantic menhaden fishery, by Alexander J. Chester.
August 1984, 16 p.

10. Proceedings of the Seventh U.S.-Japan Meeting on Aquaculture, Marine Finfish
Culture, Tokyo, Japan, October 3-4, 1978, by Carl J. Sindermann (editor). August 1984,
31 p.

11. Taxonomy of North American fish Eimeriidae, by Steve J. Upton, David W.
Reduker, William L. Current, and Donald W. Duszynski. August 1984, 18 p.

12. Soviet-American Cooperative Research on Marine Mammals. Volume 1—Pinni-
peds, by Francis H. Fay, and Gennadii A. Fedosecv (editors). September 1984, 104 p.

13.  Guidelines for reducing porpoise mortality in tuna purse seining, by James M.
Coe, David B. Holts, and Richard W. Butler. September 1984, 16 p

14.  Synopsis of biological data on shortnose sturgeon, Acipenser brevirostrura LeSueur
1818, by Michael J. Dadswell, Bruce D. Taubert, Thomas S. Squiers, Donald Mar-
chette, and Jack Buckley. October 1984, 45 p.

15. Chaetognatha of the Caribbean sea and adjacent areas, by Harding B. Michel.
October 1984, 33 p.

16. Proceedings of the Ninth and Tenth U.S.-Japan Meetings on Aquaculture, by Carl
J. Sindermann (editor). November 1984, 92 p.

17. Identification and estimation of size from the beaks of 18 species of cephalopods
from the Pacific Ocean, by Gary A. Wolff. November 1984, 50 p.

18. A temporal and spatial study of invertebrate communities associated with hard-

bottom habitats in the South Atlantic Bight, by E. L. Wenner, P. Hinde, D. M. Knott,
and R. F. Van Dolah. November 1984, 104 p.

19.  Synopsis of biological data on spottail finfish, Diplodus holbrooki (Pisces:
Sparidae), by George H. Darcy. January 1985, 11 p.

20. Ichthyoplankton of the Continental Shelf near Kodiak Island, Alaska, by Arthur
W. Kendall, Jr., and Jean R. Dunn. January 1985, 89 p.

21.  Annotated bibliography on hypoxia and its effects on marine life, with emphasis
on the Gulf of Mexico, by Maurice L. Renaud. February 1985, 9 p.

22. Congrid eels of the eastern Pacific and key to their Leptocephali. by Solomen
N. Raju. February 1985, 19 p.

23. Synopsis of biological data on the pinfish, Lagodon -homboides (Pisces:Sparidae),
by George H. Darcy. February 1985, 32 p.

24, Temperature conditions in the cold pool 1977-81: A comparison between southern
New England and New York transects, by Steven K. Cook. February 1985, 22 p.

25. Parasitology and pathology of marine organisms of the world ocean, by William
J. Hargis, Jr. (editor). March 1985, 135 p.

26. Synopsis of biological data on the sand perch, Diplectrum formosum (Pisces:
Serranidae), by George H. Darcy. March 1985, 21 p.

27. Proceedings of the Eleventh U.S.-Japan Meeting on Aquaculture, Salmon Enhance
ment, Tokyo, Japan, October 19-20, 1982, by Carl J. Sindermann (editor). March 1985,
102 p.

28.  Review of geographical stocks of tropical dolphins (Stenella spp. and Delphinus
delphis) in the eastern Pacific, by William F. Perrin, Michael D. Scott, G. Jay Walker.
and Virgimia L. Cass. March 1985, 28 p.

29. Prevalence, intensity, longevity, and persistence of Anisakis sp. larvae and Lacis-
torhynchus tenuis metacestodes in San Francisco striped bass, by Mike Moser, Judy
A. Sakanari, Carol A. Reilly, and Jeannette Whipple. April 1985, 4 p.

30  Synopsis of biological data on the pink shrimp, Pandalus borealis Kroyer, 1838,
by Sandra E. Shumway, Herbert C. Perkins, Daniel F. Schick, and Alden P Stickney.
May 1985, 57 p.

31. Shark catches from selected fisheries off the U.S. east coast, by Emory D. Ander-
son, John G. Casey, John J. Hoey, and W. N. Witzell. July 1985, 22 p.

32. Nutrient Distributions for Georges Bank and adjacent waters in 1979, by A. F.
J. Draxler, A. Matte, R. Waldhauer, and J. E. O'Reilly. July 1985, 34 p.

33. Marine flora and fauna of the Northeastern United States. Echinodermata:
Echinoidea, by D. Keith Serafy and F. Julian Fell. September 1985, 27 p.

34. Additions to a revision of the shark genus Carcharhinus: Synonymy of Apriono-
don and Hypoprion, and description of a new species of Carcharhinus (Carcharhinidae),
by J. A. F. Garrick. November 1985, 26 p.

35.  Synoptic review of the literature on the Southern oyster drill Thais haemastoma
floridana, by Philip A. Butler. November 1985, 9 p.



R

NATIONA(

3
0%

NOAA Technical Report NMFS 36

An Egg Production Method
for Estimating Spawning Biomass

of Pelagic Fish: Application
to the Northern Anchovy,

Engraulis mordax

Reuben Lasker (Editor)

December 1985

U.S. DEPARTMENT OF COMMERCE
Malcolm Baldrige, Secretary
National Oceanic and Atmospheric Administration

John V. Byrne, Administrator

National Marine Fisheries Service
William G. Gordon, Assistant Administrator for Fisheries



The National Marine Fisheries Service (NMFS) does not approve, recommend
or endorse any proprietary product or proprietary material mentioned in this
publication. No reference shall be made to NMFS, or to this publication fur-
nished by NMFS, in any advertising or sales promotion which would indicate
or imply that NMFS approves, recommends or endorses any proprietary
product or proprietary material mentioned herein, or which has as its purpose
an intent to cause directly or indirectly the advertised product to be used or
purchased because of this NMFS publication.




CONTENTS

Lasker, Reuben
Introduction: An Egg Production Method for Anchovy Biomass Assessment

Parker, Keith
Biomass Model for the Egg Production Method 5

Picquelle, Susan, and Gary Stauffer
Parameter Estimation for an Egg Production Method
of Anchovy Biomass Assessment 7

Smith, Paul E., and Roger P. Hewitt
Sea Survey Design and Analysis for
an Egg Production Method of Northern Anchovy Biomass Assessment 17

Smith, Paul E., William Flerx, and Roger P. Hewitt
The CalCOFI Vertical Egg Tow (CalVET) Net 27

Stauffer, Gary, and Susan Picquelle
Procedures for Sorting, Staging, and Ageing Eggs 33

Moser, H. Geoffrey, and Elbert H. Ahlstrom
Staging Anchovy Eggs 37

Lo, Nancy C. H.
A Model for Temperature-Dependent Northern Anchovy Egg Development
and an Automated Procedure for the Assignment of Age to Staged Eggs 43

Hewitt, Roger P.
A Protocol for Designing a Sea Survey
for Anchovy Biomass Assessment 51

Picquelle, Susan
Sampling Requirements for the Adult Fish Survey 55

Alheit, Jurgen
Spawning Frequency of Peruvian Anchovies
taken with a Purse Seine 59

Hunter, J. Roe
Preservation of Northern Anchovy in Formaldehyde Solution 63

Hunter, J. Roe, Nancy C. H. Lo, and Roderick J. H. Leong
Batch Fecundity in Multiple Spawning Fishes 67

Hunter, J. Roe, and Beverly J. Macewicz
Measurement o Spawning Frequency in Multiple Spawning Fishes 79

Hewitt, Roger P.
Comparison between Egg Production Method
and Larval Census Method for Fish Biomass Assessment 95

iii

1






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)
&)
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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 by the requirements of convenient and efficient use of ship
time, and by the desire to have stations distributed evenly over the

3McCaughran, C. A., Intl. Pacific Halibut Comm., Seattle, WA., pers. commun.
May 1981.



survey area. This strategy will produce station locations indepen-
dent of local fish population densities.

Judgment sampling uses information independent of the trawl
samples to place stations where fish abundances are high. This in-
formation may consist of a historical account of the distribution of
fish based on current sea temperature and salinity data, results from
a recent survey, the use of sonar to detect fish schools, or observ-
able evidence of local fish concentrations, such as their spawning
products in plankton samples. The resulting distribution of stations
will be patchy, with the high densities of stations coinciding with
high densities of fish. This strategy approximates the sampling tech-
nique of probability proportional to a measure of size.

The second stage of sampling, the catch of fish, is ideally a ran-
dom sample of fish residing at the station. However, some bias may
occur due to net design, the execution of the trawl, fish behavior,
and other variables. In addition to striving for a random sample,
it is also advantageous if the catch size is proportional to the number
of fish at the station. This is valuable information which may be
incorporated into the estimate, but this situation holds only for cer-
tain species and sampling methods.

Fish are subsequently sampled randomly from the catch. The sub-
sample size is usually constant, but may vary with the catch size
to produce a self-weighting estimate for some of the estimates
presented below.

Based on this sampling structure, many specific sample designs
and corresponding estimates of the population mean may be con-
sidered. The following estimates all assume that the total popula-
tion size is very large and the finite population correction is ap-
proximately 1. Under these conditions, the within-subsample con-
tribution to variance disappears because this quantity is multiplied
by 1/Nn which is approximately O.

If stations are selected randomly, and catch size is unrelated to
fish abundance, then each station should receive equal weight and
equal subsample sizes should be attempted. In this case the ap-
propriate estimate is (Cochran 1977)

n

2

= i=1 A= & G’.: - 7)2 (2)
- and Var@)_gn(n—l)
where ; = the estimate of the population mean,
n = the number of stations,
yi= 2 the mean of the ith station, and
j=1Mi
m; = the number of fish subsampled from the ith

catch.
This estimate is a biased estimate of the true population mean and
this bias does not necessarily get small as n gets large. The estimate
is self-weighting if m; is constant.
A better estimate exists for the case of random station selection
if the catch size is proportional to the abundance of fish at the sta-
tion. This is the ratio-to-size estimate:

M3, }":M.-z(v,- -7

y = :-,';-— and VarG) = —=* 3)
M, —] n(n—1)
i=]

where M; is the total number of the target fish species caught in
the ith trawl. This estimate is biased because it is a ratio of two
random variables, but the bias is small and gets smaller as n gets

larger. This estimate is self-weighting when the subsampling frac-
tion m;/M; is constant.

Under judgment sampling, the attempt is made to sample with
probability proportional to size. If this can be accomplished, or if
confidence is high that this situation is closely approximated, then
the unbiased estimates of the population mean and the variance are
the same as Equation (2). This estimate is self-weighting when m;
is constant.

If, instead, the stations are selected with probability proportional
to u;, a measure of size, and the catch size is proportional to the
population size at the station, then the appropriate estimate is

M, =)2
— =)
- 1 My 5 il uMo @
¥ = Z and Ver§) =
Moni 5 nn—1)

where M, is the total population size. This estimate is self-
weighting if nu;m;/M; is constant. However, this estimate is not very
useful because M,, the total population size, is rarely known, and
the estimates of station sizes, u;, can rarely be enumerated.

A modification of Equation (2) is used for the trawl survey for
the northern anchovy. As mentioned earlier, this estimate is unbiased
if sampling with probability proportional to size. The information
used to detect high concentrations of anchovies is the occurrence
of anchovy spawning products in the plankton samples taken con-
currently, and the presence of apparent schools on the sonar. Both
of these factors are good indicators of local concentrations of an-
chovies, and the resulting sample design is assumed to be a good
approximation of sampling with probability proportional to size,
justifying the use of Equation (2).

Equal subsample sizes are attempted, but occasionally a station
will produce a very small catch or a catch with very few mature
females (mostly males or mostly immature fish). Both situations
will result in a small subsample, as most of the parameters to be
estimated are for mature females. This occurrence is interpreted as
meaning that an error in judgment sampling has been made. The
actual size of the station, based on mature females, is much smaller
than was estimated at the time the trawl station was selected. Hence,
the probability of selecting that station should be adjusted a posteriori
to reflect the actual size of the station. This is accomplished by giving
these stations less weight in the estimate; each station is weighted
by its subsample size, m;. Thus, Equation (2) is modified to pro-
duce the following estimate:

Ym EmiG -7
y= % and Var@) = )]
’Z;mi [Z— nn—1)
If m; is constant, this estimate simplifies to Equation (2). This
estimate is biased because it is the ratio of two random variables,
m;y; and m,. However, the bias is of the order 1/n, so that the bias

gets smaller as n gets larger.

Trawl Survey Stratification

The egg production model assumes that the parameters in the model
are constant over the range and duration of the survey. If this assump-
tion is violated, the survey should be divided into regions or time
spans within which the parameters are constant. The biomass is then
estimated separately for each section of the survey and then summed
to produce the total biomass estimate.



An example of this situation is the Spring 1983 anchovy spawn-
ing biomass survey. Two parameters of the daily specific fecundity
varied significantly with geographic regions, female weight decreased
from north to south, and spawning fraction increased from north
to south.

The survey area was divided into three regions: north, bight, and
south (Figs. 1, 2). Figure 3 illustrates the frequency distribution for
female weight by region; the average female weight for the southern
region was significantly smaller than the average weights for both
the bight and north regions. The pattern for spawning fraction was
the opposite (Fig. 4) with the estimate for the north region being
significantly smaller than the estimates for the bight and south
regions.

Table 2 presents the parameter estimates and biomass estimates
for each region. Each of the population fecundity estimates, W, S,
F and R, was estimated separately for each region. It was impossi-
ble to estimate P, egg production, independently for each region
because of the small sample sizes per region. Instead, the slope of
the mortality curve, Z, was assumed to be constant for the entire
survey and hence was estimated using all the data. The intercept
of the mortality curve, P,, was allowed to vary between regions and
was estimated by fitting a separate but parallel mortality curve to
each region while holding the mortality estimate, Z, fixed at the
value previously estimated.

The total biomass estimate is simply the sum of the regional
biomass estimates, and the total variance estimate is also just the
sum of the regional variances. This variance estimate ignores any
covariance terms between regions, which is probably trivially small
because all parameters were estimated using separate and indepen-
dent data for each region, except for the mortality, Z, whose con-
tribution to covariance is probably slight.

Table 2.—Estimates of egg production parameters and spawning biomass by
region for 1983. Coefficient of variation indicated by parentheses.
Parameters North Bight South Total
Daily egg production P 162 7.28 5.06
(no. eggs/005 m? per d) (0.671)  (0.0751) (0.332)
Area of region A 0420 1.33 1.36
(102 005 m?)
Average female weight (g) w 129 1.2 9.63
(0.121)  (0.0705) (0.0385)
Batch fecundity F 6,285 5,295 4,423
(no. eggs/batch (0.140)  (0.0882) (0.0570)
per mature female)
Spawning fraction S 0.0346 0.103 0.126
(no. spawning females (0.563) (0.174) (0.237)
per mature female)
Sex ratio R 0523 0.559 0.549
(no. females/total) (0.0949) (0.0736) (0.128)
Spawning biomass (103 t) B 775 358 216 652
(0.897) (0.214) (0.419) (0.211)

Parameter Estimation

The parameters of the daily population fecundity are all estimated
from samples of anchovies collected on a midwater trawl survey.
These parameters, female weight (W), batch fecundity (F), spawn-
ing fraction (S), and sex ratio (R), and their variances, are estimated
using Equation (5) developed previously:
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where n = the number of trawls,
m; = the number of fish subsampled from each
trawl,
m;
Vi = 2y/m = the average value for the ith trawl, and
j=1
i = the observed value for the jth fish sampled

from the ith trawl.

Female weight is estimated from a fixed subsample size of mature
females. The subsample size has ranged from 15 to 25 mature females
for the surveys taken from 1980 through 1983; however, the targeted
subsample size is not always realized, due to very smalil catches,
a high proportion of immature fish, or a high proportion of males.
The y; in Equation (5) is the whole body weight of the jth mature
females sampled from the ith trawl (W};). This observed weight is
adjusted downward for those females whose ovaries contain hydrated
eggs because their body weight is temporarily inflated due to water
retention. This adjusted weight (W,j) is estimated from a linear
regression of whole bedy weight regressed on ovary-free weight
(W;*) which is fit enly to those females that do not have hydrated
eggs.

Wy=a+pwW, (6)
The observed frequency distribution of the average female weight
per trawl is usually symmetrical although there may occur a hint
of bimodality if there is a large 1-yr-old year class. The weights within
each trawl tend to be homogeneous. suggesting that the anchovy
schools are homogeneous with regard to weight.

Batch fecundity can be observed only for those females whose
ovaries contain hydrated eggs. There is a high correlation between
the number of eggs per batch and the ovary-free body weight. This
relationship is used to estimate batch fecundity for the same mature
females used to estimate female weight

The sample of hydrated females is collected throughout the trawl
survey and the number of eggs per batch (F;) and ovary-free weight
(W;*) are recorded for zach of these females. This data are used
to fit a model regressing batch fecundity on ovary-free weight

Fyj=a+BW/ +e; @)
A linear regression has explained the data satisfactorily in previous
surveys, although a curvilinear model should be considered depend-
ing on the shape of the data.

Using this regression, batch fecundity is estimated for each mature
female subsampled. The accuracy of the estimated batch fecundity
will be improved if the distribution of weights for the sample of
hydrated females used to fit the regression is similar to the distribu-
tion of weights for the total sample of females.

Equation (5) is used to estimate average batch fecundity where
the y;; are in this case the estimates I:*,-J. However, there isAan added
source of variance that should be included because the Fj; are not
observed directly but are estimates with their own associated
variance. Thus, the estimate of variance is adjusted to include this
additional variance (Draper and Smith 1966):
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Figure 1.—Geographic distribution of trawl stations and
positive trawls within each region.

Figure 2.—Subdivision of CalVET survey into strata (0 =
beyond the range of anchovy spawning; 1 = within the range
of anchovy spawning) and regions (North, Bight, and South).
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of BIGHT REGION fecundity for the jth female in the ith subsample,
> 5,2 = the variance about the regression (Equation (7)),
; n, = the number of hydrated females used to fit the
g _ regression (Equation (7)),
o w* = the average ovary-free weight for the ith trawl,
W,* = the average ovary-free weight for the n;, hydrated
females, and
Var() = the variance of the slope of the regression (Equa-
tion (7)).
or SOUTH REGION Spawning fraction is estimated using Equation (5) by setting y,
% 8 equal to the proportion of mature females in the ith trawl which
g e have been classified as having day-1 postcvulatory follicles (day-1
§ 4 spawners). Thus, y estimates the fraction of mature females in the
£, population that are day-1 spawners, which is a measure of the frac-
tion of mature females which are spawning on any given day.
% 4 8 12 * 116 l 2.0 ' 2'4 ‘ Spawning fraction can also be estimated by the fraction of females
AVERAGE FEMALE WEIGHT PER TRAWL (grams) classified as day-O Spawners. HOWCVCI', this fraction has been con-
sistently higher than the fraction of day-1 spawners. Past experience .

has shown that using day-0 spawners may produce a biased estimate,
at least for northern anchovy sampled by a trawl survey. Evidence
of this conclusion will be presented in a later section.

If day-0 spawners are indeed oversampled, then day-1 spawners
are undersampled. The sample of mature females from each catch
may be grouped into three categories: Day-0 spawners (m,%); day-1
spawners (m;'); and day 2+ spawners (m;). For a fixed subsam-
ple size, if one group is over-represented then the other two groups
are under-represented. This is corrected by adjusting m; to reflect
what subsample size would have included the observed number of
day-1 spawners if day-0 had not been oversampled. The number of
S /77777, B— L - day-0 spawners included in m; is replaced by the observed number
) of day-1 spawners, since day-0 and day-1 spawners should be equal,
on average, because they both measure the number of females spawn-
ing during a 24-h period. Thus, the m, in Equation (5) is replaced
by

Figure 3.—Frequency distribution for average whole-body weight of
mature females in grams for each region.
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The average value of m;* will be smaller than the average m;, and
the resulting estimate of spawning fraction based on day-1 spawners
will be larger to compensate for the bias in sampling day-0 spawners.

The parameter sex ratio is the fraction of the mature population
10 that is female, based on weight rather than numbers. Equation (5)

SOUTH BEQION is again used, where m; is the weight of the subsample rather than
number, and y; is the fraction of the subsample weight that is at-
tributable to female fish. Both mature and immature fish are in-
cluded in the estimate because it is impossible to distinguish be-
tween mature and immature males. It is assumed that sex ratio by
weight is the same for both mature and immature fish.

To save effort in preserving and weighing individual fish, y; and
m; are estimated rather than measured directly. A fixed number of
fish are subsampled from each trawl and the numbers of females
Figure 4.—Frequency distributions of spawning fractions for each region. and males are recorded. The average weight for each sex is estimated
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for each trawl from a smaller fixed subsample of each sex. The total
weight of each sex in the subsample is estimated by multiplying the
observed number of fish of that sex by its average weight.

WF = mF-WF
e (10)
u/iM _— miM' u/'_M
where W} = the total estimated weight of the kth sex in the
ith subsample,

m} = the number of fish of the kth sex in the ith subsample,

_ and

W} = the average weight of the kth sex in the ith subsample.

Then m; is estimated by the sum of the estimated total weight of
males plus the estimated total weight of females,

iy = W+ WM (1)
and y, is the estimated total weight of females divided by m;
5 = Wil - 1©)

The parameters W and WM are estimated with little error because
the weights of fish within a trawl catch are quite homogeneous. Thus
the added variance in estimating sex ratio, due to the fact that y;
and m; are estimated rather than observed, is assumed to be trivial.

Sampling Bias

Spawning fraction may be estimated by either the number of day-0
spawners or the number of day-1 spawners, as each is an estimate
of the number of females spawning on any given day. However, as
mentioned earlier, the proportion of day-0 spawners is consistently
larger than the proportion of day-1 spawners. A hypothesis on the
mechanism causing this result is that females who are actively spawn-
ing are more vulnerable to capture by a midwater trawl. This hy-
pothesis is supported by the observation that the catch of spawning
females (day-0) increases significantly during the hours of the evening
when spawning takes place.

This phenomenon is illustrated by Figure 5. This bar chart was
calculated using data from the trawl surveys conducted from 1978
to 1980. Day-0 spawners are composed of three types of females:
Females whose ovaries contain hydrated eggs which will be spawned
later that evening (represented by an open bar); females whose
ovaries contain postovulatory follicles indicating they have spawned
earlier that evening (represented by the bar area with horizontal
lines); and females whose ovaries contain both hydrated eggs and
postovulatory follicles indicating they were caught during spawn-
ing (represented by vertical lines in the bars). The predominant hours
of spawning are 2100-2359, when the highest number of females
are caught with both hydrated eggs and postovulatory follicles in
their ovaries. This is also the time period when the proportion of
day-0 spawners in the catch is highest.

It should also be noted that the proportion of day-O spawners
decreases after 0300. This can be more easily seen in Figure 6, which
shows the proportion of day-0 spawners by hour for each year, and
all years combined. Figure 7 shows that the proportion of day-1
spawners also drops off after 0300. This is explained by an increased
error rate in classifying ovaries as to the date of spawning (day-0,
day-1, or later), and in subsequent years trawl catches were not made
after 0300 to avoid this problem.

If one ignores the points corresponding to 0300 and later, then
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Figure 5.—Breakdown of day-0 females into ovarian categories by time of
sampling.
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Figure 6.—Proportion of day-0 spawning females by hour for trawl surveys con-
ducted from 1978 to 1980.
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Figure 7.—Proportion of day-1 spawning females by hour for trawl surveys con-
ducted from 1978 to 1980.



a comparison of Figures 6 and 7 shows that the plot of day-1 spawners
is quite flat over time, while day-0 spawners exhibit a definite peak
at 2100-2359. The comparison is highlighted in Figure 8. The pro-
portion of day-O females is plotted against the proportion of day-1
females for each hour, and 1-standard-error bars are drawn for day-1
proportions. The diagonal line shows the values for which the pro-
portions of day-0 and day-1 spawners are equal. The obvious outlier
points (i.e., those points furthest from the day O=day 1 line) cor-
respond to the time 2100-2359.
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Figure 8.—Day-1 vs. day-0 females for each hook with standard error bars for
day-1 females.

The effect of time on the proportion of day-0 and day-1 females
in the catch can be quantified using contingency table analysis. Table
3 shows the number of females from the 1978-80 trawl survey
samples, by spawning condition and time of their capture. Paren-
theses contain the expected number of females under the hypothesis
that there is no interaction between time and spawning condition.
The contribution to the x? statistic by the cell is in brackets. The
resulting ? statistic (x> = 38.85, df = 16) is highly significant (P
= 005), thus rejecting the hypothesis of no interaction between time
and spawning condition. Examination of the individual cell’s con-
tribution to the test statistic shows that the largest deviations are
due to the hour 2100-2159. Omitting this hour from the analysis pro-
duces Table 4 and a nonsignificant (P = 0.05) test statistic (x> =
20.51, df = 14). Therefore, if the hour 2100-2159 is omitted, there
is no significant relationship between time and spawning condition.
Based on this analysis, the conclusion is made that day-0 spawners
are sampled with bias during the peak hours of spawning.

A similar scenario has been discovered for sex ratio and time.
The proportion of females declines radically during the time period
2300-2359. A contingency table analysis (Table 5) shows that there
is a significant interaction between time and sex ratio (x* = 126.44,
df = 8); an examination of the individual cells shows a large devia-
tion during time 2300-2359. When this time period is removed (Table
6), there is no significant interaction (x> = 10.63, df = 7). Ap-
parently, there is a sample bias also occurring for sex ratio during
the hours when spawning activity is greatest.
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Table 3.—Contingency table analysis of spawning condition by time. Each cell contains the observed count,
the expected count in parentheses, and the contribution to the x* statistic in brackets.

Time (h)

Spawning 1800-  1900- 2000-  2100-
condition 1859 1959 2059 2159

2200-  2300- 0000- 0100-  0200-
2259 2359 0059 0159 0259 Total

Day-0 25 42 30 67
(27.5) (45.3) (35.9) (44.5)
[0.22] [0.24] [0.96] [11.36]

Day-1 25 31 30 19
(17.8)  (29.4) (23.3) (28.9)
[2.87] [0.08] [1.91] [3.41]

Day-2+ 90 158 123 141
(94.7) (156.3) (123.8) (153.6)
[0.23] [0.02] [0.01] [1.03]

Total 140 231 183 227

x* = 38.85, df = 16
X’16(0.95) = 26.3

49 30 29 19 9 300
41.4) (284) (31.8) (32.00 (13.3)
[1.41] [0.09] [0.24] [5.26] [1.41]

27 12 26 18 2 195
(26.9) (18.5) (20.6) (20.8) 8.7
[0.00] [2.27] [1.39] [0.37] [0.32]

135 103 107 126 52 1,035
(142.7)  (98.1) (109.6) (110.3) (46.0)
[0.42] [0.25] [0.06] [2.25] [0.78]

211 145 162 163 68 1,530
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Table 4.—Contingency table analysis of spawning condition by time, in which the hour 2100-2159
has been omitted. Each cell contains the observed count, the expected count in parentheses,
and the contribution to the y’ statistic in brackets.

Time (h)
Spawning 1800-  1900-  2000- 2200- 2300- 0000- 0100- 0200-
condition 1859 1959 2059 2259 2359 0059 0159 0259  Total
Day-0 25 42 30 49 30 29 19 9 233

(25.00 (413) (32.7) (37.7) (25.9) (29.0) (29.1) (12.2)
[0.00] [0.01] [0.23] [3.37] [0.64] [0.00] [3.53] [0.82]

Day-1 25 31 30 27 12 26 18 7 176
(18.9) (31.2) (24.7) (28.5) (19.6) (21.9) (22.0) 9.2)
[1.96] [0.00] [1.13] [0.08] [2.94] [0.78] [0.73] [0.52]

Day-2+ 90 158 123 135 103 107 126 52 894
(96.1) (158.5) (125.6) (144.8) (99.5) (111.1) (111.8) (46.7)
[0.38] [0.00] [0.05] [0.66] [0.12] [0.15] [1.79] [0.61]

Total 140 231 183 211 145 162 163 68 1,303

x* = 2051, df = 14
X*14(0.95) = 23.7

pected count in parentheses, and the contribution to the X2 statistic in brackets.

Table 5.—Contingency table analysis of sex ratio by time. Each cell contains the observed count, the ex-

Time (h)
1800- 1900- 2000- 2100- 2200- 2300- 0000- 0100- 0200-

Sex 1859 1959 2059 2159 2259 2359 0059 0159 0259 Total
Female 153 349 189 271 27 189 163 187 71 1,799
(131.2) (331.2) (160.3) (268.3) (198.7) (321.9) (154.4) (175.5) (57.4)
[3.62] [0.96] [5.13] [0.03] [4.03] [54.88] [0.48] [0.75] [3.23]
1S8 436 191 365 244 574 203 229 65 2,465
(179.8) (453.8) (219.7) (367.7) (272.3) (441.1) (211.6) (240.5) (78.6)
[2.64] [0.70] [3.74] [0.02] [2.94] [40.05] [0.35] [0.55] [2.36]
311 785 380 636 471 763 366 416 136 4264

XX = 126.44, df = 8
X’5(0.95) = 15.5

Table 6.—Contingency table analysis of sex ratio by time, in which the hour 2300-2359 has
been omitted. Each cell contains the observed count, the expected count in parentheses, and
the contribution to the y* statistic in brackets.

Time (h)
1800-  1900- 2000- 2100- 2200- 0000- 0100-  0200-
) Sex 1859 1959 2059 2159 2259 0059 0159 0259  Total
Female 153 349 189 271 227 163 187 71 1,610

(143.0) (361.0) (174.8) (292.5) (216.6) (168.3) (191.3) (62.5)
[0.70] [0.40] [I.16] [1.58] [0.50] [0.17] [0.10] [1.14]

Male 158 436 191 365 244 203 229 65 1,891
(168.0) (424.0) (205.2) (343.5) (254.4) (197.7) (224.7) (73.5)
[0.59] [0.34] [0.99] [1.34] [0.43] [0.14] [0.08] [0.97]

Total 311 785 380 636 471 366 416 136 3,501

x> = 10.63, df = 7

X’7(0.95) = 14.1
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Sea Survey Design and
Analysis for an Egg
Production Method of
Anchovy Biomass
Assessment

PAUL E. SMITH and ROGER P. HEWITT!
Southwest Fisheries Center,

National Marine Fisheries Service, NOAA,

PO. Box 271,

La Jolla, CA 92038

ABSTRACT

A sea survey of spawning habitat is described for the northern anchovy, Engraulis
mordax. The central population occurs within a permanent gyral circulation off
southern California and in the adjacent nearshore and main branches of the
California Current. The geographic scope of spawning is maximal in winter and
spring, and its extent appears to be a function of population biomass.

About 8 hours after the onset of spawning it becomes possible to obtain effec-
tive samples: adult data can be used for about a day and egg data for a little more
than 2 days to estimate vital rates, such as egg production and mortality. The
spawning process is so patchy and dynamic that it has not yet been possible to
gather useful data on adults or eggs during the spawning interval.

The population egg production rate is determined by a survey using about 1,000
vertical plankton tows of 3.5 m® between 70 m depth and the surface. The array
of ples is intended to be repr ive and inclusive of the entire spawning
area. Observations of the number of eggs per sample represent a contagious
distribution (patchy), and the assumptions necessary for a “normal” or “log-
normal” model are not met. The assumption of independence of sample parameters
(mean and variance) is not supported with either model. The probability distribu-
tion most closely approximated is the “negative binomial.” The parameters of that
distribution change with the age of the egg.

The Southwest Fisheries Center Egg Production Method was initiated with much
historical, geographic, and biological data obtained in the California Cooperative
Oceanic Fisheries Investigations (CalCOFT). It should be possible to initiate an
egg production method on other species in other regions without this vast time-
series of data. Preliminary laboratory work, field surveys, and analyses are de-
scribed for research at other temperatures and for the diagnosis of egg produc-
tion for species which spawn at all times of day rather than nocturnally. The
geographic limits of spawning should initially be described from oblique plank-
ton tows filtering larger volumes of water (500-1,000 m®). Also, differences in
spawning patch intensity may require observations of more than the 3.5 m*> which
is adequate for the anchovy in this region.

'Present address: Commanding Officer, NOAA Ship Miller Freeman, Pacific Marine
Center, 1801 Fairview Ave. East, Seattle, WA 98102.
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THE SPAWNING PROCESS

Spawning Area

The northern anchovy, Engraulis mordax, spawns within the regional
eastern boundary current, the California Current system. Figure 1
is a series of overplots of all samples of anchovy eggs collected from
1951 to 1981. These serve to describe the maximum spatial distribu-
tion of spawning in each bimonthly period. Spawning occurs primari-
ly nearshore of the main branch (Hickey 1979) of the California Cur-
rent. The main branch of the California Current is 300 km off
Washington and Oregon (lat. 45°N), 430 km off Cape Mendocino
(lat. 39°N), 270 km off Point Conception (lat. 34°N), 240 km off
northern Baja California (lat. 30°N), and 200 km off Cape San
Lazaro (lat. 25°N).

The boundaries of the main branch of the California Current shift
in position and are indistinct at every season. The 1950-78 average
in a section normal to the coast at lat. 32°N reveals the three branches
of the California Current postulated by Hickey (1979) (Lynn et al.
1982). The speeds of the surface currents at the cores of these three
zones are given in Table 1. It may be inferred from Figure 1 that
the nearshore zone of the California Current system is the most con-
sistent spawning site of the northern anchovy and that virtually no
spawning takes place in the outer zone or in the main branch at the
season of heaviest southward flow.

Table 1.—Zones of the California Current.

Outer Main Inner
Month u! d?2 u d u d
January ?+3.5 600 - 6.9 400 3.5 100
April -52 500 —69 250 -52 50
July -3.5 700 -12.0 250 6.9 100
October —2.6 700 — 6.1 400 5.2 100

'u is the current speed at the core in kilometers/day.
d is the distance of the core from the coast at CalCOFI

line 90 (see Lynn et al. 1982) in kilometers
3indicates Equatorward flow.

In addition to the large-scale features, there are local environmental
events which appear to influence the pelagic spawning population.
Temperature (Lasker et al. 1981; Fiedler 1983) and surface
chlorophyll concentration estimated from analysis of satellite infrared
images (Pelaez and Guan 1982; Fiedler 1983) appear to be impor-
tant in fine-scale distributions. In the short period in which satellite
image analysis has been possible, 0.2 mg/m? appears to be a lower
limit of chlorophyll in which anchovy spawning takes place (Fiedler
1983). There also appears to be some diminution of incidence of
eggs at temperatures below 13.5°C (Fiedler 1983) although tempera-
tures as low as 11°C are not lethal for anchovy eggs. It also appears
that a certain amount of stability in terms of mixing (Lasker 1975;
Bakun and Parrish 1982; Smith and Lasker 1978) and absence of
offshore and southerly transport (Hewitt and Methot 1982; Power
1983) are favorable to the establishment and maintenance of spawning
areas.

Population size also appears to control the spawning area
(Ahlstrom 1965; MacCall 1983). There is anchovy spawning fur-
ther offshore and north when the biomass is large, but the spawn-
ing area appears to contract toward the Los Angeles Bight when
the biomass is smaller. A simple description of this (MacCall 1983)
would be that a 100,000-ton spawning biomass would extend off-
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Figure 1.—Long-term spawning range of the northern anchovy as estimated from approximately 30,000 observations
of anchovy eggs taken from a larger area between 1951 and 1983. For maps of all observations between 1951 and 199

consult CalCOFI Atlases 9 and 28 (Kramer and Ahlstrom 1968; Hewitt 1980).
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shore only 260 km, but a l-million ton spawning biomass would
extend offshore 360 km.

Spawning Season

Some anchovy spawning takes place at every time of the year, but
winter and spring are times of the most active spawning.

THE SAMPLING PROCESS

Catchability and Vulnerability
of Adults

Epipelagic schooling fish are difficult to sample quantitatively. At
times the sample trawls have been placed based on sonar mapping
the previous day. At other times the samples have been taken where
newly spawned eggs were detected by preliminary examination of
plankton samples. Uniform samples of all tows conducted for the
purpose of estimating egg production represent the 7 to 40-m depth
range. The upper limit is set by the minimum depth at which a mid-
water trawl can be fished.

One aspect of the variation in catchability can be illustrated by
examination of the variation in the sex ratio. If one considers the
data on 362 observations for which sex ratio was determined be-
tween 1977 and 1982, there is an interesting distribution of sex ratios
and standard deviations of sex ratio by time of day (Table 2; Hunter
and Macewicz 1980). For comparison, the overall mean of sex ratios
is 0.497 with a standard deviation of 0.233 and a standard error of
the mean ratio of 0.012.

The dispersion of values, about 50% female, is wider than one
would expect of a binomial sampling error distribution with 10-30
specimens, thus we believe that the phenomenon reflects actual
biological features of the anchovy schooling and behavior pattern.
In further support of this idea, the distribution about 50% is skewed
to the side of underestimation of females and the bias arises from
a peak time 2200-2359 which coincides with the maximum spawn-
ing activity as seen from the surveys of stage I and II eggs (see Moser
and Ahlstrom 1985). The strength and prevalence of this spawning
behavior are demonstrated by the fact that a 5% overall bias in sex
ratio may be caused by only 10-15% of females and their attendant
males.

We postulate that during the spawning act more males than gravid
females are present, and this leads to temporal and spatial hetero-
geneity; also, the collection of samples with a trawl from a volume
which is 15 m thick, 15 m wide, and 2,000 m long has considerable
chance of mixing these proportions by transecting spawning and
nonspawning clusters. Thus it is that the modal catch category, 43
of 362 samples, is at 50% female. The binomial sampling theorem
for fish sample sizes of 10-30 fish would indicate that about 6%
of the samples would yield <30% female and also 6% would yield
>70% female. The actual observations are given in Table 3.

For the use made of the adult data at present, the sex ratio bias
(see Hunter et al. 1985) is not thought to be of any great impor-
tance: the ratio of 1-d postovulatory gonads is used for the inverse
of the daily spawning fraction, and the sex ratio is determined to
be 50% because there is no weight differentiation by sex and the
numeric ratio is likely to be 50% as well. In another section (Alheit
1985) we shall see that the Peruvian adult sampling system with purse
seiner exhibits no bias, and we assume that the explanation lies with
the evasion of the trawl or the depth distribution of the sexes. In
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Table 2.—Percent females in trawl catches
of northern anchovy at different times of
day.
Time of  No. of

day samples % females SD (%)
1800-1959 77 526 18.9
2000-2159 88 470 27.9
2200-2359 80 45.3 26.0
0000-0159 64 50.5 22.2
0200-0359 24 50.4 17.7
0400-0559 21 57.1 1.1
0600 + 8 65.6 14.7

Table 3.—Actual and expected catches of females of northern
anchovy at different times of day during spawning.
Mean No. of samples No. samples observed
time No. of expected at <30% >70%
(h) sampies  <30% and >70% female female
1900 77 ] 6 13
2100 88 5 26 19
2300 80 5 22 12
0100 64 4 9 11
0300 24 1 1 3
0500 21 1 0 3
0600 + 8 1 0 3

Table 4.—Percent positive egg captures and mean
number of northern anchovy per tow by time of
day.

Obser-  Positive % Mean

Time vations samples positive  no.

1800-1959 142 5 35 0.120
2000-2159 135 26 193 0.919
2200-2359 147 48 32.7  3.265
0000-0159 152 33 21.7  3.303
0200-0359 151 22 146  0.464
0400-0559 132 8 6.1  0.462
0600-0759 137 6 4.4 0.153
0800-0959 129 1 0.8  0.008
1000-1159 129 5 3.9 0.039
1200-1359 133 2 1.5 0.023
1400-1559 128 2 1.6 0.016
1600-1759 151 1 0.7  0.007

general, the commercial fishery exhibits a sex ratio of the order of
60% female, and the sea survey has a ratio of 50% female (Mais
1974).

The inference that changes in catchability and vulnerability of the
adults are controlled somewhat by the spawning act is strongly sup-
ported by the coincidence of spawning detected in the sea. Statistics
are available from 3,936 observations between 1980 and 1983 of
which 1,666 had 1 or more anchovy eggs. Prior to the first cellular
division (Stage I eggs, see Moser and Ahlstrom 1985) there are small
numbers of observations and these reflect the temporal distribution
of spawning in much the same way as the adult sex ratio variance
(Table 4).



Sampling Requirements
for Egg Survey

The egg survey supplies two vaiues to the spawning biomass estimate:
The size of the spawning area and the daily production of eggs per
unit area. When establishing standards for the survey of egg pro-
duction, it is necessary to consider the inclusion of the entire spawn-
ing area, the representativeness of the samples within the area, and
the sufficiency of the number of observations for the required
precision.

There is an obvious bias associated with egg production outside
the surveyed area. The product of the survey area and the egg pro-
duction/unit area is unbiased even if the survey is much larger than
the spawning area. That is, as the surveyed area outside the spawn-
ing area increases there is a corresponding decrease in the mean
number of eggs produced/unit of survey area. However, a second-
ary objective of the Southwest Fisheries Center Egg Production
Method is to determine the error distribution of each estimated
parameter. The Central Limit Theorem is not valid in reduction of
standard-error-of-the-mean value with increasing number of obser-
vations if those values are spatially coherent. If there was a broad
contiguous and continuous area of observations with no eggs in the
observations, the standard error would be correspondingly biased
as an underestimate.

It is not necessary to know the nature of the underlying distribu-
tion of observations to use the Central Limit Theorem to estimate
the error distribution of the mean. However, it may be useful to con-
sider some probability-generating distributions in order to forecast
what an adequate number of observations would be, given the sam-
ple variance and the objectives of the survey. As an example of the
differences one might encounter, consider: If the eggs were
distributed such that the observations produced a “Normal” distribu-
tion, then with each sample one would obtain an independent
estimate of the population mean and the population variance; if the
eggs were distributed such that the observations produced a
“Poisson’ distribution, then the estimated mean of the population
would simultaneously produce an estimate of the variance of the
population (equal to the mean); if the eggs were distributed with
areas of high density and areas with no eggs at all such that the
presence of one egg would predict the presence of other eggs in the
sample so that a ““Negative Binomial” distribution of observations
obtains, one would need many independent observations to obtain
a mean number of eggs/unit area with a normal distribution of stan-
dard error of the mean. Thus the expense of effort of estimation-
per-unit precision is much lower with “Normal” and ““Poisson”
distributions than it would be with an underlying “Negative
Binomial” distribution. To diagnose this, one needs to compare the
variance and mean of several estimates. If the variance is indepen-
dent of the mean, the distribution is “Normal”; if the variance is
a power function of the mean, the distribution is probably “Negative
Binomial,” although there are other possibilities. For a first approx-
imation, the “Negative Binomial” appears to be a useful working
model for design of the egg production survey to determine the mean
and variance of the egg production parameters.

The establishment of the “Negative Binomial” model of underlying
distribution of observations does not support speculation as to the
scale or origin of the patchiness, and thus no single set of samples
can be used to interpret pattern.

For the purpose of determining sampling requirements for an egg
survey, it is necessary only to show that the number of samples is
adequate to describe the mean and standard error of the production
of eggs per unit area. A second level of analysis and sampling is
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necessary to jointly describe the scale and intensity of the patchiness
and so allow speculation and research as to the processes which
underlie the observed pattern. Knowledge of scale of the “patches”
and intervening “spaces” and their shapes is necessary for further
work.

We discuss the description of pattern below merely to emphasize
what we would need to know to interpret processes such as:

1. The interannual variability in patch scale possibly caused by
differences in fecundity attributable to such parameters as
batch size, interval between spawnings, and age composition
of spawners;

The geographic variability in the scale and intensity of
predation;

3. The interaction of patch scales and numbers of anchovy eggs
with patch scales and numbers of their principal predators,
including adults within the school, adults and juveniles in
other schools of the same species, and other noncannibalistic
predators on anchovy eggs;

4. The relevance of interaction between the sampler size and
the anchovy egg patch scale in order to transfer these sample
designs to other anchovy populations or to other species; and

5. The comparison of vertical samples to older oblique samples,
or the effects of taking samples of different size and shape
on survey efficiency.

One reason that the standard sampling tactic (the vertical egg tow
on a systematic grid) is not fully effective for advanced description
of pattern is that observations are taken at one size scale and separated
by a fixed distance. If we take the characteristics of the negative
binomial—the mean, the coefficient of patchiness, “k”, and the per-
cent of the area, P(0), with no eggs—only the mean is a character-
istic of the sampled population; k and P(0) result from interactions
between the scale of the sampler and the scale of the patches of eggs.
For example, if the vertical sampler mouth opening were progressive-
ly increased from 0.05 m? to 10 m?, we would expect the proba-
bility of “zero” observations to decrease. The decrease would de-
pend on what fraction of the interpatch spaces were between 25 cm
(the diameter of the smaller sampler) and 357 cm (the diameter of
the larger sampler). For k the equation for the population is:
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where &, is the scale-dependent coefficient of patchiness, y; is the
population mean of all possible areas for sample size i, and o;
is the population variance for that set. If the true scale of anchovy
egg pattern were approximately the same as the larger sampler, the
sample variance would increase under the influence of larger obser-
vations and there would be a concomitant diminution of the variance
from the effect of the larger sampler lying across more patch bound-
aries and thus integrating patch and space densities. If the true scale
of the anchovy egg patches were smaller than the larger sampler,
the variance would decrease because all observations would integrate
some space densities. If the true scale of the anchovy egg patches
were greatly larger than either sampler, the derived k’s would tend
to be indistinguishable.

Lastly, if the true scale of the anchovy egg pattern is larger than
the spatial interval between stations, the variance will be less because
adjacent observations will be more similar than observations chosen
at random.

There is evidence that several scales of pattern exist which prob-
ably originate from different processes. The smallest scale is im-
posed by the process of fertilization and is at the scale of a single



female or a small group of females. The next scale dimension is
imposed by the general schooling habit. The largest scale within
the subpopulation is called the ‘“‘school group” and it may contain
several thousand schools of juveniles and adults in varying degrees
of spawning condition. For the purposes of this discussion we can
label these scales, meters, hundreds of meters, and thousands of
meters: the biogeographic boundaries of the entire interbreeding
subpopulation (central subpopulation of the northern anchovy) is
400 km cross-shore and 1,000 km along the coast.

The larger scales are of practical concern for the egg production
method using the Central Limit Theorem; namely, the effect of multi-
ple observations forming a normal distribution of the standard er-
ror of the mean is diminished by coherence among adjacent obser-
vations. Preliminary analyses of replicate egg samples (Smith and
Hewitt 1985) indicate that cross-shore observation transects with
observations separated by only 500-1,000 m would be coherent, while
observations in excess of 5000 m apart are independent of the ma-
jor persistent source of patchiness at the “school” scale, 100-1,000
m. School groups have not yet been positively identified by the egg
production surveys, but they are obvious from aerial and wide-
ranging sonar mapping surveys (Fiedler 1978; Smith 1978).

To summarize, sample design decisions for the Southwest Fish-
eries Center Egg Production Method of biomass assessment have
been based on prior knowledge, e.g., 1) the anchovy’s spawning
season, 2) the spawning area, 3) size of the school groups, and 4)
size of the schools.

The volume of one observation is 3.5 m? or 1/20 m? between 70
m and the surface. The distance between observations is 4 nmi in
the cross-shore direction and 10 or 20 nmi in the alongshore plane.
For the central subpopulation of the northern anchovy, the recom-
mended sampling area is 200 mi cross-shore and 600 mi alongshore.

Random vs. Centric
Systematic Area Sampling

The sample design for the egg production method does not use ran-
dom sampling: the lines are fixed in cross-shore positions which
conform to historical surveys of biological and oceanographic
features which can be measured only with straight sections at or
near right-angles to the coast. The danger with fixed transects is
that characteristics, such as proximity to a canyon or upwelling site,
the passage close to an island, or the aversion to stations in ship-
ping lanes, all adversely affect the necessary assumption that all
objects to be sampled have had an equal opportunity to appear in
a sample. Another problem is the regular spacing of systematic
samples: if the alongshore or cross-shore spacing coincides with
any periodic element in the distribution of the organisms being
sampled, then the possibility exists for bias through oversampling
some phases of the spatial periodism. For example, if the number
of organisms varied like a sine wave, it is possible that regularly
placed samples will hit the peaks or troughs in the distribution,
thereby over- or underestimating the population. In a strict sense,
statistical limits cannot be established with sets of systematic
samples: there is some evidence (Milne 1959) that for periodic
differences to be important, they would have to be obvious. Milne
(1959) stated . . .with proper caution, one will not go very far wrong,
if wrong at all, in treating the centric-systematic-area sample as if
it were random.”
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INITIATING AN EGG
PRODUCTION PROCEDURE

The Southwest Fisheries Center Egg Production Method was created
using new principles of sampling and mortality analysis of anchovy
eggs in the sea and residual gonadal tissues indicating recent ovula-
tion. There existed a wealth of data on the geographic distribution
of adults (Mais 1974) and the geographic and temporal distribution
of anchovy spawn (Kramer and Ahlstrom 1968). It should not be
necessary to repeat the CalCOFI effort at each site and for each
species to develop egg production procedures for other species in
other geographic areas. It is the purpose of this section to describe
minimal initial steps for the egg production method.

Initiation of Field Sampling

Observations of larger larvae (5-10 mm) from high-volume oblique
tows (ca. 1,000 m?) would be superior to the CalVET (3.5 m?) tows
for establishing the regional boundaries and season optimum for
the egg production method for a given species. For widespread
pelagic species exhibiting multiple spawning, interstation distances
of 40-120 nmi should suffice (74-222 km) to delimit spatially the
spawning area. Monthly, bimonthly, or seasonal surveys should be
sufficient.

Laboratory and Field Studies
of Spawning Behavior

While it is conceivable that temperature-dependent rates of egg
development can be derived from the analysis of field samples and
ancillary depth and temperature data, it is recommended that
laboratory-controlled temperature experiments be used to establish
the temperature-dependent rate model. In particular, the extremes
of temperature may be difficult to observe adequately in the field
in any given year.

In the field, even when there is no main time of day for spawn-
ing, it is possible to determine the number of eggs spawned per day
by:

N, = Nof_; expl=Z (t — x)1f (x) dx

where N, is the number of eggs in a particular stage and later stages
at time #; N, is the total number entering the series; exp[—Z(t—x)]
is the probability that an egg at time x is still alive at time ¢; Z is
the constant age-specific death rate; and f(x) is the frequency of the
stage at time x (Manly 1974). The actual frequency function can
be inserted in the equation. For example, a normal distribution of
spawning time would yield the equation:

—ulo
N, = Nyexp-z0) [ Q@m) 12 exp1/2x) dx

One must, of course, have more than four samples to solve this equa-
tion (Manly 1974).

When regional and seasonal criteria for spawning have been
established, there must be an intensive field study to find the sam-
ple distribution in time and space which will be sufficiently precise
for the purposes of egg production estimate of spawning biomass.
The conditions which must be noted from the data set are (after
Southwood 1978): 1) Distribution of the time of spawning, 2)
variability of survival rates, 3) stage-dependent sampling efficien-



cy, 4) duration of stages, and 5) probability distribution of eggs as
a function of time and age.

Working assumptions for the central population of the northern
anchovy at lat. 33°N in March are:

1) Spawning occurs between 1800 and 0200, essentially normally

distributed with a midpoint of 2200 hours.

2) The survival rate is assumed to be constant between 0200 of
the first day after spawning until hatching begins (normally
60 h).

3) All stages are sampled with equal efficiency, but the period
when spawning is actually occurring or after hatching begins
is excluded from survival stimulation.

4) Duration of egg stages is proportional to a single temperature
(usually the surface temperature).

5) The probability distribution of eggs/unit surface area is com-
pletely characterized by the two parameters of the negative
binomial distribution, the arithmetic mean and the disper-
sion parameter k, a function of the population mean and
variance. These parameters are age-specific, the mean
decreasing with age and k increasing with age.

The last assumption must be considered for the regression method
of estimating the precision of the slope and intercept estimates, as
there are, as yet, no formal solutions for regression equations under
these conditions.

Staging Eggs in Other Species
or in Tropical or Arctic Habitats

The anatomical description of the 11 stages of eggs is given for an-
chovy in Moser and Ahlstrom (1985). Also, an experimental defini-
tion of the mid-age of each stage and the conversion of stage, time-
of-tow, and temperature information are described by Lo (1985). We
here describe some approaches to fishes whose spawning behavior
and definition of stages are dissimilar to the anchovy.

The possible number of discrete stages assigned to the continuum
of embryonic development is ultimately determined by the presence
of recognizable anatomical features. For example, although not used
in this work, the 2-cell, 4-cell, and 8-cell stages of the embryonic
development could be used to follow population features immediately
after fertilization. For convenience the nominal hatching time of 60
h has been divided into 11 stages for a mean duration of about 6
h. If one were dealing with a tropical fish with a hatching time of
20 h, it would seem more reasonable to maintain the number of
arbitrarily defined stages at 10 or so, rather than to reduce the number
of stages to 3 of about 6-h length. Similarly in the Arctic situation,
where hatching may take several weeks, one may need to pool several
days’ spawning to gain sufficient sample sizes to estimate mortality
rate and egg production.

Were the stages equal in duration and spawned at an instant, one
would easily see the progression of these stages with time. Since
the period of spawning is approximately 1/4 d, and the duration of
the stages is from 2 to 9 h, the system used here was originated
for the sardine (Ahlstrom 1943) temperature-specific development
rate and later applied to the anchovy (see below). Since these are
both temperture-zone clupeoid fishes, the rationale for these stages
is listed below for the purpose of using this technique for fishes in
other latitudes or taxa.

While it has not been possible to obtain exact information on fer-
tilization time or the exact timing of the transitions between stages,
it is possible to combine quantitative laboratory and field data to
make a best description of the major events in embryogenesis. This
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description can then be used to design definitive work in the
laboratory or field as needed for future studies on these or other
fish. We base all of the arbitrary descriptions on a starting time of
1800 (6 p.m.) for onset of spawning, with the midpoint of spawn-
ing at 2200 (10 p.m.), and finishing at 0200 (2 a.m.). Bolin (1936)
observed that cell cleavage in the anchovy embryo occurred at ap-
proximately half-hour intervals, thus we assume that the interval
between fertilization and first cleavage is about 0.5 h. Since the dura-
tion of the Stage II eggs from first cleavage until the onset of epiboly
or cellular overgrowth of the yolk is about 7 h and the number of
Stage II eggs collected is about seven times the number of Stage
I eggs, we assume that the Stage I egg persists about 1 h or 0.5 h
to be fertilized and 0.5 h more until the first cleavage.

Table 5 is from a summary of all field data taken in 1980-83, with
1,666 samples positive for some stage of anchovy egg. For each of
the first five stages. the mean number of eggs per 0.05 m? is listed
for each of 12 2-h periods, and next to each abundance is the
cumulative percentage from the onset of the stage to the end of 24
h. For the cumulative percentage of each stage the point at which
5% of the eggs have appeared, 50% and 95% points on the
cumulative curve are listed at the bottom of the table. The cumulative
effects of temperature have little effect on the early stages. The sets
included here are from all temperatures encountered in the surveys,
mostly between 13° and 16.5°C in these years with an average
temperature of 15.4°C.

In the laboratory experiment, it was not convenient to constrain
the gravid anchovies, thus it is not known for certain when the first
spawning begins under controlled conditions. Following spawning
in the laboratory, the eggs were collected in the outflow in a passive
net and were transferred into containers with temperatures controlled
at approximately 13.5°, 15.1° and 16.3°C. This means that the early
stages concluded their development at a common temperature of
about 15°C and were subsequently placed in controlled temperatures.
Thus, for the tables which follow, the temperature is that at which
most of Stage III and all of the ensuing stages were passed. The
original data were somewhat more finely grouped, but low numbers
of specimens in some categories and brevity made some lengthen-
ing of observation intervals desirable. To unify these numbers, the
raw data were converted to numbers per hundred collected at each
time interval, and then the numbers were summed for each stage
and the cumulative sum at each reported interval was divided by
the total to yield the tabled value of cumulative percent. The 0 in
the table means that no specimens of that stage were spotted before
that interval; the 1.000 means that no specimens in that stage were
found after that interval. All Stage I eggs had developed before the
eggs were caught at the outflow and most Stage II and some Stage
IIT eggs were present before the systematic counting and staging
began. The experiment was terminated before all larvae had reached
the 3.5-mm length.

The actual times of day of the important events were injection
of hormones in the afternoon of the preceding day and collection
of the eggs in the morning. The first staging ensued at about 1300.

For any small set of anchovy samples, Stage I and Stage XI ap-
pear to be too short for any analytical purpose: each appears to
be about an hour long. The other stages probably last between 5
and 13 h, and these durations diminish with increasing temperature
and development. Thus for other species in lower and higher water
temperature, the detection and use of a daily cycle of spawning should
include redefined stages which are markedly shorter than one day
at the beginning of development. The ensuing stages can be longer
as is convenient for data gathering and storage.



Table 5.—Tabulation of field abundance of northern anchovy eggs as a function of time in hours after spawning;
00 refers to the mid-point of spawning.
Stages
1 )i 111 v \'
Age in eggs/ cum. eggs/ cum. eggs/ cum. eggs/ cum. eggs/ cum.
hours 005m’ % 005m’> % 005m’ % 005m’ % 005m’ %
—04-02 0.120  0.014 0.113  0.002
—02-00 0.919 0.118 1.511  0.026
00-02 3.265 0.490 6.252  0.125
02-04 3.303 0.866 11.612  0.308
04-06 0.464 0919 10.298 0.471
06-08 0.462 0.972 8.932 0.613 0.197 0.004
08-10 0.153 0.989  11.358  0.792 2.029 0.047
10-12 0.008 0.990 7.426 0910  4.767 0.149
12-14 0.039 0.995 3.969 0.973 5.178 0.259 0.109 0.003
14-16 0.023 0.997 1.023  0.989 7.474 0.419 0.316 0.013
16-18 0.016 0.999 0.258  0.993 8.945 0.609 1.109 0.048
18-20 0.007 1.000 0.450  1.000 8.762 0.796 2.378 0.121
20-22 2.831 0.856 5.056 0.278 0.873 0.026
22-24 1.926 0.897 5.911 0.462 2.482 0.102
24-26 3.408 0.970 7.388 0.691 2.599 0.108
26-28 1.105 0.994 6.842 0.903 3.421 0.284
28-30 0.298 1.000 1.411 0.947 4.570 0.422
30-32 0.318 0.957 5.576 0.576
32-34 1.241 0.995 5.263 0.751
34-36 0.155 1.000 3.318 0.851
36-38 2.078 0.914
38-40 1.181 0.950
40-42 1.109 0.984
42-44 0.543 1.000
Age at which
5% appeared —1.5h 0.5h 10 h 18 h 22.5h
50% appeared 0.0 6.0 16 24 30
95% appeared 4.5 13.5 25.5 31 40

Abnormal Embryos

There appears to be a need for stages which can be recognized even
with a distorted specimen. A large fraction of the anchovy eggs are
decidedly abnormal and stage classification is quite difficult. We
have sought to modify sample washing and fixation to diminish this
problem, but the specimens are distorted when fresh and alive (Sand-
knop and Stevens?). Also these abnormal embryos do not seem to
be associated with any particular stage or age of egg. Table 9 is a
correlation matrix for the disintegrated eggs and the aged ones. The
highest correlation is between disintegrated and total eggs, and even
this shows no more than 7% of the number of disintegrated eggs
can be predicted from the number of eggs in a sample.

Table 6.—Correlation matrix among categories of northern
anchovy eggs.

Age of

eggs <8 h 1d 2d 3d 4d DIS+!
1d 0.101
2d 0.029 0.396
3d -0.022 0.176 0.277
4d —0.024 0.029 0.002 0.325
DIS+ 0.045 0.150 0.143 0.111 0.073
Total eggs 0.388 0.786 0.737 0.465 0.130 0.258

'DIS = disintegrated eggs but with chorion intact

2E. M. Sandknop, Biological Technician, and E. L. Stevens, Fishery Biologist, South-
west Fisheries Center, National Marine Fisheries Service, NOAA, PO. Box 271, La
Jolla, CA 92038, pers. commun. Dec. 1981.
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The time in the field of the proportion of the spawning area covered
by spawn (Fig. 2), the mean number of eggs per observation, the
standard deviation, the standard error of the mean (Fig. 3), and the
dispersion coefficient k of the negative binomial (Fig. 4) are con-
sistent with the anchovy laboratory data and that for the Pacific sar-
dine analyzed by Ahlstrom (1943).

SUGGESTIONS FOR
FUTURE RESEARCH

Three characteristics of the anchovy make the assignment of ages
possible: One is that the anchovy egg is demonstrably spawned
during a limited period in each day; another factor is that stages
have been assigned so that their duration is about one-third of a day
so that ages can be unequivocally assigned if the temperature and
time of tow is known; lastly, the total incubation time is about 3
d (see Table 7).

This leads one to the questions: How would one estimate egg
production if the eggs were produced at all hours of the day? How
would one proceed if the total incubation time were <1 d?—more
than 10 d?

Research on these questions could proceed along these lines. For
the case of the long incubation period, it is not necessary to follow
the course of mortality through the entire incubation period. For
example, if the incubation period were 14 d and the ages of eggs
could readily be determined for only 3 d, the mortality and pro-
duction rate from that period would suffice for an estimate of the
production of spawn; the ensuing stages of eggs would not even have



to be counted or staged.

The rate of production could probably be estimated without know-
ing the time-of-day of spawning. For example, in Table 8 estimates
of rate of production could be determined solely from empirical
abundance information and incubation time. For the purpose of this
exercise, I have assumed that the 11 stages are incubated in 66 h,
or 6 h/stage. Deviations of abundance from the regression estimate
of abundance are of two kinds: Sampling variability and duration
differences from the even duration assumption. If sampling variabil-
ity is ignored, then stage lengths longer or shorter than the average
stage duration can be estimated.
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Figure 2.—Time course of proportional occurrence (number of observations with
eggs of a given age divided by the number of observations with any age anchovy
egg). Dashed lines under “S” indicate observations during the spawning period.
The dashed line under “H” represents observations during the hatching period.
The process assumed to control the solid line under “D” is dispersal.
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Figure 3.—Time course of the primary statistical parameters, the arithmetic mean
(below), the standard deviation of the observations (ab , and the standard error
of the mean (cross-bars on the arithmetic mean line). Within ages the standard
deviation is believed to be a function of the mean, and this function of the mean
changes with time owing to dispersal (see Figure 4). Standard error of the mean
bars are +2 (or approximately the 95% limits). For this illustration the number
of observations is 1,666 taken between 1980 and 1983 as part of the egg produc-
tion method estimate of anchovy spawning biomass. The dashed lines under “S”
and “H” represent spawning and hatching as in Figure 2. The principal process
controlling the slopes of the standard deviation and mean under “M” is mortali-
ty. The convergence of the standard deviation and mean lines is caused by dis-

persal of eggs.

Figure 4.—Negative binomial distribution is repr ted by two par ters: the
arithmetic mean (see Figure 3) and “Kk”, the “dispersion parameter.” The points
represent maximum-likelihood fits to sample data in seven 8-h intervals which
contain samples unbiased by spawning or hatching. The line represents the linear

least-squares fit to these points.



Table 7.—Cumulative incidence of laboratory-spawned and reared northern
anchovy eggs and larvae.

Age _Stage of development ~_ Larvae
(h) v A% VI VIl vil IX X 25mm 30 mm
16 0 at 13.5°C

24 0.226 0

32 0.812 0.204 0

40 0.995 0.723 0.128 0 0

48 1.000 0.985 0.759 0.265 0.032 0

56 1.000 0.992 0.907 0.552 0.032 0 0

64 1.000 1.000 1.000 0.684 0.174  0.100 0
72 0.947 0.802 0.292 0.004
80 1.000 1.000 0.724 0.014
88 0.880 0.271
96 0.975 0.554
104 1.000 0.763
112 0.843
120 0.888
128 0.977
136 1.000
16 0.028 0 at 15.1°C

24 0.591 0.010 0
32 0.963 0.505 0.075
40 1.000 0.965 0.459 0 0

48 1.000 0.974 0.458 0.016 0

56 1.000 0.981 0.874 0.273 0 0

64 1.000 0.976 0.929 0.500 0.145 0
72 1.000 1.000 1.000 0.43¢ 0.078
80 1.000  0.230
88 0.527
96 0.810
104 0.868
112 1.000
16 0.025 0 at 16.3°C

24 0.766 0.069 0
32 0.944 0.881 0.231 0
40 1.000 1.000 0.923 0.570 0.037 0

48 1.000 0.974 0.880 0.210 0 0

56 1.000 1.000 0.746 0.387 0.250 0.004
64 1.000 1.000 0.625 0.046
72 0.837 0.367
80 1.000 0.685
88 0.930
96 1.000

Table 8. —Empirically derived stage durations of northern anchovy eggs.

Stage X 2SE 4X T RE D CUM F L d

I 0.77 0.28 3.08 3 1378 1.34 0- 1.34  0.67 —

n 534 0.80 21.36 9 12.85 9.98 1.34-11.32 6.33 6.42 —0.09
111 386 076 1544 15 1198 7.73 11.32-19.05 15.19 13.55 1.64
v 2.79 048 11.16 21 11.17 6.00 19.05-25.05 22.05 21.12 0.93
v 275 0.62 11.00 27 10.41 6.34 25.05-31.39 28.22 30.70 —2.48
VI 3.06 044 12.24 33 971 7.56 31.39-38.95 35.17 39.24 -4.07
VII 228 0.36 9.12 39 9.05 6.04 38954499 4197 47.13 -5.16
Vil 1.65 0.22 6.60 45 8.44 4.69 44.99-49.68 47.34 52.07 —-4.73
1X 245 0.14 9.80 51 7.87 7.47 49.68-57.15 53.42 56.28 —2.86
X 1.86 0.10 7.44 57 734 592 57.15-63.07 60.11 62.63 —2.52
X1 0.44 0.074 176 63 6.84 1.54 63.07-64.61 63.84 65.65 —1.81

X = mean number of eggs by stage (n = 1,666) per observation
SE = standard error of number of eggs by stage.

4X = daily production by stage if duration is 6 h per stage.

T = midtime of stage if duration is 6 h per stage.

RE = regression estimate of abundance (first approximation).

D = duration of stage in hours if regression error is ignored.
CUM = cumulated age of stages in hours.

F = midtime of each stage estimated from field data.

1 = midtime of each stage estimated from lab experiment.

d = difference in hours.
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The CalCOFI
Vertical Egg Tow
(CalVET) Net

PAUL E. SMITH, WILLIAM FLERX,
and ROGER P. HEWITT!
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National Marine Fisheries Service, NOAA,
PO. Box 271, La Jolla, CA 92038

ABSTRACT

The vertical egg tow (CalVET) net was devised by CalCOFI (California Cooperative
Oceanic Fisheries Investigations) to estimate egg production in the central sub-
population of northern anchovy and similar fishes. This paper describes the sam-
pling characteristics of the net and its interaction with physical and distributional
features of the anchovy egg. Problems discussed include the horizontal patchi-
ness of the eggs and intensity of their distribution, volume and depth distribution
of the water filtered, egg retention, and towing characteristics of the net.

The mouth area of the CalVET net is 0.05 mz; the tow is vertical to minimize
the volume of water filtered per unit depth; the mesh size of 0.150 mm is selected
for total retention of the anchovy eggs under all likely conditions. The mesh area
of the net is three times the mouth area in the conical portion and five times the
mouth area in the cylinder. The conical mesh is the minimum size necessary for
highly efficient filtration, while the cylindrical portion reduces the probability
of the net clogging during a single tow. A flowmeter detects sequential clogging
of the net during a series of tows. The net is lowered and raised rapidly to diminish
the effects of ship drift and undersea currents which impose uneven trajectories
on the net. The net is probably not capable of sampling active larvae 5 mm or
longer, owing to the small mouth size and the disturbance to the net’s path from
the towing wire.

Design and working drawings of the frame and net are included.

'Present address: Commanding Officer, NOAA Ship Miller Freeman, Pacific
Marine Center, 1801 Fairview Ave. East, Seattle, WA 98102.
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HORIZONTAL PATCHINESS

We assume that eggs are released in the open sea by the gravid
females of a northern anchovy school in close proximity to one
another where they are fertilized by males. Previous samples of an-
chovy and sardine eggs indicated that most are found at densities
of 1,000 to 5000 eggs/m?> when spawned, although only a small
proportion of the samples actually contained eggs at these densities
(Smith 1973; Smith and Richardson 1977:84). There is also evidence
that most eggs are found in the upper 70 m of the water column
(Ahlstrom 1959; Pommeranz and Moser 1983).

To shorten the sorting time for samples, we used a small net. 0.05
m? in cross section. To reduce the time spent sorting out the an-
chovy eggs from plankton, we used a vertical tow through the up-
per 70 m rather than a normal oblique tow, since a vertical tow cap-
tures far less extraneous plankton. Sample simulations on existing
data for unstaged and staged anchovy eggs indicated that adequate
sample precision could be obtained with 500 to 1,000 positive egg
samples.

Previous studies by sonar, oblique plankton tow samples, and
observations of spawning in the laboratory indicated three con-
tributors to horizontal patchiness of anchovy eggs in the sea: 1)
The act of fertilization; 2) the schooling habit; and 3) the propensi-
ty of schools to be contagiously distributed. The expected scale of
horizontal patchiness from the act of fertilization is of the order of
meters to tens of meters. The expected scale of horizontal patchiness
from the schooling habit ranges from hundreds to thousands of
meters. The expected scale of patchiness from the school group scale
is of the order of kilometers to tens of kilometers. A study using
eight replicate tows per station identified the school scale as the pri-
mary source of variance. Samples replicated at the same station in-
dicated that only during the first half day after spawning was the
fertilization swarm a significant source of variance relative to the
school-size scale. To achieve statistical independence among adjacent
samples, we decided to space the samples at least 3 km apart. The
most usual spacing between samples has been 6 km in the offshore-
onshore direction and about 16 or 32 km in the alongshore direction.

DEPTH DISTRIBUTION
OF WATER FILTERED

The design objective of the CalVET tow was to filter a uniform and
measured volume of water for each increment of depth from 70 m
to the surface. The chief barriers to this goal are 1) ship drift and
undersea currents, 2) clogging of the net, and 3) cyclic vertical mo-
tions of the towing wire caused by the heave and roll of the ship
(Hewitt 1983).

The primary effect of ship drift and undersea currents is to distort
the distribution of water filtered/unit surface area to a given depth.
The ideal tow as designated here is to sample about 50 L water/m
of depth to a depth of 70 m, or to near-bottom in shallow waters.
First of all, ship drift and undersea currents diminish the depth at-
tained with the fixed length of towing wire. For example, if the wire
has strayed from the vertical by 30°, 70 m of wire will achieve only
61 m depth. Similarly 5° stray will affect the depth attained by less
than 1 m. Secondly, ship drift and undersea currents change the
angle of stray with time. For example, the net when vertical will
filter 50 L water/m of depth, and at 30° the net will filter 58 L
water/m of depth. Our usual experience is that the oversampling
occurs in the upper layers relative to the deeper layers. In the recom-
mended sample series all tows are repeated when the angle of stray
has exceeded 30°.



The most important specification in this category is that the net
must emerge from the water at right angles to the surface. It is known
from horizontal samples at the surface that great concentrations of
eggs may exist there, thus to drag the net along the surface toward
the ship is to risk vast oversampling of the eggs.

The chief error caused by clogging of the meshes of the net is
the relative undersampling of the shallow vs. deep water in an ascend-
ing vertical tow. It is conceivable that a net which is filtering 50
L/m of depth might clog in the upper layers and filter 40 or fewer
liters per m of depth (Smith et al. 1968). The viscous resistance
of the filtering surface requires that about three times as much mesh
aperture as mouth aperture is required to filter water efficiently. For
this reason the CalVET net is fitted with a truncated conical por-
tion which contains three times as much mesh aperture area as the
opening of the net. Since the mesh chosen is about 46 % open area,
the 0.15 m? aperture area of the conical section is achieved with
0.33 m? of mesh. In addition, to diminish the danger of the net
changing filtration efficiency during the tow due to clogging, the
net is fitted with a mesh cylinder with five times the mesh aperture
area compared with the mouth opening of the net. This should be
ample for a tow this length and with this mesh size (0.333 mm; see
below) in coastal waters off California.

Filtering efficiencies of 97% are possible with simple net aper-
tures. Efficiencies of 100% and more are possible with inverted con-
ical net entrances like the original Hensen net. The complicated
Hensen technique was not chosen because the filtration efficiency
becomes a function of net speed, and the placement of the flow-
meter in the flow section to obtain a representative sample of water
filtered is poorly understood. Also, reverse cone structures increase
the lateral drag of the net and worsen the consequences of ship drift
and undersea currents. The design of the CalVET net makes clog-
ging unlikely within a tow; thus the use of a flowmeter is not re-
quired to verify the constant filtration of water per unit depth.
However, nylon nets are subject to sequential clogging in a series
of tows, and flowmeters are recommended to ascertain and correct
this problem. Deviations of flowmeter revolutions of 10% or more
should be cause for exchange or careful washing of the net. For ex-
ample, a calibration factor of 0.273 m/revolution of the flowmeter
would predict that 256 revolutions be characteristic of a suitable tow
from 70 m to the surface. Flow readings of 231 revolutions for the
full tow, or 3.3 revolutions/m of wire out in shallow tows, would
indicate that a sequence of clogging between tows may have begun.

Another retention problem with vertical net tows relative to
horizontal and oblique tows is the direct connection of the net to
the ship. The roll and heave of the ship could at times impart
velocities to the net less than or in excess of design expectations.
Several consequences are possible between motion of the net and
the ship’s roll and heave. The most serious problem is noted with
simultaneous roll and heave downward when the net containing eggs
approaches the surface (Hewitt 1983). Should the downward velocity
exceed the recovery rate of the net, the net would collapse from
below, there would be reverse filtration of water through the mesh
apertures, and the eggs would be expelled from the mouth of the
net. Probably the next most important danger is that when the net
containing eggs approaches the surface, the simultaneous roll and
heave upward will add the speed of the ship’s motion to the already
high speed of the net recovery wire. In this case, the eggs lying on
the mesh might be ruptured or extruded through the mesh apertures.
Quantitatively less important, perhaps, is the likelihood that a net
at depth might be propelled upward fast enough to filter water and
turn the flowmeter, thus oversampling the volume at that depth. The
flowmeter is normally jammed against the mesh on the downward
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path. To diminish these effects, the net is lowered at 1-1.2 m/s and
recovered at the same speed. In this way we achieve a depth of 70
m in 1 min and recover at the same speed. The net is stopped for
10 s at the bottom. Tows which vary substantially from this regimen
should be repeated.

RETENTION OF ANCHOVY EGGS

The main considerations in retention of anchovy eggs by the CalVET
net are the relative size of the egg, the mesh aperture, and the filtra-
tion velocity. The minimum dimension of the northern anchovy’s
egg is about 0.65-0.85 mm in February, and 0.55-0.80 mm in August
(Smith and Richardson 1977:61). Such an object should be fully re-
tained by mesh sizes <0.4 mm according to the “diagonal rule.”
The diagonal rule states that the minimum dimension of the object
to be sampled should be greater than the diagonal of the mesh aper-
ture. Absolute retention is affected also by the filtration velocity.
For example, the CalVET net proceeds through the water at a
nominal velocity of 70 m/min. The active filtering surface is about
three times the net mouth area, thus the filtration velocity is 1.2
m/s divided by 3, or 0.4 m/s. This is a high filtration velocity relative
to the normal oblique tows. Thus the net mesh size for the CalVET
was selected to be 0.150 mm. The main reason for the high net velo-
city is to diminish the time for errors of ship drift and undersea
current to accumulate.

DESIGN AND WORKING DRAWINGS
OF THE CalVET NET

The CalVET frame and net are much smaller than traditional
ichthyoplankton nets: 0.25 m diameter mouth opening (0.05 m?
mouth area) and the total length of the net is <1.5 m. The net is
lowered to a depth of 70 m and retrieved vertically at 70 m/min;
strict controls govern the field procedures, and a tow is rejected if
the wire strays too far from the vertical or if the retrieval rate is
too fast or too slow. The results from field testing the gear in 1979
indicated a very high degree of fidelity among eight replicates at
a single station; the test was conducted over 70 stations and within
a 200-fold range in egg abundance.

Figures 1-5 describe the bongo-type (PAIROVET) version of the
CalVET sampler. The frame was designed to facilitate comparison
of nets constructed of various materials and to provide replicate
observations when using similar nets; it has become one of the stan-
dard samplers used by the Southwest Fisheries Center. The frame
is constructed of 6061-T6 aluminum with stainless steel fittings. The
nets are nylon mesh attached to the frame with adjustable stainless
steel strapping. The cod end is removable and attached to the rest
of the net by means of a plastic collar. The net and cod end are
sewn inside a “sleeve” constructed of 2-mm mesh vinyl-coated
polyester (not shown) to protect them from abrasion.

Nets of several mesh sizes have been used by the Southwest
Fisheries Center. All have been constructed using the dimensions
shown in the figure; total area of net material is 0.95 m?. With the
exception of the 0.035-mm mesh, all of the net materials have ap-
proximately the same porosity, i.e., the portion of the net area which
is open. Smith et al. (1968) suggested that adequate filtering effi-
ciency can be maintained in coastal waters if the ratio of aperture
area to mouth area is at least 3.4 for a net of the proportions de-
scribed. Thus, these nets may be expected to perform well with the
exception of the very fine (0.035 mm) mesh net which may clog
in turbid coastal waters (Table 1).



Table 1.—Ratio of aperture area to mouth area for various
net mesh sizes. Nets with mesh <0.333 mm are protected
by a 2-mm mesh nylon sheath. See text.

Total Aperture
Mesh area area Aperture area/
(mm) (m*  Porosity (m?) mouth area
0.035 095 0.16 0.15 3.04
0.075 0.95 0.45 0.43 8.55
0.150 0.95 0.51 0.48 9.69
0.250 0.95 0.49 0.47 9.31
0.333 0.95 0.46 0.44 8.74
0.505 0.95 0.49 0.47 9.37
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Procedures for
Sorting, Staging,
and Ageing Eggs

GARY STAUFFER and SUSAN PICQUELLE!
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PO. Box 271, La Jolla, CA 92038

ABSTRACT

Estimation of the daily production of eggs spawned is based on data for the number
of eggs sampled during the plankton survey. This requires that the age of individual
eggs be determined. To accomplish this, eggs of the surveyed species must be sorted
out of the plankton samples, staged according to their state of embryonic develop-
ment, and aged. The initial step in processing the plankton samples is removing
the fish eggs and larvae and identifying the eggs of the target species. The second
step is assigning each egg to a stage of embryonic development and counting the
number of eggs of each stage for each plankton sample. Once all the samples have
been staged, ages are assigned separately to each sample of the staged eggs based
on a stage/temperature/age key, station temperature, and time of station occupancy.
This procedure is subject to a number of sources of error that should be kept
in mind and evaluated for each application.

'Present addresses: Northwest and Alaska Fisheries Center, National Marine Fisheries
Service, NOAA, 7600 Sand Point Way NE, Seattle, WA 98I15.
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INTRODUCTION

The daily production of eggs spawned into the sea is estimated by
regressing a mortality model to density data on the number of eggs
at age derived from plankton samples. To generate the egg density
data, the fish eggs (and larvae) of the target species must be sorted
from the plankton samples, staged on the basis of embryonic develop-
ment, and aged. This process can begin as soon as the plankton
samples have been transferred to the laboratory. At the Southwest
Fisheries Center (SWFC), this procedure for the eggs and larvae
of northern anchovies is carried out by three separate groups.

SORTING

The method of sorting eggs and larvae from the CalVET? samples
are similar to the procedures outlined by Kramer et al. (1972) and
Smith and Richardson (1977). The volume of plankton in CalVET
samples was not measured. In this survey, plankton volumes were
quite small because of the size of the CalVET net and the short dura-
tion of the tow and were not necessary for estimation of spawning
biomass.

The plankton sarnples must be sorted by personnel trained in the
identification of fish eggs and larvae particularly of those species
from the survey area. Sorters are responsible for cross-checking the
inside and outside labels of each sample jar as it is processed. It
is critical that sample identification numbers written on all data forms
filled out by the sorters match those on the sample jar labels. Sorters
are responsible for picking out the eggs and larvae for all species
and identifying the target species. At the SWFC, eggs and larvae
of the target species are placed in 2-dr vials, filled with diluted For-
malin, capped, and labeled with station identification numbers. Addi-
tional station data to be recorded on the staged egg data forms are
water temperature and time of collection. These data are necessary
for ageing the staged eggs at a later date.

Depending on the objectives of a particular survey, other species
may also be sorted. Egg counts and possibly larval lengths of the
target species are recorded on staged egg data forms. Sorting time
per sample depends on the volume and quality of plankton and the
quantity of ichthyoplankton in the samples. A sorter at the SWFC
can process about eight CalVET samples per day. If processing of
the plankton samples is on a strict schedule as it is at the SWFC,
then it is advisable to sort first the samples collected at stations with
the highest expected density of eggs.

STAGING

The second step in processing eggs of the target species is the assign-
ing of an embryonic developmental stage to each egg. More train-
ing, experience, and time are required to accurately stage the em-
bryonic development of fish eggs. The 2-dr vials containing sorted
eggs of the target species and the respective staged egg data forms
are turned over to a second group responsible for staging eggs at
the SWFC.

Working with each sample separately, the technician pipettes or
empties the eggs in a vial into a petri dish and sorts the eggs under
a binocular dissecting scope into groups for each standardized
developmental stage that spans incubation from time of fertiliza-
tion to hatching, as described in Moser and Ahlstrom (1985). Eggs

2For a description of the CalVET net, see Smith et al. (1985).



with disintegrated embryos are often difficult to stage and require
special attention (see Moser and Ahlstrom 1985). In some samples,
as much as 50% of the eggs could be disintegrated and difficult to
stage. The number of eggs in each stage group are counted and
recorded on the staged egg data sheet. The number of eggs for which
it is impossible to assess the embryonic condition must be recorded
also. The sum of the number of eggs staged should equal the earlier
sorter’s count. If not, then all groups should be recounted and any
discrepancies accounted for and noted. When the staging of a sam-
ple is completed, all the eggs must be returned to the vial and the
sample archi.2d in a storage area.

AGEING

Once all the station samples have been staged, the completed staged
data forms can be turned over to a team which assigns ages to the
staged eggs. Although this group of two or three people need not
be skilled in identification of eggs and larvae or egg stages, they
must understand the daily spawning cycle and the effect of
temperature on development rate. It is recommended that each team
member age the eggs for all stations independently of the others.
This serves as a check of potential ageing errors and biases that
could result from subjective decisions on likely ages of eggs for which
the day of spawning is not obvious.

Assigning ages to eggs based on the stage of embryonic develop-
ment is a relatively straightforward procedure if spawning occurs
within a brief time interval during the 24-h daily cycle and if the
duration of egg stages is less than a day for the range of temperatures
observed during the survey. If either one of these conditions is not
the case in any particular application, then the procedure described
here will have to be modified in order to estimate daily rate of egg
production in the sea.

Before the ageing step can begin, the team must specify the hour
of peak spawning within the daily cycle to determine time zero for
egg development. This can be determined from the time of day that
newly fertilized eggs appear in the egg collections and from obser-
vations on the spawning behavior or condition of the adults. A
stage/temperature/age key as described in Lo (1985, fig. 2) must be
available for the target species of the survey. This key represents
embryonic growth curves for each developmental stage, relating time
to develop with temperature. From these curves, the time or age
from fertilization to time of collection can be estimated given the
stage of development and station surface temperature, which is
assumed to be the temperature at which the egg was incubated. The
age of an egg can be calculated by estimating its age in whole days
and then adding on the portion of a day that has elapsed between
peak spawning hour and the time of day the sample was collected.
For northern anchovies off California, the peak spawning hour is
set at 2200. Thus eggs need be aged only to the nearest day and
then adjusted for the portion of the day between sampling and peak
spawning.

The benefit of having all spawning occur in the same short inter-
val each day is that the ages of the eggs within each sample are
separated by 24-h increments. Because the duration of any particular
stage is much less than 24 h, the distribution of eggs of a single
sample over the different developmental stages should form distinct
groups or modes with unrepresented stages separating each group.
One can then assume that each group is separated by 24 h. This
pattern is extremely helpful in assigning whole-day ages to groups
of eggs within a sample. However, this pattern becomes blurred for
samples taken from colder temperatures where the duration of each
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stage is longer and the modes or groups of eggs may overlap. This
pattern is also less clear for the advanced stages because the ages
are assigned with less precision. The longer the incubation time,
the more inflated the variance in the age key becomes as the effects
of variability in growth rate and environmental factors accrue.

These two problems are partially avoided by truncating the data
series and eliminating the eggs older than a specific age. The primary
reason for doing this is to avoid the time period when eggs begin
to hatch into larvae and are no longer available for sampling. Trun-
cation of egg density data for eggs older than the age at which the
onset of hatching is expected for the warmer temperatures en-
countered on the survey insures that mortality is the only process
contributing to the decline in egg abundance. This also eliminates
eggs for which the procedure of assigning ages has the greatest
uncertainty.

For the northern anchovy surveys conducted by the SWFC, time
was saved by taking temperture data at the surface only, at most
stations. The recorded temperature data represent the maximum in-
cubation temperatures that eggs would likely encounter in the up-
per mixed layer, where anchovy eggs are found. In a few cases, eggs
could have been assigned to either one of two spawning days based
on the age key. In these cases, the older age was assigned based
on the assumption that the egg was probably incubated at a
temperature colder than the surface waters. However, the majority
of eggs closely corresponded to the predicted age suggested by the
embryonic growth curves and by the separation of egg-stage modes.

Plankton samples collected during the spawning hours will under-
sample the new eggs until spawning is completed for the daily spawr-
ing period. To avoid underestimating daily egg production from the
mortality model, egg densities of the youngest ages exclude samples
collected during the spawning period. For northern anchovies this
period was between 1800 and 0200. These samples do provide data
on eggs older than approximately one-half day (for further discus-
sion see Picquelle and Stauffer 1985).

After assignment of ages by all team members working in-
dependently of one another, the staged egg data forms were sorted
into convenient time and temperature strata. The team as a group
examined the data forms for each stratum for consistency among
samples in the assigned age of each stage. At this time, discrepan-
cies between the ages assigned by different team members and
among stations with similar conditions were discussed and rectified.
This final comparison is very important to minimize any differences
among the team, to reduce errors, and to insure that the determina-
tions from the age key are consistent throughout the ageing exercise.

The ageing step can be automated using a computer. Based on
the stage/temperature/age key, a reference table can be constructed
and included in a computer program. The table should contain the
estimated ages of eggs for each of the 11 stages at temperatures
ranging from 10° to 22°C, sampled at any time throughout a 24-h
period. Ages are assigned to stages according to the reference table.

The advantages of the automated system are twofold. 1) It saves
time: the current manual system requires about 1 wk of manpower
to age the eggs, enter the data, and build the data files for the estima-
tion of daily egg mortality and egg production; the automated system
requires one-half day at most to process the staged eggs and pro-
duce a daily egg mortality curve. 2) It standardizes the method:
the automated system eliminates the subjectivity of human judg-
ment and variation resulting from operator error, thus the accuracy
of the egg production and the egg mortality estimate can be im-
proved (see Lo 1985).



ASSUMPTIONS AND SOURCES
OF ERROR

1) Anchovy eggs are easily distinguished because of the oblate
spheroid shape. As a result, the sorting procedure for anchovy eggs
is quite accurate and relatively efficient. The sorting of spherical
eggs of other species may require more skill and resorting to check
for accuracy if there is a potential confusion with other species.

2) Often a high fraction of the fish eggs have disrupted or
disintegrated embryos. In these cases, the developmental stage must
be determined by additional criteria. For the northern anchovy ex-
ample, it was assumed that this condition occurred during the
plankton tow and that eggs in this category had a similar mortality
history. The validity of this assumption should be examined in each
application of the egg production method.

3) The assumption that 100% of the eggs are retained by the
plankton net should be tested. Also, the catching process and fixa-
tion may stimulate the eggs to hatch.

4) The mortality model assumes that all egg stages including
unfertilized eggs have the same rate of mortality. If unfertilized eggs
make up only a small fraction of the total eggs, and if they persist
in the water column for <1 d, then it is probably sufficient to assign
them as 1-d-old eggs. This ignores the bias in the estimate of daily
egg production created by the different mortality rates of unfertil-
ized eggs and the inability to age unfertilized eggs. On the other
hand, if unfertilized eggs are not an insignificant fraction of the total,
then the egg production mortality model must be modified to ac-
count for them.

5) The ageing of staged eggs is facilitated by a short spawning
interval within a daily period. Assigning ages to embryonic stages
will become less reliable as the spawning interval makes up a greater
fraction of the daily period. Stage durations of <12 h at the usual
incubation temperature facilitates the assigning of daily ages to staged
eggs. If embryonic development is slow, which is often the case at
low temperatures, then there is a good possibility that eggs at a single
stage could have resulted from more than a single spawning episode.
If this occurs, then the arbitrary stages described here must be
divided further.

6) The duration of an egg stage is a function of the incubation
temperature. The measured temperature at a plankton station may
not be the actual temperature at which the collected eggs were in-
cubated within the water column. The temperature measurement
must be representative of the temperature at which the majority of
the eggs incubate. This requires a study of the vertical distribution
of eggs compared with the temperature depth profile.
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Staging Anchovy Eggs

H. GEOFFREY MOSER and ELBERT H. AHLSTROM
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ABSTRACT

The developmental period of northern anchovy eggs is divided into eleven stages.
These stages are defined by structural criteria chosen from the sequence of mor-
phological changes which occur during embryogenesis. Samples of eggs, preserved
in 3% formaldehyde solution, are examined under a dissecting microscope using
soft transmitted lighi. In Stage 1 eggs, cell division has not yet begun and the
cytoplasm appears as a cap at one pole of the elliptical yolk mass. Cell division
occurs during Stage II to produce a blastodisc. At Stage III the size of the in-
dividual blastomeres is greatly reduced and the blastodisc has the appearance of
tissue. Stages IV, V, and VI are defined by the fraction of the yolk mass covered
by the blastoderm. The proportion of tail length to head length defines Stages
VII and VIII, and the proportion of tail length to yolk mass length defines Stages
1X, X, and XI. The procedure for staging eggs with disintegrated embryos is
described.
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INTRODUCTION

The cleven egg stages used since 1980 in egg production biomass
estimates are modified from stages established by Ahlstrom (1943)
for the Pacific sardine, Sardinops sagax. Northern anchovy eggs
differ markedly from those of the Pacific sardine in size, shape, and
in the absence of an oil globule. The strongly elliptical eggs of
Engraulis mordax measure 1.23-1.55 mm at the major axis and
0.65-0.82 mm at the minor axis {Bolin 1936), whereas developing
sardine eggs range from 1.35 to 2.05 mm with a mean of 1.70 mm
(Ahlstrom 1943). The sardine embryo, however, is only slightly
larger than the embryo of the anchovy since the wide perivitelline
space of the sardine accounts for almost half the total egg diameter.
Also, the rates of development of major embryonic features and organ
systems are comparable in the two species.

METHODS

Eggs are sorted from the plankton samples as described by Stauffer
and Picquelle (1985) and preserved in 3% buffered Formalin in 2-dr
vials. For staging, each sample is placed in a watch glass with water
and examined under a dissecting microscope, using the microscope
mirror to produce a soft transmitied light. A direct light source does
not allow one to distinguish fine structures of the embryos.

Most samples contain several groups of eggs representing widely
separated stages from several days’ spawnings. An initial cursory
examination allows one to sort most of the eggs into these several
subgroups, which can then be assigned to stages. The stages are
based on structural criteria chosen from the sequence of mor-
phological changes which occur during embryogenesis. These are
described below and illustrated in Figures 1 and 2.

EGG STAGES

Stage I

Cell division has not yet begun. In intact eggs the cytoplasm of the
single cell appears as a clear hemisphere at one pole, easily dif-
ferentiated from the yolk mass which is divided into granules. The
cytoplasm may be displaced to other locations around the periphery
of the yolk mass, but there is usually some accumulation at one pole,
which allows the stage to be identified.

Stage 11

This begins with the division of the single cell into two cells or
blastomeres. The division is first noticeable when a furrow develops
in the middle of the cytoplasmic cap. Small bubble-like structures
(probably artifacts) are often visible along the furrow and help iden-
tify it. The next cleavage plane is at right angles to the first, and
subsequent synchronous divisions in both meridional and latitudinal
planes produce a hemispherical mound of cells, termed the blasto-
disc. After the 5th or 6th division, the blastodisc has a berry-like
appearance, the so-called “mulberry stage,” and with subsequent
divisions the blastomeres become increasingly smaller and more
difficult to distinguish individually. During a certain phase of the
early divisions the blastomeres are about the same size as the yolk
granules. If the blastodisc and yolk mass become disrupted during
collection or preservation, the blastomeres may become distributed
among the yolk granules. They may be distinguished from one
another since they have different refractive indices and the
blastomeres appear darker when viewed with transmitted light.



Figure 1.—Stages of northern anchovy eggs. A. Stage I; B. Stage II (2 cells); C. Stage II (16 cells); D. Stage II
(“Mulberry”); E. Stagell (late); F. Stage Il (mid); G. Stagelll (ate); H. StageIV (mid); I. StageV (mid). Original
illustrations of A, B, D, G, by G. Mattson; C, E, F, H, I from Bolin (1936).
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Figure 2.—Stages of northern anchovy eggs. A. Stage V (late); B. Stage VI; C. Stage VII; D. Stage VIII; E. Stage
IX; F. Stage X; G. Stage XI; H. Diagrammatic egg showing relationship of epiboly and tail length to stage; right side
indicates fraction of the yolk mass covered by the blastoderm in Stages III, IV, and V; left side shows tail length/head length
proportions which define Stages VII and VIII and tail length/yolk mass length proportions which define Stages IX, X, and
XI; I. Newly hatched anchovy. Original illustrations of A, C, and F by G. Mattson; B from Bolin (1936); original illustrations
of D and E by H. Orr; original illustration of G by G. Moser; H prepared by B. Sumida; I from Kramer and Ahlstrom (1968).
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Stage III

Abhlstrom (1943) defined this stage in sardine eggs as beginning with
the appearance of the segmentation cavity. The segmentation cavity
of teleost eggs is the space formed between the blastodisc and the
yolk mass during late cleavage. In most anchovy eggs in our collec-
tions the blastodisc is shrunken and somewhat cup-shaped and con-
sequently the segmentation cavity, which is a delicate structure, is
obliterated. We have found it preferable to define the beginning of
Stage I1I on the basis of the appearance of the blastoderm, i.e., when
it has the appearance of tissue rather than of a collection of individual
cells. This stage marks the beginning of gastrulation. The margin
of the blastodisc becomes slightly thickened and is termed the germ
ring. At one region of the germ ring the thickening extends inward
to form the embryonic shield, which defines the future axis of the
embryo. Gastrulation proceeds by further proliferation and downward
movement of cells in the region of the germ ring by a process known
as epiboly. Simultaneously, proliferation and inward migration (em-
boly) of cells from the margin of the embryonic shield produce the
organ-forming cell layers of the primordial embryo. At the end of
Stage III the germ ring is one-third down the yolk mass and the
bilateral nature of the primordial embryo is apparent.

Stage IV

At the beginning of this stage the germ ring has enclosed one-third
of the yolk mass and the embryo is beginning to form along the
median region of the embryonic shield. At the end of this stage,
defined by the germ ring enveloping two-thirds of the yolk, the head
region of the embryo is becoming apparent.

Stage V

This stage begins with the germ ring two-thirds down the yolk and
ends with the closure of the blastopore and the complete enclosure
of the yolk by the cellular sheath of the embryo. The stage is charac-
terized by rapid differentiation resulting in the formation of several
somites in the midregion of the embryonic axis, development of the
notochord which can be seen from a dorsal viewpoint, and differ-
entiation of the optic vesicles from the brain.

Stage VI

This stage begins with the closure of the blastopore and ends when
the tail starts to separate from the yolk mass. The embryonic sheath
of cells is extremely thin and, in some samples, it may be difficult
to determine the point of blastopore closure. In these cases the event
can be estimated from the position of the caudal terminus of the
embryonic axis, since it grows toward the pole with the edge of the
cellular sheath. Initially the caudal region lies flat against the polar
region of the yolk, then gradually thickens and becomes more round-
ed at the tip until it is clearly separate from the yolk. During this
stage the somites are apparent along the entire body axis (except
at the caudal portion), the lens primordium appears in the eye, and
the regions of the brain begin to differentiate.

Stage VII

At the beginning of this stage the tip of the tail free from the yolk
is broadly rounded, then begins to narrow as it elongates. The noto-
chord extends almost to the tip and the finfold is just becoming visi-
ble. At the end of this stage the length of the free tail is one-half
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the length of the head. For this purpose, head length is considered
the distance from the tip of the snout to the back of the cerebellum
(see Fig. 2H). Relative tail length is the criterion for each remain-
ing stage.

Stage VIII

This stage begins when the free tail length is greater than one-half
the head length and ends when tail length equals head length. The
tail becomes pointed during this stage and begins to bend away from
the axis of the body, to the right or left side. The curvature of the
tail generally increases with development, but is subject to individual
variability (Fig. 2). Judgement is required in compensating for curva-
ture in estimating relative tail length; however, accuracy and preci-
sion increase rapidly with practice.

Stage IX

This stage begins with the tail extending one-quarter the length of
the yolk sac and ends when it reaches one-half the yolk sac length.
The gut is now apparent along the ventral surface of the tail, and
its terminal section passes through the finfold which is now con-
siderably wider than in the previous stage. The pectoral fin buds
appear as lateral thickenings as do the otic vesicles.

Stage X

This stage starts when the tail is one-half the length of the yolk sac
and ends when it reaches three-quarters of the yolk sac length.

Stage XI

This is the final stage before hatching and is defined by a tail length
greater than three-quarters of the length of the yolk sac.

Disintegrated (Dis) Eggs

Eggs with embryos in various states of disintegration are found in
many samples, and some samples contain a large proportion of
disintegrated eggs. Despite some preliminary field and laboratory
experiments, we are not able to determine whether disintegration
is caused by net damage, fixation, mortality prior to capture, or some
combination of these. The sampling design requires that all eggs
be assigned a stage regardless of condition. Empty egg shells and
eggs which have no identifiable morphological features are assigned
the “Dis” (disintegrated) category. These are later assigned a stage,
by pro rating, during the aging procedure (see Lo 1985). With de-
tailed examination, eggs containing damaged or shrunken embryos
can be staged. Usually they are part of a mode which is present
in the sample and thus can be staged by comparison with the groups
of intact eggs. In the early-stage disintegrated eggs, the blastomeres
and yolk granules are intermingled but can be distinguished since
the former appear darker in transmitted light. In eggs beyond Stage
III, the embryos are rarely disassociated but may be distorted or
shrunken and oriented abnormally because of the disintegration of
the yolk mass. Despite their condition, these embryos have the mor-
phological features described for intact embryos and can be staged,
although this requires more attention to morphological details; par-
ticularly useful are careful observations on the degree of differen-
tiation of myomores, median finfold, and head structures such as
eyes, brain lobes, and otic vesicles.
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A Model for Temperature-
Dependent Northern
Anchovy Egg Development
and an Automated
Procedure for the
Assignment of Age

to Staged Eggs
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PO. Box 271, La Jolla, CA 92038

ABSTRACT

A functional relationship between age and developmental stage of northern an-
chovy, Engraulis mordax, eggs for various temperatures was determined based
upon data collected in two laboratory experiments. The age of an egg was found
to be a mixed exponential and power function of temperature and stage. An
automated procedure was also developed using a reference table to assign age to
staged eggs for any given time of tow and sea temperature ranging from 10° to
22°C. A comparison between the manual system and the automated procedure
was made based on 1980-83 data, and the difference was found to be minimal.
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INTRODUCTION

In the first section of this paper, I discuss the modelling of temper-
ature-dependent anchovy egg development based on data from two
laboratory experiments conducted at the Southwest Fisheries Center
(SWFC). This temperature-dependent egg development curve is used
to assign ages to the field-collected eggs after they are staged ac-
cording to their anatomical development. In the second section, I
discuss an automated procedure for accomplishing the assignment
of ages.

TEMPERATURE AND DEVELOPMENT

Both laboratory and field-collected anchovy egg data indicate that
the developmental rate of eggs is temperature-dependent. The higher
the temperature, the shorter the time required to reach a given stage.
The relationship between the age of eggs and temperature for a given
stage has been studied in the past (Zweifel and Lasker 1976; Zweifel
pers. comm.!) and a Gompertz growth curve fitted to the labora-
tory egg development data of both anchovy and sardine.

To improve our knowledge of the relationship between temper-
ature and development of anchovy eggs and yolksac larvae, in 1981
a laboratory experiment was conducted at three temperatures (13.5°,
15.0°, and 16.5°C) using eggs from a captive brood stock (Lo 1983).
These egg data were used along with those collected at tempera-
tures ranging from 13.8° to 20.8°C for stages III, VI, VIII, IX, and
Xl in an earlier experiment to develop a revised model for express-
ing the development of anchovy eggs at a given temperature (Table
1). Stages are described by Moser and Ahlstrom (1985), and pro-
cedures for sorting and staging eggs by Stauffer and Picquelle (1985).

Table 1.—Average age (in hours.minutes) of northern anchovy eggs for
each of 10 developmental stages (Stage I not observed) at various tem-
peratures (°C) from laboratory experiments conducted at the SWFC.
Temperature
()
(Lo 1983) Zweifel and Lasker (1976)

Stage 139 152 162 13.8 152 16.6 18.0 194 120.8
I 6.82 642 6.40

11 16.36 13.55 13.14 20 15 10 9 8 6
v 2491 21.12 20.18

v 35.88 30.7 25.56

VI 44.63 39.24 3320 42 35 26 24 21 9
VII  49.64 47.13 38.56

VIII 525 52.07 43.64

X 61.1 56.28 50.48 58 50 39 35 33 28
X 66.09 62.63 54.78

XI 69.79 65.65 56.10 78 65 55 44 39 35

MODEL DEVELOPMENT
AND RESULTS

To choose an appropriate model for the relationship between age
and temperature for a particular stage, I examined the age-temper-
ature relationship empirically for stages III, VI, VIII, IX, and XI,
because data on these stages were available for a wide temperature
range (data for stages VIII and IX were combined to increase the
sample size).

1. R. Zweifel, Southeast Fisheries Center, National Marine Fisheries Service, NOAA,
75 Virginia Beach Drive, Miami, FL 33149, pers. commun. July 1983.
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Figure 1.—Observed (denoted by various symbols) and predicted ages (smooth
lines) of time to the ith stage as a function of temperature (°C) based on egg develop-
ment data collected from two laboratory experiments conducted at SWFC. The
predicted values are computed from Equation (4).

For all four stages, the exponential function fitted the data well,
ie.,

Yiu = a;eb! (1)

where y;, is the average age of the ith-stage anchovy eggs at tem-
perature t°C. The coefficients (a;b;) are for the ith stage only. The
initial fitting of the model was accomplished by linear regression
of the natural logarithm of the ages on the temperatures (In y;, =
Ina; + bit). The coefficient of determination (R?) ranges from 0.82
to 0.98:

Stage In q; b; R?
111 5.02 —0.155 0.95
VI 5.50 —-0.126 0.82
VIII, IX 5.54 —-0.107 0.95
XI 5.88 —-0.113 0.98

Next, the development data were examined for a given temperature
where ages were available for most of the stages. In this analysis,
only the latest laboratory data were included because the other data
set had only four or five egg stages. The temperatures used were
13.9°, 15.2° and 16.2°C (mean temperature experienced by all egg
stages). For each of the three temperatures, the development curves
were more complicated than time-to-stage curves described above.
A simple exponential function was not sufficient. Instead, the func-
tion was a combination of an exponential and a power function:

Yie = a, ¥ (@) @

All the coefficients are temperature specific; a,, b,, and ¢, are for
temperature t°C. Linear regressions of the natural logarithms of
average age on stage (In y;, = In a,+b, i+, In(i)) show an ex-
cellent fit with R? ranging from 0.96 to 0.99 for each of the three
temperatures:
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Figure 2.—Function relationship of average age of eggs for the ith stage based

upon time of iow and sea surface temperature (°C).

Temperature (°C) In a, b, ¢, R?
13.9 0.717 —0.206 2.4 0.96
13.5 0.731 —0.153 2.13 0.96
16.2 0.793 —0.206 1.94 0.99

In order to include all the existing data on anchovy egg develop-
ment in a single model, Equations (1) and (2) were combined into
one equation:

Yie = @ ctreenjd 3

where the coefficients a, b,c, and d were common for all stages and
all temperatures. Equation (3) was then fitted to all temperature-
specific egg development data (Table 1). The resulting model is:

Yoo = 16.07 (114500098174, @)

The observed and predicted ages of anchovy eggs were plotted in
Figure 1.

For each of the 11 stages, the average age of anchovy eggs can
be estimated from Equation (4) for a given temperature. A family
of 11 temperature-age curves was used as the key to determine the
ages of anchovy eggs collected in the field in conjunction with the
time of tow and sea surface temperature, assuming 1800-0200 was
the spawning time with 2200 as the peak (Fig. 2).

To use Figure 2 to assign age to anchovy eggs after they are staged,
the following is done. First, time zero was assumed to be 2200, the
midpoint of the daily spawning period. All the eggs observed be-
tween 1800 and 0200 were classified as newly spawned eggs (S).
Eggs that fall in the consecutive 24-h intervals from 0200 to 0200
are classified as day O, day 1, day 2, and day 3 eggs (or A-day, B-day,
C-day, D-day eggs), depending on the time of tow and the sea sur-
face temperature. For example, the eggs collected from a tow taken
at 1800 h at 16°C should have the age assignment as below
(theoretically no stage II should be observed):



v Vv
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XI
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Age — A

The above assignment of ages to staged eggs is on a daily basis.
With the information of time of tow, the age of eggs can be expressed
in hours, e.g., A-day eggs are 20 h old (20 h from 2200) and B-day
eggs are 44 h old in this example.

AN AUTOMATED PROCEDURE

The automated procedure for assigning an age to a staged anchovy
egg is a FORTRAN computer program (STAGEAGE) coded for
VAX? computer. It takes input data of staged eggs along with sea
temperature and time of tow and assigns ages to eggs according to
a reference table (see Table 3). This reference table contains the
estimated ages of eggs for each of the 11 egg stages (see Moser and
Ahlstrom 1985) at temperatures ranging from 10° to 22°C for any
time throughout a day. In the following paragraphs, I describe the
construction of the reference table.

The estimated ages (y;,;) in the reference table are the average
ages (y;,) computed from Equation (4) adjusted for the time of tow
(k) assuming that the peak spawning time is 2200. If the eggs are
observed before their expected time, an age younger than y;, will
be assigned. Otherwise, an older age will be assigned. The basic
formula of determining the age of eggs (y;,,) is

Yiek =Y + k=T (®)

2VAX is a trademark of Digital Equipment Corporation.

where y;, is from Equation (4), k is time of tow, and T is the ex-
pected time of observing stage i eggs. T is obtained from the peak
spawning time (st) (=2200 for northern anchovy) and average age

(yi,z):
T = remainder of O, + sH/24.

The basic formula is used for samples taken between TG and T+G
h. The quantity G is chosen to be 2 X the standard deviation of ages
within stage (sd). If y;,,<2Xsd, G is set to be equal to y;,,, or

if y;,>2Xsd
otherwise.

_ 2Xsd
yi,z,k

G

The average standard deviation over three temperatures (13.9°,
15.2°, 16.2°C) is between 2 and 5 h.

Stage I I II IV V VI VI VII IX X XI
sdhy — 2 4 4 4 4 3 3 5 3 3

The average age (y;,) and the expected time of tow (1) for each
stage and temperature combination are given in Table 2. The assign-
ment of ages of eggs as a function of the time of tow (k) and sea
surface temperature () is computed as below:

Yi—G if k<T—G
Viek = | Yitk—T — T—G<k<T+G 0)
Vi +G T+ G<k.

Notice Equation (7) is a modified version of Equation (5).

Table 2.—Average age and expected time of tow for each combination of stages (i) and
temperatures (¢) ranging from 10° to 22°C.
Temp. Stage
(°C) 1 11 111 v v VI vl vl IX X XI
Average (y;,) (in hours.minutes)
10 4.23 13.16 24.21 36.25 48.40 60.36 71.51 82.11 91.27 99.36 106.36
11 3.54 11.50 21.43 32.28 43.24 54.03 64.05 73.17 81.34 88.50 95.04
12 3.29 10.33 19.22 28.57 38.43 48.12 57.09 65.22 72.44 79.13 84.47
13 3.06 9.24 17.16 25.50 34.31 42.59 50.58 58.17 64.52 70.39 75.36
14 2.46 8.23 15.24 23.02 30.47 38.20 45.27 51.59 57.51 63.00 67.26
15 228 7.29 13.44 20.32 27.27 34.11 40.32 46.22 51.36 56.11 60.08
16 2.12 6.40 12.15 18.19 24.29 30.29 36.09 41.21 46.01 50.07 53.38
17 1.58 5.57 10.55 16.20 21.50 27.11 32.14 36.52 41.02 44.41 47.49
18 1.45 5.18 9.44 1434 19.28 24.15 28.45 32.53 36.36 39.51 42.39
19 1.34 4.44 8.41 13.00 17.22 21.38 25.38 29.19 32.38 35.32 38.02
20 1.24 4.13 7.45 11.35 15.29 19.17 22.52 26.09 29.06 31.42 33.55
21 1.15 3.46 6.55 10.20 13.49 17.12 20.23 23.19 25.57 28.16 30.15
22 1.06 3.21 6.10 9.13 12.19 15.20 18.11 20.48 23.09 25.13 26.59
Expected time of tow (') (in hours.minutes)

10 223 11.16 22.21 10.25 22.40 10.36 21.51 8.11 17.27 136 8.36
11 1.54 9.50 19.43 6.28 17.24 4.03 14.05 23.17 7.34 14.50 21.04
12 1.29 833 17.22 2.57 12.43 22.12 7.09 15.22 22.44 5.13 1047
13 1.06 7.24 15.16 23.50 8.31 16.59 0.58 8.17 14.52 20.39 1.36
14 0.46 6.23 13.24 21.02 4.47 12.20 19.27 1.59 7.51 13.00 17.26
15 0.28 529 11.44 18.32 1.27 8.11 1432 20.22 1.36 6.11 10.08
16 0.12 440 10.15 16.19 2229 4.29 10.09 15.21 20.01 0.07 3.38
17 2358 3.57 855 1420 19.50 1.11 6.14 10.52 15.02 18.41 21.49
18 2345 3.18 7.44 1234 17.28 22.15 245 6.53 10.36 13.51 16.39
19 2334 244 6.41 11.00 1522 19.38 23.38 3.19 6.38 932 12.02
20 2324 2.13 545 935 13.29 17.17 20.52 0.09 3.06 542 7.55
21 23.15 146 4.55 820 11.49 15.12 18.23 21.19 23.57 2.16 4.15
22 23.06 121 4.10 7.13 10.19 13.20 16.11 18.48 21.09 23.13  0.59
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Thus, the age for eggs of stage i observed at temperature ¢ is always
within y;, +G (i.e., between two standard deviations of age within
a stage). Equation (7) eliminates the possibility of assigning either
too young or too old an age to eggs that were sampled at the time
which is more than G hours before or after the expected time of
tow. Occasionally, the eggs are taken 12 h away from the expected
time of spawning. These eggs can be either the youngest or the
oldest eggs for that stage. In this case, the maximum and minimum
ages are then randomly assigned to those eggs because there is no
way of distinguishing eggs between the young and old ages within
stage.

The reference table for stage IV anchovy eggs is given (Table
3). In the table, the first column is the time of tow (01-24 h). The
rows corresponding to 25 h are the maximum ages used for ran-
dom selection of ages for eggs observed at 12 h away from the ex-
pected time. Row 1 contains temperatures ranging from 10° to
22°C. Each entry from row 2 and on is the estimated age for a
combination of time of tow and sea temperature. For a given
temperature, and time of tow, ages are assigned to each stage ac-
cording to the reference table. The reference table for all stages
is included in FORTRAN program STAGEAGE (Hewitt et al.
1984).

Use of Computer Program STAGEAGE

Input Data File—The input data file of eggs should include tow
identification (ID) information, e.g., cruise number, location (line
and station for CalCOFI survey), stratum, weighting factor (Hewitt
etal. 1984), tow number, tow time, sea surface temperature, number
of eggs for each stage, and total number of eggs. Variables in tow
ID and total eggs are useful for data checking. The other variables
are essential for estimating the ages of eggs (Table 4).

Output Data Files—Several output data files are available from
STAGEAGE. STAGEAGE can be used not only to assign ages to
staged eggs, but also to stratify the survey area into regions as desired.
Regions are defined as area between line numbers. The user can
choose output data file(s) and the number of regions in the execu-
tion instructions (see next section). The major output data file names
in logic unit numbers are FOR026.DAT, FOR029.DAT.
FORO036.DAT, FOR037.DAT, FOR038.DAT (Tables 5a-¢).

Table 3.—Partial listing of the reference table. Estimated age (in hours.minutes) for stage IV for each combination of time of tow (1-24 h) and temperature
(10°-22°C). Asterisks (*) indicate the estimated age corresponding to expected time of tow (7) (see Tables 2a, b). Row 25 is for random assignment
of ages for eggs observed at 12 h before or after expected time of tow.
Time Temperature (°C)
of
tow
(k) 10 11 12 13 14 15 16 17 18 19 20 21 22
1 28.29 27.28 27.57 27.50 27.02 27.32 26 19 24.20 &. 34 4. 60 3.35 2. 20 3.13
2 28 2% 28.28 28.57* 28 50 2B.02 28 32 26.1%9 8.2 6. 3% 4. 60 4. 35 4. 20 4. 13
2 29.2% 29.2 29.57 29.50 29.02 2 2 39 8 2 &. 34 5. &0 9.39 9.2 9. 13
4 320.25 30.2 20.57 30.50 30.02 28. 10. 19 8 20 6. 34 6. 60 6. 35 6. 20 &6.13
S 31.2% 31.2 31.57 31.50 31.02 28.32 1019 8. 2 7. 34 7. 60 7. 33 7.2 7.13
6 32.29% 32.28* 32.57 32.50 31.02 12. 32 10. 19 8 2 8. 34 8. 60 8. 35 8.2 8.13
2 B33.25 89.28 33.57 33.50 31.02 12.32 10.19 9.2 9. 34 9. 60 9. 39 g.2 " 9. 13*
8 34 25 34.2 34.587 33.90 '31.02 12. 32 10,19 10 20 10. 34 10. 60 10 35* 10. 29 10. 13
9 39.2%5 85.28 35. %7 83.50 13.02 12.32 11.19 11.20 11.349 11.60 11.35* 11.20 11.13
10 36.25*% 36.28 36.57 33.50 15.02 12. 32 12%. 19 12.20 12. 34 12. 60* 12. 35 12. 20 12. 13
11 Q37,25 837.28 36,57 17.50 15.02 13 32, 13.19 13,20 13.34_ 1360 13.35 13.20 13.13
12 38.25 3B.2 36. 57 17. 50 15. 02 14. 32 14. 19 14.20 14.34* 14.60 14.35 14. 2 14.13
13 39.25 39.28 36.57 17.50 15.02 15.32 15.19 15.20 15.34 15. 60 15:35 19:2 1.5: 13
14 10.25 40.28 20.57 17.50 16.02 16.32 16.19 16.20* 16.34 16.60 16 35 16.20 16.13
15 41.25 ,40.28 20.57 17.50 17.02 17.32 17.19 17.20 17.34 17.60 17.35 17.2 17.13
16 42 25 40.28 20.57 18. 50 18.02 18. 32 18. 19* 18.20 18. 34 18. 60 18. 35 18. 2 17.13
17 43.25 40.28 20.57 19.50 19.02 19.232 19.192 19.2 19.34 19.60 19.35 18.2 17.13
18 44.25 24.2 20.57 20.50 20.02 20.32* 20.-19 20.2 20.34 20.60 19.35 1B.2 17..13
19 44. 25 24.2 21.57 21.50 21.02 21.32 21.19 21.2 21.34 20 .60 19.35 18.20 1. 13
20 44.25 24.28 22.57 22.50 22.02 22.32 22.19 22.2 22.34 20.60 19.35 2.2 1.13
21 43.25 24.2 23.57 23.50 23.02* 23.32 23.19 23.2 22. 34 20.60 3.:39 2.8 1.13
22 28.25 24.2 24.57 24.50 24.02 24.32 24.192 24.20 22 34 4. 60 3,39 2.20 1. 13
23 2B8.25 25.28 2557 25.5Q* 25.02 25.32 25.19 24.20 22.34 4. 60 3..39 2.2 1.13
24 28 .29 26.28 26.57 246 50 26.02 26 32 26.19 24.2 &. 34 4. 60 3. 39 2.2 2.13
25 44.2S 40.28 236.57 33.50 31.02 28.32 24.19 24.20 22.34 20.60 19 .35 18.2 17. 13
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FORO026.DAT contains tow ID, region, tow time, temperature,
and number of eggs and age grouped by 24-h increments: 0-3, 4-27,
28-51, 52-75, and 76-99 as S, A, B, C, and D-day categories for
each tow. The program assigns number O to an age if it is impos-
sible to observe eggs that belong to such a day category for a given
time of tow. For example, S-day eggs are never observed at 1200
(Table 5a).

FORO029.DAT contains the same data as FOR026.DAT except
the age is not included and this file was formatted for the CalCOFI
data base for the SWFC (Table 5b).

FORO036.DAT contains tow ID, region, tow time, temperature,
and number of eggs and age for each stage by tow (Table 5c).

FORO037.DAT contains records in which at least one stage was
observed outside the normal range of expected time, i.e., T+G.
This file is useful for double-checking the accuracy of data on eggs
observed at unusual times (Table 5d).

FORO038.DAT contains tow ID and two variables: number of eggs
and age for A, B, and C-day eggs. The day categories with age
>2.5 d are excluded. Therefore, the total number of records is <3 X
the number of tows. This file can be used directly for regression
estimates of egg production and egg mortality rates (Table 5e).

Execution Instructions—The program may be executed interactively
or as a batch job. An example of a set of commands for VAX is
given below with input data file FILENAME:

$ASSIGN FILENAME FOR025

$RUN STAGEAGE

(...enter 1 for each of the output files needed:FOR026,028,029,
036,037, and 038. Enter 2, otherwise.)

121211

(enter number of regions)

3

(enter max (CalCOFI) line number for each region, separated by
space.)

826 950 1500

This set of commands takes FILENAME as the input file and asks
for output files FOR026, 029, 037, and 038. Commands in paren-
theses are prompted by the machine. Other lines are inputs by the
user. The input and output data files for 1983 anchovy eggs are listed
in Tables 4 and 5 for illustration.

Table 4.—Partial listing of input data file for 1983 northern anchovy eggs (N8302.DAT) for the computer program STAGEAGE. (Cruise no. is 8302; 8 was
deleted from printout.)
o

o : = o

£ £ R e
s = > e e -
£ o weooow E 5 = = 3 co

] =] =) » = y +
2 s 8 8 = .-g, S 2 3 g- Egg stages £, B =
=1 o © © S o0 © o @ 23 02
6 F o o &b =28 o) P = I 10 IV Vo Ve VIE VL IX X X1 B8 F@
302 1 733 500 O 1.000 830205 408 150 0 0 0 0] 0 0 o] (o] 0 [+ (o] o 0
302 2 733 510 0O 1.000 830