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ABSTRACT 
This bulletin provides an in-depth analysis of the California Current 

Pacific mackerel (Scomberjaponicus) fishery. It  includes descriptions of 
the fishery and the species population biology, a cohort analysis, density 
and environmental-dependent spawner-recruit models, and yield simula- 
tions. The cohort analysis (1928-1968), using an instantaneous natural 
mortality rate of M = 0.5, shows a fluctuating stock size with a maximum 
total biomass of 965 million pounds (438,000 MT) in 1933 and a minimum 
of 3.3 million pounds (1500 MT) in 1968. The number of recruits-per- 
spawner shows large fluctuations with considerable coherence between 
adjacent years. There M ~ S  no marked downward trend in recruits-per- 
spawner over the 1928-1968 period. Density-dependent spawner-recruit 
models accounted for a maximum of 24 percent of the observed vari, '1 t '  1011 

in recruitment. Multiple regression models, including both population and 
environmental variables, u w e  fitted to the data available for two time 
pericds; 1931-68 and 1946-68. The 1931-68 model accounted for 59 percent 
of the variation in recruitment; increased recruitment was associated with 
increased sea surface temperature, reduced sea level and reduced atmos- 
pheric pressure during the spa" ning season. The 1946-68 model ;iccount- 
ed for 76 percent of the variation in recruitment; increased recruitment 
was associated with increased coastal upwelling and decreased offshore 
convergence during the spwning  season. hlaximum !Ad-per-recruit oc- 
curs with an age at recruitment of 1 or less, and with instantaneous fishing 
mortalities (F) in excess of 1.0. A dynamic pool model incorporating a 
Ricker spawner-recruit model predicts that extinction of the stock will 
occur with the above fishing strategy. Maximum sustained yield (MSY) 
with the steady state dynamic pool model is above 94 million pounds 
(41,000 MT) .  This MSY occurs with an age-at-recruitment of 4 and with 
an exploitation mte of 0.25. Simulntions incorporating the densit!. and 
environmental-dependent spa\c.ner-recruit functions predict that the 
above MSY cannot be attained when there is serial coherence in the 
annual recruitment fluctuiitions. %lean longterm iinnud !,ield \vith the 
above fishing strategy, ? !de r  the en\~ironmcntal conditions occurring 
between 1931-1968, would ha\,e been onl!. 56 million pounds (25,000 MT) , 
With an age-at-recruitment of 1 ,  muximum steady state yield (69 inillion 
pounds, 31,000 MT) occurs at ;in exploitation rate of 0.2. Maximum long- 
term yield with this fishing strategy, under the 1931-68 environinmtal 
conditions, Mrould have been 35 million pounds 120,000 hlT)  . 

t 
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I NTRO D U CTI 0 N 

The objectives of this work are to assess the role of environmental 
variation in the decline of the California stock of Pacific mackerel (Sco~nb- 
er.japonicus) and to evaluate the merits of using environmental data in 
management policies for this species. The study is principally focused 
upon three areas. The first is a cohort analysis of the stock. The second is 
the development of density and environmental-dependent regression 
models that describe recruitment in the above stock. The third is the LISP 

of these regression models in dynamic pool computer simulations to de- 
scribe the types of managenlent policies that are likeljr both to decrease 
the possibility of another recruitment failure and to maximize the long- 
term yield from the stock. 

The Pacific mackerel fishery has been monitored extensively and stud- 
ied since its beginning in the 1920's. Unfortunately the proper tools and 
background information for analysis of the fishery were not available until 
the mid 196O's, by which time the fishery was undergoing its final collapse. 
Now that the population biology and fishery dynamics are sufficiently 
understood, there is a real possibility of eventually rehabilitating the fish- 
ery and sustaining a reasonable level of exploitation. 

This study is based on a cohort analysis of catch data similar to that 
developed by h4urphy (1966) for analysis of the sardine fishery. Necessary 
steps leading to use of this technique and interpretatioll of the results 
include delimitation of the stock, compilation of catches of each year-class, 
and estimation of important population parameters. Thcse parameters are 
rates of growth, natural mortality, maturity, and age of recruitment. Co- 
hort analysis produces estimates of fishing mortality rates and population 
sizes which then can be applied to comprehensive rnodels of the popula- 
tion and its fishery. 

Many of these investigations have been undertaken by previous work- 
ers, and due credit must be given. Unfortunately little of the previous 
work reached publication, although L)lunt and Parrish ( 1969) and Parrish 
( 1974) incorporated some of those previous findings. Patrick Tomlinson 
did extensive work using cohort analysis and Norinm Abramson later 
continued the research. The present stud), uses fe\rs data ;ind pirainctcr 
estimates from those studies; however, many assumptions, methods, and 
techniques which were developed and tested by  Tomlinson and Abram- 
son are used, directly or indirectly. 

Over the last decade increased attention hm been focused on the stock 
and recruitment problem of commercially import;unt fishes. If  ally consen- 
sus exists in the large amount of published data it  is that the major f x t o r  
affecting recruitment is larval survival. The mechanisms controlling lar\xl 
survival, of course, may vary from stock to stock. Soinc \\porkers suggest 
that a critical stage occurs at the time of first feeding O%jort 1926; 1,:isker 
1965). Other workers feel that the critical period extends for up to 45 days 
(Jones and Hall 1973). 

Most of the recent research into the recruitment problcin has IICCII 
divided into two phases: laboratory and field experiments on lar\.al fish 
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biology, and population dynamics models. The development of models has 
been dominated by conceptual work; a statistical approach to the problem 
has been limited by the lack of long-term data on both fish populations and 
environmental conditions. Long-term data are becoming available for 
statistical analyses and workers are beginning to develop multiple regres- 
sion models utilizing environmental and density-dependent variables 
(Nelson et al. 1976). One of the best long-term data bases a\.ailable for 
statistical analyses of the associations between recruitment of pelagic 
fishes and environmental conditions is that of the California Current re- 
gion. This extensive data base is largely the result of the multidisciplinary 
approach of the California Cooperative Oceanic Fisheries Investigations 
(CalCOFI) . 

We have used the CalCOFI data base to determine associations 
between the recruitment of Pacific mackerel and environmental varin- 
bies. Recruitment models including density parameters and both density 
and environmental parameters were then developed with regression 
procedures. These recruitment models were incorporated in computer 
simulation models to assess the differences in their predicted yields. The 
results of the simulations were analyzed to examine the relative merits of 
managing the fishery on two different poiicies; that is, a policy based on 
a yield per recruit model and a policy based on dynamic pool simulations 
incorporating both density-dependent and entironmental-dependent fac- 
tors. 

Previous work on recruitment in Pacific mackerel has been limited to 
density-dependent recruitment models. Ricker spawner-recruit models 
were described by Blunt and Parrish (1969) and Parrish (1974). ’The 
present work is the first to incorporate long-term environinrntal datn in 
recruitment models of a California Current stock and to usf’ observed 
environmental data as inputs to simulations using such models. 
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THE FISHERY 

STOCK DEFINITION 

Scomberjayonicus occurs on both sides of t,.e North Pacific and on its 
eastern edge ranges from the Gulf of Alaska to the Gulf of California. The 
bulk of the Northeastern Pacific population resides off southern California 
and Baja California. As the fishery for Pacific mackerel has been pursued 
mainly in southern California rather than over the entire range of the 
species, the problem of geographically defining the stock being exploited 
is difficult. Rather than being a set fraction or geographical subset of the 
entire population, the stock is defined vaguely by rates of migration and 
diffusion of fish along the coast, rates which vary both seasonally and 
annually. 

A tagging study (Fry and Roedel, 1949) showed a progressive decrease 
in likelihood of returns as the area of release became more distant from 
the fisheries which recovered the tags. Assuming that the rate of local tag 
returns from fish released in the same area as the main fishery represents 
full availability, relative rates of returns from fish released in more distant 
areas provide measures of relative availability (RA) of fish from those 
areas (Table 1 ) .  Thus we find that most of the fish from central California 
are available to the southern California fishery (RA = 0.88), while the 
converse is not true; fish from southern California are much less available 
to the central California fishery (RA = 0.23). Availability of fish from 
Mexican water declines steadily with distance, showing no abrupt edge to 
the exploitable population. Relative changes in availability with distance 
for these southern fish show close agreement between central and south- 
ern California fisheries. Unfortunately the years in which this tagging 
study was done (193941) correspond to a period of warm water condi- 
tions in the northeastern Pacific. Such warm conditions are conducive to 
strong northward migrations of many southern species of fish (Radovich 
1961), and the Pacific mackerel, a known migrant, probably was affected. 
Thus these return rates may overestimate availability of southern fish to 
the California fisheries in years of normal oceanic conditions. 

Another approach to stock definition was attempted by Roedel (1952), 
who studied both vertebral meristics and proportional measurements of 
head and fork lengths. Based on vertebral characters, populations from 
the Gulf of California and from the Cape San Lucas area were distinguish- 
able from more northerly fish. The northern samples showed significant 
statistical differences for the Sebastian Vizcaino Bay, Soledad Bay (Ense- 
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Southern Calif Central Calif 

Area of 
releast. 

Central Calif (Monterey 

Southern Calif. 
Northern Baja Calif. (San 

Central Baja Calif. (Sebas- 
tian Vizcaino Bay) 
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(Thurloe and San 

Bay) 

Quintin Bay) 
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h'umber 
released 

6,986 
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0.72 0 

0.47 0.9 

0.25 .a 

Relative a I ail. 

1 .oo 
0.23 

0.08 

0.04 

riada) and Southern California areas when samples for individual regions 
were combined and compared by analysis of covariance. Roedel conclud- 
ed that there was probably little mixing between these areas. As Roedel 
( 1952) admits, these conclusions are not compatible with information 
from tagging studies. 

Two reasons for this inconsistenc)' can be postulated. First, as Roedel 
(1952) showed, even schools from the southern California area showed 
significant statistical differences, suggesting that populations tend to be 
much more heterogeneous than are individual schools. Such a condition 
is consistent with a north-south migration wherein schools retain their 
identity. Also, the presence of significant statistical difference between 
schools within geographic regions makes it difficult to interpret differ- 
ences between geographic regions from combined samples. The second 
sources of possible inconsistency relates to the season in which sampling 
was done. If migration of Pacific mackerel follows ii pattern of northward 
movement in early summer and southward mo\.ement in late fall, the 
samples on which measurements were made tend to be biased against 
migratory members of the population. Most of the southern California 
samples were taken in the winter and spring when migrants would be at 
the southern end of their range, and Sebastian Vizcaino Hay samples were 
taken in the fall when migrants would be north. Roedel's samples suggest 
a clinal variation in relative head length, and apparent discontinuities 
possibly would be smoothed if sampling were distributed over the entire 
year. 

Combined evidence, from both meristic and tagging studies indicates 
that the spawning stock fished by the California tleet extends from British 
Columbia to Point breojos. Mixing of fish throughout this range is incom- 

localized California fisheries. Since the fishery in Sebkistian Vizcaino Hay 
was viable after the decline of the stock in California Lvaters, there is also 
de hcto evidence that fish at the southern end of the stock are effectively 
isolated from the California fishery. 

plete, so that fish a I the ends of the range tend to be una\~aiIable to the 



PACIFIC MACKEREL FISHERY 13 

HISTORY OF THE FISHERY 
The development and subsequent decline of the Pacific mackerel fish- 

ery has been well documented in the literature. Croker (1933) discussed 
the early history of the fishery including fishing areas and the develop- 
ment of mackerel canning in California. Descriptions of the fishery during 
and after its peak include those by Croker (1933, 1938), Roedel (lY52j, 
Fitch (1952), and Roedel and Joseph (1954). The fishing gear used in the 
fishery was principally round-haul gear, primarily purse seine, and scoop 
gear (Fry 1931; Croker 1933; and Scofield 1947,1951). More recent reviews 
of the fishery include Blunt and Parrish (1969), Krainer (1969), nnd Mac- 
Call (1973). Recent status reports showing current condition of the stock 
were prepared by Frey and Knaggs (1973) Knaggs (1974), Knaggs and 
Sunada (1975) and Klingbeil (1976). 

Prior to the 1928-29 fishing season Pacific mackerel was primarily a 
fresh fish item and was fished both in Monterey and in southern California. 
Market demand was too small to generate interest among the round-haul 
net fishermen. After several attempts, a successful pack was made in the 
late 1920’s and increasing cannery demand resulted in large catches by 
boats which had been fishing for sardines (Figure 1 ) .  The economic 
depression of the early 1930’s caused a large drop in fishing effort, but ;i 
recovery of demand and prices made fisheries profitable once again and 
the fishery expanded from 1932-35, reaching a peak catch of 73,000 tons 
in 1935. Thereafter the fishery went through a long fluctuating decline, 
with periodic decreases in abundance followed by recoveries. In the 1953- 
54 season the fishery w a ~  nearly exhausted, but good recruitment in the 
1950’s rejuvenated the fishery until a series of poor recruitment yr’a1-5 in 
the 1960’s brought the fishery to a close. I n  the earl) 1970’s ;I moratoiium 
was placed on the fishery. 

Two independent fleets fished for Pacific mackerel: the purse seine 
fleet, which was nearly identical with the sardine fleet, ,tnd the scoop fleet 
which was a mixture of specialized mackerel fishermen and off-season 
albacore fishermen. The purse scine fleet used no speci,ilized techniques, 
but the scoop fleet had unusual fishing methods. Thew \mall boats began 
fishing in the early 1930’s with lift poles and jigs (knoibn as “striker gear”), 
but soon discovered that the fish could be chummed to such a concentriit- 
ed frenzy that quantities could be scooped out of the water with .i largc 
dip net, hence the name. This fleet was a major cc~inponent of the fishery, 
often accounting for over half the annual catch The scoop fleet, se\ erely 
affected by the shortage of fish in the early 1950’s, fell from 348 full-time 
boats (6 or more days fished in the peak month) in 1949 to 10 full-time 
boats in 1952. As the fishing technique was highly speciali/ed for this one 
species, the scoop fleet never fully recovered, and it  finally disappeared 
in the mid 1960’s. The purse seiners, which were able to switch to other 
species and were interested in Pacific mackerel as an alternati\c to the 
more lucrative sardine, survived the shortages of mackerel and sardines 
and continued fishing the species until a mor‘ttorium w‘ts imposed i n  1970. 

The fishing season followed a fairly set pattern until the mid 1950’s. Fish 
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FIGURE 1. Pacific mackerel landings in California (1928-1970) 

were relatively unavailable in southern California from January through 
May, and then increased in availability until late fall. Purse seiners ac- 
counted for most of the catch up to September when the sardine season 
began. A few scoop boats would fish all year, supplying fresh fish markets, 
which preferred scoop-caught fish to purse seined fish as they sustained 
less injury. The main scoop fishing season was in the fall, from August 
through December. In the declining years of the fishery catches became 
sporadic, losing any definitive seasonal pattern. 
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The sport landings of Pacific mackerel have been of relatively minor 
importance in the total marine sport landings. Young (1969) ranked them 
as the eleventh most important species in the southern California 
partyboat fishery. The mean catch from 1947-1967 was 127,921 fish. Only 
trace amounts of Pacific mackerel occur in the northern California par- 
tyboat catch. 

Pinkas, Oliphant and Haugen (1968), ranked the most important sport 
fish caught in southern California marine waters from 1963-1966. They 
found Pacific mackerel to be the eighth most common species in the total 
marine sport fish catch; it comprised 3.2% of the fish caught. Since the 
commercial fishing moratorium was declared in 1970, the sport fishery has 
become the largest exploiter of the Pacific mackerel resource in California 
(MacCall, 1973). 

M A N A G E M E N T  OF THE FISHERY 
Attempts to control or manage the Pacific mackerel fishery were unsuc- 

cessful until the stock had collapsed. A moratorium was then enacted by 
the California Legislature. During the period of 19361970 research per- 
sonnel, principally from the California Department of Fish and Game and 
later the National Marine Fisheries Service and Scripps Institution of 
Oceanography, made several major attempts to control the fishery. Man- 
agement proposals generally concerned both the Pacific mackerel and 
sardine. Blunt and Parrish (1969) have discussed the past management 
proposals for Pacific mackerel. An excellent review of the sardine-anchovy 
regulation controversy was given by Talbot (1973) and much of his ac- 
count of the sardine is equally true for Pacific mackerel. Messersmith’s 
(1969) treatment of the anchovy controversy provides considerable docu- 
mentation of the problems of managing the pelagic fisheries of California. 

The most recent attempt to regulate the Pacific mackerel fishery was 
associated with the anchovy-sardine controversy and began about 1967. 
The spawning biomass of Pacific mackerel had declined rapidly due to a 
long series of years with poor recruitment. Warnings of this decline (Par- 
rish 1968; Blunt and Parrish 1969) and of the continuing critical situation 
with the sardine (Aasen 1967) accompanied the descriptions of underex- 
ploited species such as the anchovy (Messersmith et al. 1969; Ahlstrom e t  
al. 1967), squid, (Longhurst 1969) and saury (Smith and Ahlstrom 1970). 
The scientific community was in the politically unenviable position of 
arguing for increased harvest of the anchovy at the same time it was 
recommending complete closure of the commercial fishery for sardine 
and Pacific mackerel. 

In response to continuing requests to enact moratoriums on Pacific 
mackerel and to halt the bait fishery on sardine, the California Legislature 
requested the California Department of Fish and Game to arrange meet- 
ings with Mexican scientists to determine the exact status of the resource 
(MacCall 1973). In the fall of 1972 cooperative research was undertaken. 
However, the continued decline of Pacific mackerel off California and the 
increasing fishing mortality, which had by then become very heavy even 
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on age 0 Pacific mackerel, encouraged the California Legislature to emc t  
a unilateral moratorium on the commercial fishery for Pacific mackerel. 
This moratorium allowed an 18% tolerance for Pacific mackerel in mixed 
loads. 

In 1972 the California Legislature enacted a bill that imposed a quota 
based on the spawing biomass of the Pacific mackerel. The regulation 
maintains a moratorium until the spawning biomass exceeds 20 million 
pounds. If the spawning biomass exceeds 20 million pounds (lower quota 
level) the annual quota consists of 20% of the excess over 20 million 
pounds. If the spawning biomass exceeds 40 million pounds (upper quota 
level) the quota consists of 20% of the amount between 20 million and 40 
million pounds plus 30% of the excess over 40 million pounds. 

The California DepartmeTit of Fish and Game began monitoririg the 
spawning biomass of the Pacific mackerel stock in 1973, as requircd 1)). the 
above legislation. The subsequent trends are given in Frey and Knaggs 
( 1973), Knaggs (1974), Knaggs and Sunada (1975), and Klingbeil ( 1976). 
The spawning biomass declined from 1973 to 1975 due to continued poor 
recruitment. The 1974 and 1976 year classes were relatively strong, : tnd the 
spawning biomass has increased since 1975. A preliminary estimate of the 
spawning biomass for 1977 is 14,200 tons with an expected increasc later 
in the year due to maturation of fish from the 1976 year class (Klingbeil, 
1977). -4 tentative 1500 ton quota for the fall of 1977 has been reconirnend- 
ed. 

Fishery complications arose in 1977, and further legislation has com- 
plicated the management of  the Pacific mackerel. The southern California 
purse seine fleet has expanded its jack mackerel ( Triichuri~ssj muictricils) 
fishery and the 1976 year class of Pacific muckcrel was schooling extensi\.e- 
ly with jack mackerel. Although the previous legislation allo\ved ;in 18% 
tolerance of Pacific mackerel incidentally ckiught in  har\.ests of othc-r 
species, the purse seine fleet \viis consistently exceeding this tolerance 
limit. Comproniise legislation \+':is quickly passed, allouing ;I 40% inciden- 
tal catch, with the fraction in exc of 18% appl>.ing toward filling thr. 
quota prior to the opening of the hing seiison. :I cliiusc, \{':is inclutied 
whereby pure loads of less than three tons could be landed aii!~tiine. and 
be applied toward filling the quota. This latter provision has allo\ved the 
reappearance of a scoop fisher!, which has begun to h:ir\.cst Pacific mack- 
erel. Fishing pressure is increasing alarniingl> , considering that thc 
spawning biomass is probabl). still smaller than at any time bcforr 1965. 
On the other hand, the strong 1976 year class may be able to withstand this 
assault and maint:iin the trend to\f.iird recovery. 

The emergency Iegislntion referred to i n  the preceding paragraph w i s  
designed a s  an interim measure m d  i t  expired on January 1, 1978. Unless 
further legislation is passed, thc 1972 rcgulations \vi11 aiitoinatic~ill!, be in 
effect after Januar), 1, 1978. I'or the purposes of this report the 1972 regula- 
tions will be referred to ;is the prtscnt regulations and t he emergent!. 1977 
regulations will be referred to ;IS the interim regulations. 
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CATCHES 

Pacific mackerel are landed by three separate fisheries: the California 
commercial fishery, the Mexican commercial fishery, and a diverse sport 
fishery which is based primarily in southern California. Documentation of 
catches of these fisheries is variable in format. and in some cases is lacking, 
making rough conversions and estimates necessary to compile total season 
catches (Table 2) .  A fishing season of May through the following April is 
used in published age compositions, and therefore will be used in estima- 
tion of total catch. California commercial landings hii1-c accounted for the 
majority of catch and fortunately are well documentcd. While some prob- 

TABLE 2. Season Catches of Pacific Mackerel from 1926-27 to 1969-70 
(Weights in loo0 Ib) 

- 
Season 

192627 
1927-28 
1928-29 
192930 
193031 
193132 
1932-33 
1933-34 
1934-35 
1935-36 
1936-37 
193748 
193839 
193940 
1940-4 I 
194142 
194243 
1943-44 
1944-45 
194U6 
194U7 
1947-48 
1948-19 
1949-50 
1950-51 
195152 
195253 
195354 
1954-55 
1955-56 
1956-57 
1957-58 
1958-59 
195!3-60 
1960-61 
196142 
196243 
1963-64 
1964-65 
1965-66 
1966-67 
1967-68 
1968-69 
1969-70 

- Calif 

3594 
6455 

39405 
56695 
12806 
15152 
10850 
72874 

113464 
146387 
100745 
70446 
76065 
99961 

107555 
71755 
48220 
77804 
80786 
52003 
58896 
39628 
38203 
50062 
33890 
31905 
20218 
8829 

27210 
26897 
57184 
56238 
24777 
412H2 
39074 
44301 
45254 
3421 1 
24875 
7589 
4075 
1382 
3289 
1783 

1877 * 
2783 * 
1135 * 
2980 * 
4473 * 
2911 * 
2320 * 
2595 * 

12524 
21601 * 
23644 * 
4485 * 
989 * 

1092 * 
6573 * 

13149 * 
7124 

17561 
189% 
16788 
11662 
2091 
236 
443 

____ 

50 
50 
50 
50 

100 
100 
100 
100 
200 
200 
200 
200 
200 
200 
200 
100 
100 
100 
I00 
100 
103 
2% 
406 
190 
I34 
94 

154 
122 
630 
302 
242 
304 
274 
178 
158 
228 
234 
294 
202 
304 

216 
158 
240 

4in 

~ 

__ -~ _~___ 
Totirl 

3644 
&505 

39455 
56745 
129436 
15252 
10950 
72970 

113664 
14G87 
100945 
70646 
76265 

100161 
107755 
71855 
48320 
77904 
80886 
52 l(13 
6oK33 
42707 
39744 
53232 
38497 
34910 
22692 
11546 
40364 
48800 
H 1070 
61027 
26040 
42352 
45805 
57678 
52612 
32066 
44076 
24W I 
16147 
36439 
3683 
24Mi 

___- 

Estimated 
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lems exist in estimating the poundage of Pacific mackerel in deliveries of 
mixed species (i.e., mixed with jack mackerel, Trachurus symmetricw 
and Pacific sardine, Sardinops caerulea) , the records are reasonably cor- 
rect with a slight bias toward underestimation of actual poundage landed. 

Catch statistics on Mexican commercial landings are incomplete. Land- 
ings from 1962 to 1969 were furnished by the Instituto Nacional de  Pesca 
(INP) of Mexico, filling in the information for a critical period in the 
fishery. Earlier data on Mexican landings (Blunt and Parrish, 1969, Table 
2) were reported as annual rather than seasonal catch, and for the years 
1946 through 1953, and 1957 through 1970 Pacific and jack mackerel were 
undifferentiated. The latter problem was resolved by  considering Pacific 
mackerel to be a constant fraction of the combined landings. Based on the 
years 1954-1956 and 1961-1963, this fraction is 0.611, with a high value of 
0.958 (1954) and a low value of 0.457 (1963). Since combined Mexican 
landings were small for the years in which the problem exists, errors in 
estimation of Pacific mackerel landings will be small relative to total land- 
ings of all fisheries combined. A more difficult problem is the conversion 
of annual landings to season landings. As information on monthly catches 
is unavailable, we assumed the distribution of monthly catch of the Mexi- 
can fishery to be identical to that for the California fishery for the same 
year. Based on these proportions, annual catches were divided into es- 
timated catches from January through April, and May through December, 
and were re-combined as season catches. Values prior to 1955 (except for 
1947) were changed very little since about 95% of the annual California 
catch was made later than April. In later years this value was less, reaching 
a low of 70% in 1958. 

Sport fishing landings were inconsequential prior to 1970, however, they 
have been included to complete the record. The California partyboat fleet 
has reported catches of all species since 1947 (Young, 1969). The partyboat 
fishery accounts for the majority of sport-caught mackerel. The total of all 
other segments of the sport fishery combined may roughly equal the 
partyboat catch (Pinkas, Thomas and Hanson, 1967; Pinkas, Oliphant and 
Haugen, 1968; unpublished data). Therefore the total sport catch was 
estimated to be twice the reported partyboat catch. All fish were assumed 
to weigh one pound when estimating landings in weight. 

AGE COMPOSITION 

Age composition of the California commercial landings since 1939 have 
been published (Fitch, 1951, 1953a, 1953b, 1955, 1956, 1958; Hyatt 1960; 
Parrish and Knaggs, 1971,1972; Knaggs, 1972). Mexican commercial land- 
ings, the sport catch, and late reports from the Californfa commercial 
fishery lack age composition information, making it necessary to assume 
that these catches had the same age composition as the published data. 
Total landings by age were estimated for each season by increasing each 
value by the season ratio of total catch of all fisheries to total catch used 
in the corresponding age composition article. Total pounds catch used in 
age composition articles was not documented for the 1939-40 through 
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195152 seasons, as the poundage for age 6+ fish was omitted and total 
poundage was not recorded. For seasons 1941-42 through 1948-49, the 
missing information was recovered from the original worksheets. For the 
remaining five seasons, 193940,194041, and 1949-50 through 1951-52, the 
estimated number of age 6f fish (corresponding to a mean length of 38.5 
cm) gave estimated weights for this age group. From this the total weight 
of the aged landings was estimated and the appropriated proportion of 
increase could be derived (Table 3 ) .  

TABLE 3. Pacific Mackerel Ratios of Total Catch to Aged Catch 
(Weight8 in lo00 Ib) 

Season 

1939-40 
1940-41 
1941-42 
1-3 
194344 
1944-45 
194546 
194647 
19474 
1948-49 
194950 
1 9 m 1  
195152 
195293 
1953-54 
1954-55 
195556 
1956-57 
1957-58 
195a.59 
1959-60 
190-61 
1961-62 
1962-63 
1963-64 
1964-65 
1965-66 
196667 
1967-68 
1!268-69 
1969-70 

Age 
composition 

ages &5 

82783 
1W"I 
65105 
43621 
69552 
75199 
46532 
50533 
32709 
35245 
46800 
31617 
31037 
18691 
6857 
26656 
26656 
57128 
54843 

Reports 
age 6+ 

9760 * 
2646 * 
1054 
469 
597 
715 
2339 
R887 
2303 
503 
491 * 
224 
246 * 
71 
756 
63 
230 
0 

1345 

Estimated by assumed weight of age 6+ fish. 

Estimated 
total from 

zge composition 

92543 
103510 
66159 
44090 
70149 
75914 
48871 
54420 
35012 
35748 
47191 
31&1 
31283 
18762 
7613 
26719 
26756 
57128 
56188 
24776 
4 1282 
39074 
44192 
45252 
342 10 
24875 
7589 
4075 
1381 
3289 
1439 

~- 
Total 

all fisheries 

100161 
107755 
71855 
48320 
77904 
M)886 
52103 
60833 
42707 
39744 
53232 
38410 
34910 
22692 
11546 
40364 
48800 
81070 
61027 
26040 
42552 
45805 
57678 
52612 
52066 
44076 
24681 
16147 
3689 
3689 
2466 

Increase 
hctor 

1.0823 
1.0410 
1.0861 
1.0959 
1.1106 
1.0655 
1.0661 
1.1173 
1.2198 
1.1118 
1.1256 
1 2090 
1.1159 
1.2095 
1.5166 
1.5107 
1 .a239 
1.4191 
1.0861 
1.0510 
1.0308 
1.1723 
1.3052 
1.1626 
1.5220 
1.7719 
3.2522 
3.9625 
2.6713 
1.1198 
1.7137 

The period before 1939 presents special problems, as no refined data 
have been published. Some otolith readings were made by D. Fry for the 
193334 and 1934-35 seasons (unpublished), and length frequencies were 
taken regularly starting in 1929 (unpublished). A comparison of the early 
otolith readings with those in Fitch (1951) shows that lengths-at-age are 
consistent (Table 4 ) .  The samples appear to be occasional entire clusters 
of fish which were selected for usual length frequency measurements, and 
are therefore presumably unbiased. 
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Unpublished readings Fitch (1951) 

Age __ 
0 
1 
2 
3 
4 
5 
6+ 

Season 

1933-34 
Otoliths 
NORMSEP 
193435 
Otoliths 
NORMSEP 
1939-40 
Fitch (1951) 
NORMSEP 

1933 

148.9 

Otolith 
sample 

size 0 

400 0 
0 

765 0 
0 

1524 2960 
6431 

1- 

121.6 
130.7 

151.1 

2 

15419 
5511 

36726 
35238 

26540 
19729 

I I I I 
q~ is approximately 5.0 for dl ages. 

- 

3 4 5 6 + Total 

25754 18943 6711 3446 74119 
21843 18560 16969 8721 74120 

24504 28090 16675 6075 115438 
33004 21332 19086 4577 115436 

35130 10570 5340 6100 111840 
34603 16597 3858 7001 111940 

- 

1939-40 

101.2 

122.5 
131.5 

160 141.1 
147.8 

84 154.5 

1911L41 

111.1 
1040 120.2 

130.0 
298 136.9 

145.0 
14 151.6 

A reconstruction of the age structure of the landings from 192930 
through 1939-40 was made by separating length frequencies into coxnpo- 
nent normal curves. This was first attempted by Tomlinson (unpublished 
MS) using the computer program NORMSEP which he niodified for the 
purpose. Tomlinson’s modifications (Abramson, 1971) tend to introduce 
some bias into the estimating procedure, but increase the consistency of 
the estimated mean lengths-at-age with those from otolith readings, and 
thus presumably increase the accuracy of the percentage compositions 
estimated from the samples. Cornparison of age composition estimated 
from length frequency with age compositions estimated from otolith read- 
ings is shown for 193334, 1934-35, and 1939-40 (Table 5 ) .  LVOR.44SEP 
estimates show general agreement with overall age distribution, but esti- 
mates of landings for individual age groups may be considerably different. 
The 1933-34 season, in which the fewest otolith samples were examined 
( 5  clusters with a total of 400 otoliths) shows the poorest agreement, 
particularly in ages 2 and 5. The other two seasons show remarkably good 
agreement in view of the fact that A’ORMSEPestimates do not stratify the 

TABLE 5. Comparison of Estimated Age Composition of Early Pacific Mackerel Catches by 
NORMSEP and by Otolith Readinas. 

__ __ 

1 
~ 

3746 
2517 

3369 
2199 

25200 
23621 
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landings by time period as do the otolith-based estimates (Fitch, 1951 I ) .  

Moreover, no consistent bias in age structure is apparent in the NORM- 
SEP estimates except for a possible tendency to overestimate weak age 
groups which are surrounded by more numerous age groups, as in the 
estimate for age 3 in 1934-35. Due to the importance of the 1930’s in t h e ,  
history of the Pacific mackerel fishery, and the desirability of obtaining an 
analysis of this period, the NORMSEP estimates of age composition will 
be used with the reservations necessary in interpreting analyses based on 
such unreliable data. The age compositions for 1933-34 and 193435 which 
were calculated from D. Fry’s otolith readings are retained as being more 
reliable than the NORMSEP estimates. Catches by age and season are 
given in Table 6. 
‘The description of the weighting proccdurc in Fitch (1951) is partially in rrror Agr sampling \\as ctr.ilifiid Iry h g t h  

category and. as Fitch states. the otolithc r e d  do not represent a random sample. Age frequenr? u . 1 5  not c;ilculntrd 
as shown in his Table 19. The actual prorrdure used wxc 7imil;ir to thr stratifid sanlpliiig pl;ln <if .\(;E( XI24 1 .tbriun.ron. 
1971). wherein the numl>er of fish obsrrvrd 111 each lrngth rtr.itum i< tiilrii into .ircuiint. 

! 
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4 0  
4 5  
5 0  
5 5  
6 0  

POPULATION BIOLOGY 

367 

382 

GROWTH 

A very large amount of data is published on the age composition of the 
southern California catch of Pacific mackerel Annual growth in length is 
also well documented. However, documentation is lacking on the season- 
ality of growth and on growth in weight gcmxilly. Individual weights 
were not recorded for the market samples until the mid 1960’s. In addition 
published age-composition data represent ii composite of information for 
the entire season. 

Von Bertalanffy growth equations and length-weight relationships were 
calculated by Knaggs and Parrish (1973) for data from the 1958-1959 to 
1969-70 seasons. They reported that there wwe no significant differences 
at the 1% level between their data and Fq’s (1936b) data. They also 
reported little correlation bet\veen 29 years o f  estimates of recruit abun- 
dance and mean size at age 1 ( r  = -0.208). However, it should be noted 
that a good comparison (i.e., weight at a given age) is 1:icking. I n  this 
instance mean size at age 1 is the mean length of fish sampled during the 
season (i.e. May 1-April 30) and this mean age may differ from year to year 
due to availability or seasonal variations in fishing pressure. 

The gro\rth estimates used in the present paper are from the von Ber- 
talanffy grow t h equation and the length-weight relationship given by 
Knaggs and Parrish (1973). Both annual growth and weight at capture 
were used in simulation models (Table 7 ) .  Weight at the beginning of the 
season (May) \vas used to calculate spawning biomnss and annual growth. 

TABLE 7. length ’ and Weight By Age of Pacific Mockerel 

Age 

1 May 
Oct. 

2 May 
Oct. 

3 May 
Oct. 

4 May 
Oct. 

5 May 
Oct. 

6 May 
Oct. 

(From Knoggr ond Porrirh 1973) 
-~ ______ .~_ -~ 

Weight 

192 grns 

317 

448 

574 

689 

789 

__. - 

.4t capture 

Length 
- . ~ _ _  

273 mm. 

308 

306 

358 

375 

388 

-_ Weight 

253 gms. 

382 

512 

ti33 

741 

834 
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Weight at capture (October) \vas used to calculate catch. Length a t  the 
first birthday (May) ,  with the voii Bertalanffy equation as fitted by Kiiaggs 
and Parrisli j1973), is calculated ivith t = 0.5 and the length of age 1 fish 
at capture is cdculated with t = 1.0. This correction is necessary due to 
the fact that the von Bertalanffy equation \vas calculated with the criteria 
for age 1 being all fish between the ages of 1 arid 2. The von Bertalanffy 
estimate with t = 1.0, therefore, is an estimate of length at an age of 1.5 
years. 

REPRODUCTION 

Age at niaturit!. and percent spa\vning b y  age group were not wcll 
documented during the early fishery. According to Fry (193611) “the year- 
ling fish do not spawn whereas inost of the two-).ear-olds do.” Fitch (1951 ) 
stated that most rnackercl do riot spawn until their third or fourth year 
(Le., age 2 or 3) .  For the period of 1958-70 Knaggs and Parrish (1973) 
found that 22.5%; 65.7%, 75.170, 84.7%, 84.2% and 87.0% of age group 1 
through 6 + females sampled during the period of .4pril-August werc 
Inature or maturing 

The above figures represent minimum percentage maturity of female 
fish, LIS earl)- spa\viiers might have completed spawning when captured in 
August or lute spawners might be iminature when captured in May. 
Thcrrlfoi-e, i n  the present work we have decided to assume that 100% of 
the  fish of age 4 or older are mature. The percentagc’s mature of ages 1, 
2, and 3 wprc increased by the same proportion a s  ages 4+ (i.e., 0.17). ‘This 
rcsults in percent‘rges of 26%, 77%, and 88% for ages 1, 2, and 3 females. 

M/ialcs apparently mature at a slightl!, youiiger age than females (Kliiig- 
I>eil, (Ll i f .  Dept. F’ish and Game, personul communic:ition !. Ho\ve\w-, 
only the proportion of female fish ;ire considered in ineusuring sp;i\vning 
biomass, \4.ith the assumption that mi les  spawn iii thc, sairie proportion its 
fcmales. The fact that c’gg arid lar \x  surve) c itre uscd to mc;isure biomass 
is the primary re;tson f’or this assumption Such sur\’eys ;ire capable of 
measuring spalvniiig products of fernale fish only. A second reason is that 
the true. reprodi1ctiL.e potcntial of ;I pelagic fish poptilation is measured by 
that segnieiit which produces eggs (Le., females), gi\.en the coridition that 
fertilization is efficient over a wide range of malc t o  female abtindmce 
ratios. 

The ma.jor iriconsistcncy between the data taken i n  the earl!. fishcry, 
rvhcri bioriiiiss Ie\.els \vt’re high, and thc i:lte fishery, ivhen biomass le\& 
were Ioiv, is the percentage of age 1 fish that spawn. The Fry (193%) aiicl 
Fitch (1951) data \\’ere taken when biomass was high. The percrwtages 
rri,iturc reported by Knaggs arid Parrish (1973) are average vdues titken 
ovcr  thc. period 1958-1959 to 1969-1970, whew biomass \.aried from nioder- 
atel), high to \ w y  low levels. In an attempt t o  deterniine it the perccntagc 
of age 1 fish spawming depends on dcrisity, the original market samples 
ustd by Knaggs and Parrish (1973) were analyzed to see if ;I pattern &)uld 
be determined. Maturity stages were not recordt-d in market samples 
prior to 1958-1959, and in individual samples these data were sometimes 
missing for sez3eral vears thereafter. When analyzed by incli\.idual ! e t r  t he 
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numbers became so small that validity was questionable. However, during 
the period 1969-1971, when the spawning biomass was at extremely low 
levels and large numbers of age 1 fish were sampled, 50% of the age group 
1 fish were mature or maturing. 

The available information suggests that there is an inversely density- 
dependent relationship between population size and the percentage of 
age 1 fish that spawn, although the exact form of this relationship is dif- 
ficult to demonstrate. It appears that the percentage of age 1 spawners can 
be approximated at three general biomass levels. An exponential curve 
fitted to these points gives the following relationship, which was used in 
the regressions to determine recruit-spawner functions and in all simula- 
tions. (Figure 2) 

ps = 0,540 e-0007171’J‘oP 

where PS = proportion of age 1 fish spawning 
TPOP = total population biomass in millions of pounds 

100 300 500 700 
TOTAL BIOMASS (IN MILLIONS OF POUNDS) 

The relationship between total biomass and the proportion of age 1 spawners FIGURE 2. 

There is a hypothesis other than density dependence to explain the 
increasing percentage of age 1 fish that spawn at low biomass levels. Fry 
(1936b) stated that a small proportion of fish in the southern Baja Califor- 
nia stock spawned at age 1. It is possible that a small number of fish from 
the southern Baja California stock enter the California fishery. These fish 
could provide an increasing proportion of the mackerel available to the 
California fishery as the northern stock declined to the very low levels of 
the late 1960’s. Tagging studies neither confirm nor invalidate this alter- 
nate hypothesis, because fish south of central Baja California were not 
tagged during the major tagging work carried out by Fry and Roedel 
(1949) or in more recent work (Knaggs 1974). 
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The eggs and larvae of Pacific mackerel are pelagic. The eggs hatch 
approximately three days after fertilization, depending on temperature 
(Fry 1936a). Fry (193610) found that most of the eggs were spawned in 
water less than 88 m deep and between 16.7 and 20.6C (62 and 69°F). 
Ahlstrom (1959) suggests that spawning occurs closer to the shore and 
closer to the surface in Pacific mackerel than in the other major pelagic 
species in the California Current region. Kramer (1969) reported that the 
abundance of Pacific mackerel eggs fell off sharply below 23 m. Estimates 
of fecundity in Pacific mackerel are based on relatively few individuals. 
MacGregor (1966) reported that the Pacific mackerel produces 304 eggs 
per gram of fish (based on counts for six specimens). MacGregor (1975) 
reported that 18 Pacific mackerel averaged 259 eggs per gram. He suggest- 
ed that a lower estimate of fecundity per body weight was associated with 
first-time spawners in a number of species but he did not report that this 
occurs in Pacific mackerel. 

Fry (1936a) found that Pacific mackerel eggs varied in size during the 
spawning season; eggs were larger in April-May than in June-July. The 
data on age at maturity reported by Knaggs and Parrish (1973) showed 
that spawning of older mackerel peaks in May while in age 2 it peaks in 
June and in age 1 it peaks in July. Bakun (1973) shows that peak upwelling 
in central Baja California occurs in May. This suggests that older fish 
produce larger eggs that are hatched during the period of peak upwelling 
in central Baja California and that the smaller eggs from younger fish 
hatch after the normal peak of upwelling. Thus the alteration of the age 
structure of the population by fishing could result in a reduction of aver- 
age spawning success and an increase in the variance if upwelling is vital 
to larval survival. The larvae of younger fish could have a shorter period 
before starvation would occur. This could be caused b y  less caloric yolk 
reserves or a higher metabolic rate due to the higher temperatures they 
would encounter later in the season. Hempel (1965) suggests that the 
above considerations affect survival of Norwegian herring, 

The distribution of Pacific mackerel larvae is considerably wider than 
that of the eggs. Principal concentrations are often well offshore and 
undoubtedly are heavily controlled by transport and convergence pat- 
terns. Most larvae have been taken off of central Baja California in the 
region near Punta Eugenia (Figure 3 ) .  

SCHOOLING 

Schooling behavior in the California Pacific mackerel stock is not well 
documented in the literature. Sette (1943), in discussing Atlantic mack- 
erel (Scomber scombrus) , reported that fish-of-th-year school separately 
from the rest. Yearlings usually school separately bht may join schools of 
adults, especially when the adults are predominantly 2-year-olds. The 
adults, age 2+,  travel in mixed schools. Sette attributed the above school- 
ing by age to the fact that the larger, older fish tend to have a higher 
cruising speed than smaller fish. The age composition of market samples 
of Pacific mackerel caught off of California suggests that this same pattern 
is also found in Pacific mackerel. Yearling Pacific mackerel are often found 
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FIGURE 3. Distribution and relative abundance of Pacific mackerel larvae in 1955 (fig. 20 of 
Kramer, 1960) 

schooling with immature jack mackerel ( Trachiirris svrnmctricus) which 
tend to have a lower cruising speed than adult Pacific mackerel. Early 
management policies favored by members of the canning industry reflect- 
ed an awareness of this pattern, as they were largely concerned with 
limiting the catch of young-of-the-year and yearling fish. It therefore ap- 
pears that size restrictions could be effective in preventing the capture of 
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young-of-the-year mackerel, and to a lesser extent yearlings. Restrictions 
at sizes or ages larger than this are not feasible in the purse-seine fishery 
due to mixed schooling. 

NATURAL MORTALITY RATE 

As in most fishery analyses, the rate of natural mortality ( M )  will be 
assumed to be constant for lack of better information. The most direct 
measure or M for the Pacific mackerel was made by analysis of the number 
of tags returned from fish released in southern California waters (Fry and 
Hoedel, 1949). Estimates of M ranging from 1.1 to 1.3 were obtained de- 
pending on method of analysis and assumptions of tagging mortality rates. 
These estimates are very high, corresponding to loss of 70 percent per 
year, and are inconsistent with age frequency in the catches particularly 
for the early years of the fishery when older fish were common. Fry and 
Roedel concluded that tagging experiments did not supply realistic values 
of natural mortality rates for the Pacific mackerel. 

Another source of mortality rate information is length frequency data 
taken in the very early period of the fishery. Length frequencies were first 
taken in the 192930 season, the second season of significantly large land- 
ings (cf. Figure 1).  Comparison of 192930 with 1930-31 length frequency 
(Figure 4) shows a more rapid decrease in abundance of larger fish in the 
latter season, suggesting an increase in total mortality. A bulge in the 
192940 graph involving 36 to 41 cm fish suggests large recruitment in the 
mid 1920's and will cause an underestimate of the mortality rate. This 
bulge disappeared in the length frequency for the following 1930-31 sea- 
son. 

Beverton and Holt (1956) showed that the total mortality rate (Z)  can 
be estimated from length frequency information if von Bertalanffy growth 
constants are available: 

where L' is the smallest length fully represented (or lower cut-off point) 
a n d z  is mean length of fish L1 or longer. K and Lo,, are the von Bertalanffy 
growth constants. Pacific mackerel appear to show different relative 
growth rates for different years, possibly an effect of varying population 
size (Knaggs and Parrish 1973). Von Bertalanffy growth constants were 
calculated from length and age data taken in 193334 and 1934-35, the 
closest available data to the time period under consideration (Table 5 ) .  
Using the method of regressing annual growth increment on initial length 
(Figure 5 ) ,  the X-intercept is an estimate of L,,, and the slope is a function 
of K (Gulland 1969). In order to avoid effects of uneven recruitment on 
the catch curve analysis, L1 was increased the equivalent of a year's 
growth by the relationship 

which is derived from the von Bertalanffy growth equation. Thus we 
obtain total mortality rates for approximately the same cohort of fish in the 
two seasons. The Reverton and Holt equation gives a Z of 0.317 for the 
1929-30 catch curve, and a Z of 0.424 for the 1930-31 catch curve (Table 

Z = [K(L,, - L)]/(L - L'] 

L t + ,  = L,J1 - e - K ( l  - [L,/L,,,I)I 
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8). As discussed previously, these values are probably biased and represent 
low estimates; however, the values imply a natural mortality rate much 
lower than those obtained from the mark-recapture data. Since the Pacific 
mackerel had undergone only one full season of fishing in addition to the 
season underway in 192930, a natural mortality rate of 0.3 to 0.5 is consist- 
ent with these data. 

1929 -1930 

---- 1930-1931 

30 35 40 45 

FORK LENGTH ( c m )  
FIGURE 4. Pacific mackerel comparison of length frequency for 1929-30 and 193041 
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250 300 350 400 

FORK LENGTH (1,) 
FIGURE 5. Pacific mackerel von Bertalanffy growth curve parameter estimotion. Data from D.H. 

Fry otolith readings 1933-1934. 

A final method of estirnating the rate of natural mortalit!. itiLdvcs the 
y-intercept of the regression of total mortality rate upon effort. Since M 
is being estimated for use in cohort analysis, and the  cstiinntes of total 
mortality rate in this procedure are deri\wl from cohort anal!.sis, it ma!' 
appear circular. Actually i t  is not circular, since i n  cohort anal!.sis errors 
in M result in counterbalancing errors in estimated b'. Z is rclatively 
unaffected making an iterative solution appropriate. 

Table 8. Catch Curve Estimotes of Total Mortality Rates from length Frequency and 
Von Bertalanffy Growth Curve ( l m  = 404.6 mm, K = 0.221). 

______ _ _ _ _ _ _  _ _  ___ ~~ ~ _ _ _ _ _  ~ - 

f'--z - 

L 
- ~. 

0317 
n 424 I 

192930 36.5 05 
193031 350 0 368 70 
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Season 

1950-51 
1951L.52 
195253 
195354 
195455 
19535556 
1956-57 
195758 
1958-59 

Direct effort estimates for Pacific mackerel are not iivailable, but :I 
relative effort measure can be obtained from the night-light sur\qr diita 
collected by the California Department of Fish and Game se;i sur\’e!.s in 
the fall of the years 1950 to 1961 (hlais 1974). A n  abundance index MYIS 

calculated as the percent of night-light stations at which Pacific inacktwl 
were observed (Table 9). The geographic area covered b ~ ,  thc surve!. is 
Ensenada to Point Conception. This abundance index can be used to 
derive an effort in&x ( f ) .  If thc abundance index ( I )  is related to true 
mean abundance ( N )  by somc constant c ,  

arid instantaneous fishing Inortaliti- (F) is related t o  catch and incan 
abundance by 

a measure of nominal effort ( f )  which is proportional to  F is obtainrd by: 

Estimates of f obtained by this niethod, and estiniatcs o f  Z from ii cohort 
analysis using M = 0.5 are givcn in Table 9. The regrcssion of Z upon 
estimated f gives an M estimate of 0.95, \vhile the rcgr 
gives M = 0.32 (Figure 6 ) .  The> \xiat ice  of the effort e 
the variance of the Z estimate is quite larg:e, due to the crude method of 
estimation and small sample size. so thc latter regrt.ssion is to he fii\.ored 
(Ricker 1973). The Z-intercept cstim:tte (jf JI would therefore fall  
between 0.4 and 0.6. Since hl = 0.5 WIS used in the cohort malysis, this 
value of 14 is consistent Lvith the data. 

- 
N = C I  

F = (CIS) 

f = cF = ( C i I )  

___ -~ ~. 

.light-light 
abimdarice Total 

index ~iiort:iIIt~~ c i t e ’  

17.3 3x497 222s 1.363 
8.8 34910 3967 I MI4 ‘ 8728 2.397 

- 1.839 
2.6 22692 

0 11546 
23.4 40364 I725 0 729 

3967 I .32x 
81070 ,7334 I (146 
61027 91O.I) 2 (1.56 
2Ml40 6677 1 A54 

12.3 
15.2 
6.7 
3.9 

(95 occurrence) (law lb.) ( I f  =~ 0.5) 

i 

42552 
43803 
57678 

1959-60 18.9 

196142 7 2  

2252 1276 
2 (119 
I.63h 

3915 
H(I1 I 
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1960 0 

0 1961 

0 1956 

/ 

FIGURE 6. Estimation of M by the relationship of 2 to F. 

Another comparison can be macle between the von Bertalanffy parameter 
K, and M, as shown in Heverton and Holt (1959). Values for K of 0.244 
(Knaggs and Parrish 1973) for recent years, and of 0.221 for earlier years 
as estimated above, suggest an M of 0.4 to 0.6 when compared with similar 
values for other free-swimming large species of fish (Heverton and Holt 
1959). Estimates of M from comparative studies such as these are of poor 
reliability, but do give support to the other estimates. 

Comparision of estimates of the rate of natural mortality is obtained by 
various methods (Table lo ) ,  suggests that M is probably in the range of 



PACIFIC MACKEREL FISHERY 35 

0.4 to 0.6, with the most consistent single value being M = 0.5. 'This \ d u e  
will be used throughout the rest of the analysis. 

Table 10. Estimates of Natural Mortality Rate for Pacific Mackerel 

.Vatoral mortality 
rate estirnate 

.tf 

1.1-1.3 

0.3-0.5 

0.5 

0 .34 .7  

0.4-4.6 

Source _ _ _ _ _ ~ ~  - ~ 

Tagging (Fry and Roedcl, 1419) 

Early cdch cur\ es 

Regression of Z on f 

Comparative studies 

Comparative studies 

~Inr~~lilrhlt~, prolxhiy 

Subject to  unknown hias 
ovrrestiin,ited. 

fi 0111 uneven 
recruit i n w t  

Proh:rhly thc hcst t'\tm:ite 

arai1;chlr: c t i i i i l r t c  is 
dependent on unknown ~ . ,  ', rimces. 

T m l r x  = I 1  c'irs. nicthod 
is unreliable. 

h =. 0 22, 0.24: inrthod 
is unrcliabll~ 
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COHORT ANALYSIS 

ESTIMATION OF FISHING MORTALITY RATES 

Fishing mortality rates were estimated using the method of cohort anal- 
ysis first developed by Murphy (1965,1966) and generalized by Tomlinson 
(1970). A “backward” solution was chosen due to its properties of conver- 
gence: a wide range of fishing mortality rate estimates for the oldest or 
most recent age group gives a progressively narrower range of variation 
in estimates of F for younger age groups or earlier seasons. A constant rate 
of natural mortality (M = 0.5) was assumed. All fish of age 4 and older 
were assumed to be fully recruited. This assumption was warranted by 
trial solutions using older ages at assumed full recruitment. Also, sample 
sizes of older fish are often very small and highly variable. 

Two methods of determining seasonal estimates of F for fully recruited 
fish were investigated. The first method is similar to that used by Murphy 
(1966) for sardines. The cohort of fish consisting of those fish of age 4+  
is the same cohort as those fish age 5 +  in the succeeding season. In the 
same season, 4+  and 5 +  cohorts are presumably fished at the same rate, 
as they are assumed to be fully recruited. Thus the fishing mortality rate 
for the age 5 +  fish can be used to estimate the fishing mortality rate for 
the age 4+  fish of the preceding season by cohort analysis using the catch 
ratio of age 5 +  to age 4 +  fish. The mortality rate estimated for the age 
4 + fish can then be assigned to the age 5 + fish in the same season as input 
to the next preceding season, and the backward solution of seasonal fishing 
mortality rates continues in stepwise fashion. 

An alternative method was tried, which does not combine age groups 
of fish, but more fully utilizes the property that all fully recruited age 
groups are assumed to be equally exploited in a fishing wa9on. The fishing 
mortality rates form a matrix with rows of year-classes (cohorts) and 
columns of ages, so that diagonals represent fishing seasons. A n  iter a t‘ ive 
procedure was used to obtain values of F for all cells which minimize an 
overall weighted sum of squares of deviations with respect to the season 
means. 

The first method considers seasons in pairwise fashion only, so that 
errors in fishing mortality rate estimates are passed on to the next season’s 
estimate (with convergence reducing their magnitude). The second 
method connects several year-classes and seasons, with varying degrees of 
freedom due to the convergence property. Consider a single year-class for 
which trial fishing mortality rates have been determined by cohort analy- 
sis. F for the youngest age group will vary little for a wide range of F of 
the oldest group. Each age group is contributing to the sum of squares for 
its respective season, so the mean fishing mortality rate of the earliest 
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season tends to be anchored by the least variable F of the youngest age 
group while F of the oldest age group is relativel!. free to assume a \ d u e  
which is most consistent with its season mean. Convergcwce of the back- 
wards time series is still a basic property of the second method, although 
linkage involves every year-class which was fished in any se;isoti in which 
the year-class under consideration was fished, rather than the simple pair- 
wise linkage of the first procedure. This linkage system gives the second 
method greater stability with respect to propagated errors, :it a sacrifice 
of sample size. The respective advantages and disadvantages of the two 
methods require more extensive and quantitative examination than they 
have received hew. In practice the two methods give ver!. similar results, 
although the second method niay vary in sensitivity over different por- 
tions of the time series, sensitivit). goes undetected in the first nic\thod. 
Due to the unkno\vn biases of the second method, and the general agree- 
ment with estimates made by the simpler first method thc first method 
was used for this analysis. 

No independent estimate of the fishing mortality rate (F) for the recent 
portion of the time series is available, making it necessary to use :I rcason- 
able guess as a starting value. Alternative trial values of 0.5. 1.0 and 1.5 for 
1969-70 were compared (Table l l ) ,  and convergence resulted in  little 
difference for the 1966-67 season and earlier. The intermediate \.aluc>. 
F = 1.0, is used ;IS an arbitrary starting \Ate for solution of the. time series. 
For younger age groups, the starting \~iilut> for 1967-70 W I S  modified by 
arbitrary recruitment factors to gi\re Fiagt. 3 )  = 1.0, F(agt  2)  = 0.75. 
F(age 1) = 0.50, and F(age 0) = 0.25, Xvhich Lvcre used to  initikitc cohort 
analysis of these \xw--classes. These estimLitcs do not contribute to the 
general solution, and were made onll. to fill out thc time svrics writh 
estimates for recent seasons. 

The three trial solutions shown in Tuble 11 dernonstmtc ;I gcnc>rul rule 
in the behatior of cohort analysis: I:irge.\diies of I” conwrge more rapidly 
than do small \ .dues of F’. Use of cohort analysis on siniulatcd catch data 
shows that in  the backward solution the rate of‘ con\m-getice (percent 
approach to true I+’ per iteration, re1atik.e to the error in thc preceding E’ 
estimate) increasvs ;IS F increases, and is zero at F = 0 (‘I’ablc~ 12). A 
forward solutioti \ t i l l  show similar rates of divergence. c.stimates of F \vi11 
approach progressi\.ely either zero or infinity, leading to ;in unrealislic 
solution of the time series. 

The cohort atial>.sis solution of the time scrics of‘ catchcs by ape is given 
in Table 13. Thc catches thernsel\res iire gi\.rw in Table 6. .4 cohort annlysis 
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F 

0 
0.1 
0.2 
0.3 
0.5 
1 .o 
1.5 
2.0 

Rate of con c’ergence 

0 70 
11% 
19% 
26% 
39 % 
65 90 
70% 
85% 

*Approximate rate of convergence is 100% (Fi.i-F,.i)/F,-F,) when F,., = F,, and F; is near F. Convergence becomes 
divergence in the forward solution. 

of fishing mortality rates for the 1928-29 season w a s  impossible due to lack 
of sampling. A rough guess of 0.2 was obtained by multiplying the 1929-30 
F by the ratio of total catches for the two seasons. Approximate fishing 
mortality rates for the younger age groups were obtained by applying 
approximately the same relative recruitment ratios as in 1929-30. Fishing 
mortality rate estimates before 1939 are unreliable due to the aforemen- 
tioned problems in estimating age composition. The estimates for 1928 
through 193233 are particularly poor due to the lack of convergence at 
low fishing mortality rates. 

As there were two independent fisheries for the Pacific mackerel, it is 
useful to separate fishing mortality rates into purse seine arid scoop fleet 
components. This separation is done by rnultiplying the total fishing mor- 
tality rate (age 4 + ) by the ratio of the fishery segment catch to total catch: 

Scoop and striker catch were combined under the heading of “scoop” and 
purse-seine and “others” were combined under the heading of “purse 
seine” (Table 13). The “other” category amounts to a very small percent- 
age of the catch. Catches by fishery segment were obtained from Roedel 
(1952) wherein values were given for 1939 through 1950, and estimates for 
the seasons before 1939 were presented graphically. More recent catches 
were compiled from source documents. 

. 

F (SCOOP) = [C ( s c o o ~ ) / C  (total)] F (total) 

POPULATION ESTIMATES 

The fishing mortality rates in Table 13 are combined with the catches 
in Table 6 to give population sizes for age groups at the beginning of the 
fishing season (Le., on the “birthday”). The annual exploitation rate (E) 
is given by 

and initial population size is in numbers estimated by 
E = (F /F+M)  (1 - e-‘”’”), 

N = C/E .  
Population sizes in weight, or biomasses, are obtained by assigning the 
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FIGURE 7. Total biomass of the California Current stock of Pacific mackerel (MacCall perr. 
comm.) 

weights at age for May given in Table 7 to thc populations estimated b). 
the above equations. The resulting biomass estimates are given in Table 
14. Total biomass (Figure 7 )  is estimated by summing the biomass of the 
individual age groups, not including age group 0. Spawning biomass is 
estimated in similar fashion, except that age group contributions are modi- 
fied by the percentage of females which are capable of spawning (Figure 
2) .  

RECRUITMENT AND SPAWNING SUCCESS 
Recruit biomass ( R ) ,  measured in weight at age 1, is given in Table 14. 

Spawning success ha been highly variable, and there appears to be little 

biomasses are in their normal historical size range (Figure 8).  However 
it appears that recruitment strength is much less variable when spawning 
biomass (P) is greater than 200 million pounds. All of the disastrously poor 
recruitments of 20 million pounds or less were produced by spawning 
biomasses less than 200 million pounds. 

density-dependent e % ect even on ii logarithmic scale, when population 
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~n index of spawning or reproductive success, as measured by In (re- 
CruitsIspawners) shows a somewhat cyclical pattern over time (Figure 9 ) .  
The sequence of poor spawning successes that led to the collapse of the 
stock is remarkable both in its magnitude and its duration. Such a se- 
quence of five consecutive spawning failures would have caused a drastic 
decline in abundance even in the absence of a fishery However, hark est 
during and after the period undoubtedly retarded the subsequent recokt- 
ery. Variability of spawning success during the period 1928 to 1945 was 
significantly (P <0.01) less than during Inter years (Table 15). Three hy- 
potheses are suggested as possible explanations for the increase in vari- 
ance. First, the computations are someivhat unreliable up to the 1939 
season, and the method of estimating early age compositions may have 
artificially reduced the variability. Second, key environmental factors in 
spawning success may have actually been more variable in the later peri- 
od. The environmental conditions which influence reproductive success 
from a spawning event will be termed the “spawning environment”. The 
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third and most interesting hypothesis is that the increase in variance is the 
result of decreased spawning biomass. 

I 
1 1 " 8 1 ' 1 1 1 1 1 1 ' 1 1  l ~ " " " ' l l r r " " l  ' I '  

1930 1935 1940 1945 1950 1955 1960 1965 

YEAR 

FIGURE 9. Time series of the natural log of the observed recruit biomass per spawning biomass. 

Overall spawning success is iiii average of dl the results from indi\.idual 
spawning events in :I given sc;ison. These events could be considered to 
be samples drawn from the total spatiming cnvironmcnt, which extends 
through space and tirnc. The true ;i\.crage spa\t.ning environment cer- 
tainly changes from year to )'c.ar, h i t  presumably fluctuates Libout ;I mean 
set of conditions which reflect the long-term a\'ei-agc. If we ' I  ssurnc ran- 
domness of spawning beha\.ior with respect to subsequent conditions af- 
fecting larval survival, the hypothesis can bc: viewed ;is a basic statistical 
sampling problcm. Hy treating mean biomass a s  ;in index of smnple size, 
we can use the propert!, that the standard error of the mean varies in- 
versely with the  square root of the sample size as an ~il)i~r"~irn~ition. Thus. 
on the basis of popu1:ition size, tire would expect ii relutivc increase in 
standard error of 1.64 (i.e. v' 2861 106), whcreas the actuiil increase I ~ X S  

1.89. ' T h e  additiond incrcasc. if it is other than rmdorn error, could result 
from se\.eral cause\. 'I'he tcniporal extent of spawning is largel!. depend- 
ent on t h e  age structurc of thc population. and t h c  mean age of the 

TABLE 15. 

Period 

Comparison of Spowning Success for Two Periods of the Pacific Mackerel Fishery. 
____.-__ ~~~~ -- _____~ ._~~  __ ~~~ - ~~~~ ~~ ~~~ _ __  ~ - - .  . 

~- ~- ~~~ - ~ ~ ~ ~ 

Number of years 23 
Mean index of spawning SLICCCSS -0 984 ~ ~ 1 0 6 7  
Standard error* 1.6% 
Mean spawning biomass (million pounds) 
Mean age of spawning biomms at beginning of season 

286 
3 21 
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spawning biomass was lower for the latter period (Table 15). Also, the 
spawning environment is very contagiously distributed in space and time 
(Lasker, 1975), suggesting that small sample sizes would be highly varia- 
ble. If the third hypothesis is correct, maintenance of a larger spawning 
biomass might have helped the stock survive the poor spawning successes 
of the 1960’s. Presumably, the recruitment failures would have been some- 
what more moderate, and the larger surviving biomass would have aided 
recovery when better spawning successes returned in the late 1960’s and 
1970’s. 
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RECRUITMENT MODELS 

METHODS 

The statistical procedures used in this report included cxtensi\.e LISP of 
correlation and regression techniques. The Statistical Interacti\-e Pro- 
gramming System (SIPS) developed and muintained b!. the Oregon State 
University Statistics Department (Guthrie, .&\my,  and A\rery 1974) WIS 

used almost exclusi\.ely for the  earl). analyses. For\vard stepwise multiple 
regression as described by Draper and Smith (1966) \vas used for aixtlysis 
including en\.ironmental variables. Later analyses included non-linerar 
regressions. These analyses used the Riotnedical Computer Prograin 
UMDPSR (Dixon 1975). Several of the HhlDP3R subroutines \!’ere altered 
for use on a CDC 6500. The program was altered by the addition of the 
FORTRAN statements nccessar). to fit the functions used in the \.:trious 
recruitment models. 

Densify-dependent recruitment functions 

Spawner-recruit functions of several types \+*ere f i t t c d  to the c.stiinates 
of recruit biomass (i.e., at age 1) and sp:i\vning biomirss. The thr te  princi- 
pal density-dependent functions used \vere those uscd b>. Ricker ( 1975: 
282), Beverton and Holt (1957: 49) ,  and (hshing ( 1971). ‘These three 
functions are shovm in Figure 10. The major differencc i n  thc threr func- 
tions is the amount of prerecruitrnent mortality iissooiated \i,ith incrensing 
population density (i.e., compensatory mortality) . The llickcr function 
predicts that recruitment increases to it m;ixiniiini ;it some moderatc 
spawning biomass level and then decreases to lo\\, rrcruitmcnt a t  ;I high 

SPAWNING BIOMASS 

FIGURE 10. Density-dependent spawner-recruit models; A. Ricker, 8. Beverton and Holt, C. 
Curhing 
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Function Name 

Ricker 
Cushing 

Clark-Ricker R = blPe-"e-b'P 
Clark-Cushing R = b, p4 e-blP 

Linear reflession variables 

Dependent Independent 

ln(R/P) P 
In ( R )  ln(P) 

P/R P 
ln(R/P) P,1 / P  

In ( R )  ln(P),  1 /P  

Where 
R = Hecruit biomass 
P = Parent baornass 
b, = Density independent roefficicnt 
b, = Compensatory, densitv dependent coefficient 
b, = Depensatory, density dependent coefficient 

Environmental variables 
The environmental data used in this study are available primarily as 

monthly means. Annual environmental factors, such a s  Hakun's (1973) 
upwelling indices or sea surface temperature at Scripps pier, therefore 
consisted of 12 indibidual \ ariables. These variables are not completely 
independent. For example sea surface temperatures from adjacent 
months are obviously highly correlated. In fact seasonal patterns, in the 
association between thernonthly means and recruitment, occurred in most 
of the environmental factors. The lack of independence between the 
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monthly means was riot a necessary prerequisite in the development of 
recruitment models. The models were developed with stepwise regress- 
sion, which does not require that all potential variables be completely 
independent. 

The major spawning season for Pacific mackerel is May-July. The 
monthly means discussed above may cover too small a portion of the 
spawning season to test the associations between environmental condi- 
tions and recriiitment. To assess the associations between longer term 
environmental conditions and recruitment. several 3-month combinations 
were made. The first combination was the mean value for the three main 
spawning months ( May-July) . On the hypothesis that conditions immedi- 
ately prior to spawning should influence spawning, the second combina- 
tion was the mean value for April-June. .4s previously noted there is a 
marked seasonal clifference in the peak of maturity in Pacific mackerel of 
different ages. It was thought therefore that the age structure of the 
population would influence the recruitmcliit response to environmental 
variables. For example a spnwning population consisting primarily of age 
1 fish, which ha\re a maturit). peak in Jul!., would not be able to take 
advantage of favorable environmental conditions occurring in Ma);. 
Therefore, linear combinations of the environmental \.iiridAcs from May- 
July and April-June were made. These linear combinations were prorated 
by Pacific mackerel age composition of an individual >rear. b-or example, 
if the age composition of the spawning biomass in ii  @\,en year MXS 50% 
ages 3+ ,  20% age 2, and 30% age 1, the prorated variablc \{.as 50% of the 
May \ d u e ,  20% of the June value, and 30% of the July variable. ‘The same 
procedure was used for the prorated April-June variLibles. 

The large number of environmental vitriublcs anulyzed for this stud!, 
necessitated that some pre-analysis be carried out before multiplc regres- 
sion models were developed. The pre-analysis w x  accomplished by C U I -  
culating the correlation coefficient for the relutionship between each 
environmental variable and recruitment. Three different correl, t ’  
were made for each environmental variablc. These three m’crc the corre- 
lations with the recruit biomass (i.e., at age I ) ,  the natural log of  recruit 
biomass, and the natural log of the recruit biomass di\.ided by the spawn- 
ing biomass. Hereafter the above three will be referred to as R, In ( R )  , and 
l n ( R / P ) .  

The choice of en\,ironmental variables to include 21s potcntial \wiablcs 
in recruitment functions for Pacific mackerel was largely dependent upon 
available long-term data. Unfortunately such data ww-e not a \ d a b l e  on 
plankton populations. Data sources were limited therefore to physical 
oceanographic and meteorological data. 

Environmental data analyzed can be grouped into three general catego- 
ries based on the period of coverage. Category one inclucks lmd-based 
meteorological, s e a  level and sea surface ternpcratiire data. The period 
covered by these data includes the entire period of the data base of the 
population estimates ( 1928-1968) . Data analyzed included monthly mean 
atmospheric pressure at San Diego, mean sea Ic\,el difference- between 
San Francisco and Hilo, Hawaii iSaur 1972) , monthl>- inc; in  w a  surface 
temperature at Scripps pier, and t h e  monthl). mean SC;I Ie\,el at Lit  Jolla. 

‘I 1011s 
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Sea level data were included as a potentially important variable because 
of the relationship between geostrophic flow and coastal sea levels. Reid 
and Mantyla (1976) have shown a close relationship betnreen seasonal geo- 
strophic flow and sea level elevations at La Jolla, California. 

The second category included ship observation data. These data are 
available as monthly means by 5 degree blocks (i.e., Marsden Square 
quadrants). The data base starts in 1931. Data analyzed included wind 
speed, sea surface temperature, and cloud cover for Marsden Square 
quadrants 120 (2) and 84 (3) (Figure 1 1 ) .  All of the data for Marsden 
Squares and for sea level at La Jolla was provided by the Pacific Environ- 
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mental Group of the National Marine Fisheries Service. Data on wind 
speed were included as it would be expected to be related to upwelling. 
Cloud cover could be important because it might be used as an index of 
insolation and it could also be related to upwelling. 

The third category is composed of data from a series of mass transport 
calculations. The data were provided by Bakun (pers. comm.) and his 
calculations were made with the procedures described by Fofonoff (1960). 
Data analyzed included meridional total transport, meridional Ekman 
transport, divergence of Ekman transport [Bakun’s (pers. comm.) off- 
shore divergence indices], and Bakun’s ( 1973) coastal upwelling indices 
(i.e., Ekman transport perpendicular to the coast). The transport calcula- 
tions were based on a 3” grid of monthly mean atmospheric pressure which 
was interpolated from pressure fields prepared b! Fleet Numerical 
Weather Central, U.S. Navy. The data base starts in 1946. Analysis of the 
transport data included the calculations at three locations: 27’”,30“N and 
33”N (Figure 1 1 ) .  Nelson et al. (1976) have shown that Ekman transport, 
calculated by Bakun’s (1973) methods, accounts for 84 percent of the 
variation from a Ricker spawner-recruit curve in Atlantic menhaden. 

The four sets of transport data are actually indices of two processes. 
Bakun’s ( 1973) upwelling indices and meridional Ekman transport are 
different angular components of wind-driven transport. The units of meas- 
ure in these components are metric tons per second per 100  m. width. The 
second mechanism is wind stress curl, which is a measure of the rate of 
change of wind driven transport with respect to space. Sverdrup (1947) 
has shown that meridional total transport is proportional to wind stress 
curl. The divergence of Ekman transport, which is proportional to total 
meridional transport minus meridional Ekman transport, is dominated by  
total transport and is therefore essentially the same as wind stress curl. 
Units of the two measures of wind stress curl are given in terms of vertical 
velocity (millimeters per day, positive upwards) through the bottom of 
the Ekman layer. 

Environmental-dependent recruitment functions 

Recruitment models incorporating both population and environmental 
variables were developed with stepwise multiple regression. The on-line 
statistical system used for stepwise multiple regressions (SIPS) is limited 
to 50 variables, so it was necessary to reduce the number of potential 
independent variables. The independent variables used were the previ- 
ously discussed linear combinations of the spawning months and all other 
variables with a significant correlation (95% level) with the dependent 
variable. 

In Pacific mackerel the environmental variables were more strongly 
correlated with recruitment than were the population variables. It was felt 
that the size of the parent stock must have underlying effects on recruit- 
ment as suggested by Clark (Clark and Marr 1955). The fact that recruit- 
ment is heavily dependent upon environmental factors does not negate 
the effects of parent stock size; it merely masks the effects. Therefore the 
multiple regression models developed included population variables. The 
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models were developed by adding the population variable to the rcgres- 
sion model before the stepwise process was started (i.e., forcing in the 
population variable before any environmental variables were allowed to 
enter the regression). This had the effect of adding en\.ironmentnl vari:i- 
bles that best describe recruitment given the fact that ;I population \wia-  
ble is included in the model. However, this is not to say that the inultiple 
regression models describe variation from the density-dcpenclent Ricker 
or Cushing models. 

D E N  SI TY -D E PEN DE N T  R ECR U IT ME N T  F U N CTI 0 N S 
Spawner-recruit functions were calculated with both linear and nonlin- 

ear regression procedures. The linear regression models miere fitted ni th  
log transformed variables and will hereafter be referred to as transformed 
models. The exponentiated versions of the transformctl iriodels \vi11 I>cx 

referred to as the linear models. Transformed models for the period of 
1928-1968 were significant at the 1% level for the  Cushing function but 
the Ricker and Reverton and Holt functions were not significant even Lit 
the 5% level (Table 17). None of the linear niodels is significant at the 5% 
level. The linear Cushing and Heverton and Holt modcls had ;I larger sum 
of squares than the total sum of squares corrected for the mean. This 
implies that the linear Cushing arid Be\,erton arid I iolt ~nodcls proiide 
significantly worse estimates of recruitment than docs nmin recruitnicvit. 

The nonlinear (BMDP3R) Ricker and Cushing functio~is are both sig- 
nificant at the 99% level (Table 17). The addition of. a depensatory term 
to the Ricker and Cushing functions only slightly increased the coeffi- 
cients of determination ( r2)  ; the Clark-Ricker function w;is significant at 
the 5% level (Table 17). The Clark-Ricker function converged to a posi- 
tive coefficient and therefore this model contains t\vo conipensatory 
terms rather than a compensatory term and a depensatory term. The fact 
that the addition of depensatory terms did not irnpr0L.e the fits of the 
<pawner-recruit functions does not necessarily imply that a depensatory 
i ecruitment factor does not exist in Pacific mackerel. The large observed 
v iriation in recruitment at low spawning biomass le\.els would have hin- 
d .red detection of a depensatory factor and it  is possible that depensation 
w )uld not occur until the spawning biomass reached extremely low levels. 

The three Ricker models (Table 17) have very low densit!,-independent 
coefficients. This suggests that the limiting equilibrium rate of exploitation 
will be quite low in comparison to other fisheries (Ricker 1975:286). The 
poor statistical fit of the Ricker model is apparent in the large variation 
in In(R/P)  that occurred when the spawning biomass was less than 200 
million pounds (Figure 12). 

Fitted curves for the linear and nonlinear Ricker and Cushitig functions 
are shown in Figure 13. The curves for the linear functions show consider- 
able similarity in form at spawning biomass levels below 350 million 
pounds. The nonlinear, BMDPSR, Ricker and Cushing curves also show 
considerable similarity. It appears that at least for low and moderate 
spawning biomass levels the way the functions are fitted is more important 
than which function is used. 
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100 300 500 700 

SPAWNING BIOMASS 
(in millions of pounds) 

FIGURE 12. Natural logarithms and regression line of recruit biomass per spawning biomass 
plotted against spawning biomass 

The Cushirig and Hicker models abo\.e \vere transferred to spanw'r 
resultant-spaMiner models to show equilibrium points (Figure 14). This 
transfer was calculated b ~ r  inultiplying the calculated recruitrncnt by a 
factor that determines the spawning biomass of a cohort that would occur 
when there was no fishing mortality. This factor (3.843) was calculated by 
the ISOE program (Appendix I ) .  The restilting spawning biomass per unit 
weight of' recruits calculated with this program  ISS SUIT^^^ ;i constant 10.26) 
proportion of maturity of age 1 fish. With the assumption of density- 
dependent maturity of age 1 fish the spaw.11 rcsultaiit spa\vner relationship 
would be somewhat more arched than shonm in Figure 12 and the cquilib- 
rium points would be at a lo\ver spawning biomass. 
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- R I C E R  BMDP MODEL 
0-0  R I C E R  MODEL 
**-****. CUSHING MODEL 
-...- CUSHING BMDP MODEL 

e 

0 .  

- - -- - -a, .1 

0 100 300 500 700 

S P A W N I N G  BIOMASS 

FIGURE 13. Ricker and Cushing spawner-recruit models fitted to Pacific mackerel population 
data. (Values in millions of lbs.). 

ASSOCIATIONS BETWEEN RECRUITMENT AND ENVIRONMENTAL 
FACTORS 

Sea surface temperature 

Off southern California, warm sea surface temperature during the 
spawning season was found to be associated with good recruitmcnt in 
Pacific mackerel. This pattern \vas seen in the MLlarsden Square quadrunt 
off southern California, 120 (2 ) ,  and at Scripps pier (Figure 15) . The sea 
surface temperature off Baja California, Marsden Square quadrant 84 (3) , 
did not show this relationship (Figure 15). After the correlations were 
calculated i t  was found that the 84 ( 3 )  quudrant contained observations 
from the Gulf of California and this uiidoubtedly biased the data from this 
quadrant. 

The generally expected relationship between sea surface temperature 
(SST) and the ~ iumher  of recruits per spawner is ;I dome-shaped curve 
(Ricker 1975:276). The  number of recruits per spawricr should rise to :i 
maximum at some optimum temperature and then decline to lower levels 
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Ricker and Curhing spawner resultant-spawner models (values in millions of Ibr) 

as temperature continlies to increase. The abo\.e pattern nwuld bc expect- 
ed to occiir in the center of the species' geogriiphicd range. The California 
stock of Pacific mackercl is on the northern, cold-\{.ater edge of the range 
of the species. 'rhc. fact that up\velling is niost intensiL e during the spawn- 
ing season of' I'iicific iiiackerel dso contributes to depressing SST. There- 
fore the dome-shaped relationship betwrcii SST and the number of 
recruits per spa\vni'r should not be cspectcd to hold for the California 
stock of Pacific. mackerel bccause the SST does not get high enough to 
depress recruitment. To npprosimate this relationship a quadratic multi- 
ple regression of In ( H  / P) vs. T and T' \viis calculated (\\.here T = prorat- 
ed April-June s m  surface tempcnttirc ( C Y )  i n  14arsdeii Square 120(2) ) . 
The first order value of tcmpcrature is the first variable to enter, with an 
r2 of 0.2611 (F = 12.72"" with 36 df ) .  The entering of the second order 
term is not significant and the r'is o n l y  increased to 0.2613. The hypothe- 
sis that the relationship between In ( R I P )  and SST is quadratic must there- 
fore be rejected for the range of SST observed in hlnrsden Square 120(2). 
The first order regression equation is significant at the 99% level. 

In(R/P)  = -13.527 + .78815 T 
This rriodel suggest.; that uwrn surface \vaters are positively associated 

with good spawning siiccess; however, the relationship shown should only 
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FIGURE IS. Correlations of ln(R) with monthly environmental factors; A. SST in Marsden 

square 120(2), 6. SST in Marsden square E4(3), C. SST at Scrippr Pier, D. Sea level 
differences from Sour (1973), E. Sea level barometric pressure at Son Diego, F. Sea 
level at La Jolla 

be considered valid with Marsden Square 120 (2) sea surface temperatures 
between 14" and 17.5"C. It should be noted that only 26% of the \,ariation 
in ln ( R i  P) is explained by these data. 

Sea level and atmospheric pressure 

Monthly mean sea level at La Jolla, corrected for atmospheric pressure, 
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and Saur’s (1972) sea level differences between San Francisco and Hilo, 
Hawaii show different correlation patterns with recruitment. There is a 
statistically significant negative correlation between recruitment in Pa- 
cific mackerel and the sea level at La Jolla for the entire April-September 
spawning season, (Figure 15).  Saur’s sea level differences do not show a 
statistically significant correlation with recruitment during the spawning 
season but do show positive correlation during the late fall (Figure 15).  
Monthly means of barometric pressure at San Diego show little correlation 
with ln(R),  (Figure 15). 

- A  

Wind speed and cloud cover 

Wind speeds in both Marsden Squares show a constant negative correla- 
tion with In ( R ) ,  (Figure 16). Cloud cover appears to have little association 
with ln(R) and with the exception of one month the correlations are not 
significant at the 95% level (Figure 16). 

e e  
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N = 3 4  c 
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J F M A M J  J A S O N D  

MONTH 

FIGURE 16. Correlations of ln(R) with monthly environmental factors; A. Wind speed in Mors- 
den square 120(2), B. Wind speed in Marsden square 84(3), C. Cloud cover in 
Marsden square 120(2), D. Cloud cover in Marsden square M(3). 
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Ekman and total transport 

Associations between In ( R )  and transport data tended to show higher 
correlations than In ( R )  and Marsden Square or shore-based data sets. Data 
from 30"N tended to be correlated considerably better with ln(R) than 
data from 33"N and slightly better than data from 2TN. This is consistent 
with the observed center of larval distribution (Figure 3 ) .  

Bakun's (1973) upwelling indices at 30"N, positive offshore, show spring 
and fall peaks in association with ln(R) (Figure 17).  Meridional Ekman 
transport at 30"N shows to a lesser extent the same spring and fall peaks 
as Bakun's upwelling indices. Values for meridional Ekman transport were 
calculated with negative values southward, which accounts for the differ- 
ence in the sign of the correlation coefficients between the upwelling 
indices and meridional Ekman transport. There is a positive correlation 
between In ( R )  and the upwelling indices. This relationship is conceptual- 
ly satisfying in that increased plankton production resulting from upwell- 
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FIGURE 17. Correlations of In(R) with monthly environmental factors; A. Meridional Ekman 
transport at 30"N; 8. Meridional total transport at 30"N; C. Bakun's (1973) upwelling 
indices at 30"N; D. Divergence of Ekman transport at  30". 
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ing should be hcneficial to larval fishes. It is also noteworthy that the peak 
of spawning in Pacific mackerel is the same as the peak of upwelling off 
central Raja California ( i . e . ,  %lay-June) . 

Meridional total transport shows significant, positive correlation with 
I n ( R )  during the end and after the spawning season (Figure 17). The 
divergence of Ekman transport shoi1.s essentially the same monthly corre- 
lation pattern as total meridional trmsport. Total meridioiid transport 
and the divergence of Ekman transport at 30"s (wind stress curl) are 
atypical for the California Current rcgion in that the values arc negative. 
Hakun and Nelson (in press) have shown that negative wind stress curl 
(convergence), which is characteristic of the offshore region, extends 
toward the coast in the region just  north of Punta Eugenia. The). point out 
that the patterns of negative and positive wind .;tress curl suggest sepir;itr. 
cyclonic gyres in the regions of positive wind stress curl off the 1,os Ange- 
les Right and south of Puiita I'ugenia (Figure 18). They also note that 
ship-drift data in the rcgion of negative wind stress curl tend to confirm 
this hypothesis in that a poleward component is lacking di1riii.g the  fall 
when the relaxation of upwelling \vould favor surfacing o f  ;L coastal 
counter current. 
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FIGURE 18. Wind rtrerr curl patternr off southern California and Baja California (Bakun and 
Nelson In Prerr) 
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Variable IV 

SPIER 41 
BARP 41 
SSTC 38 
WlNDC 38 
SLLJ 41 
SLEV 41 
UP 23 
OD1 23 

63 

May-July 
mean 

,270 
,030 
,434'. 

- ,364. 
- .542'* 
-.509** 

.458** 
,528" 

Linear combinations of  spawning months 

Several combinations and prorations of the spawning months resulted 
in larger correlation with recruitment ( In  ( R )  ) than did the individual 
months (Table 18). Some of this increased correlation may have been 

ditions over the entire spawning season are better correlated with recruit- 
ment than conditions occurring in any one month. We feel that i t  is 
noteworthy that the environmental variable found to have the highest 
correlation with recruitment is one with very strong biological implica- 
tions. This variable, April-June upwelling indices at 30"N prorated by the 
age composition of the spawning biomass, had a correlation coefficient of 
0.713 with l n ( R ) .  Over 50 peicent of the variation in l n ( R )  is explained 
by this variable. The high correlation with this variable suggests that 
recruitment is increased if there is upwelling just prior to and during the 
early part of the spawning season. It also implies that changes in age 
structure, and therefore time of peak spawning, can alter the response to 
a given upwelling pattern. It should also be noted that prorating the 
May-July upwelling indices by the age composition reduced the correla- 
tion with ln(R)  to 0.319. The implications are that upwelling a month 
prior to peak spawning results in greatly increased reproductive success 
and that upwelling during peak spawning does not significantly incrcase 
reproductive success. The above is an agreement with field observations 
for the northern anchovy which suggest that storms and strong upwelling 
disperse chlorophyll maximum layers that provide forage necessary for 
survival of first-feeding anchovy larvae (Lasker 1975, 1978). 

fortuitous. However, it is conceptually satisfying that environment, '1 1 con- 

TABLE 18. Correlation Coefficients of Linear Combinations of Monthly 
Values of Environmental Variables with In(R) 

__-__ 
Prorated I 

May-July 

,416" 
-.I65 

,432.' 
- 3800' 
-391" 
- ,348. 

,319 
,610.. 

_ _ _ ~  

~ _ _ _ _  
..lpril-June Prorated I 

,276 

,432' .392* 
- 289 - ,306 
-.514** - .392** 
- ,509" - ,366' 

,575.. .713** 
,486' ,584" 

SSTC 
WlNDC 
SLLJ 
SLEV 
UP3 
OD13 

S e a  surface temperature. Marsden Square quadrdnt IZO(2) 
-Wind speed, Marsden Square quadrant IZO(2) 
-Uncorrected sea level height at La Jolla 
S r a  level height at La Jolls correctrd for atmospheric pressure 
--Bakun's (1973) upwelling index dt W N  
-Bakun's (pers comm.) offshore divergcnce index at 3VN (divergence of Ekman tramport) 
Significant at 5% level 
Significant at the 1% level I. 

1 --Variables were prorated as described on page 21 
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ENVIRONMENTAL-DEPENDENT RECRUITMENT FUNCTIONS 

Recruitment functions incorporating both density-dependent and clivi- 
ronmental-dependent factors \\’ere de\~eloped with foruard step’vise mul- 
tiple regression procedures. This liniited the possible recruitment models 
to functions that are linear or functions that can be transformed to linear 
functions. It was decided that the use of exponential en\ironmental terms 
 as the most promising :IS both the Rickcr and Cushing spawmer-recruit 
functions can be fitted uith linear regression of log transformed terms. 
This approach has been recornmended by Ricker (1975), who suggests 
that the expected effects of the physical environment are niultiplicuti\~e 
rather than additi\-e and therefore logarithms should be used i n  multiple 
regressions. Log trnnsformed functions are fitted to the geometric mean 
rather than the arithmetic mean. When these functions are transfornwd 
back to the original form the), are biased towards low vulues. To avoid this 
bias the parameters of the spa\vner-recruit functions dc \doped  Lvith step- 
wise multiple regression \ \ere computed by regressing the functions with 
the BhlDP3R nonlinear rcgression program. This program requires ii 

FORTRAN subroutine, \vhich principally consists of tlic indi\,itlual func- 
tions and the  partial deri\rutives of t h e  parutnetera of the functions. The. 
subroutine used for all nonlinear regressions is listcd i i i  Appendix 111. 

The stepwise multiple regression models ivere fitted, a s  pre\.iously dc.- 
scribed, with the densit), term assigned as :i forced \w-iublc in  the forivard 
stepwise process. The density terms \\mc I n  ( P )  for thc (hshing function 
and P for the Ricker function. I<htcring en\ironnicntal terms were accept- 
ed if their cntering F \.alucs \\ere significLint at thc 95% le\-el. The escep- 
tion to this is that the number o f  \ . u r i a l h  wccpted MYIS liinitcd by the 
nunilier of obsrrvations in each case. Ilraper and Smith (1966:167) suggest 
that the fitted model should not h;i\-cb more than one \wiable lor every 
5 to 10 observations. 

Models \vert’ de\vloped o \ w  three different tiinc periods. hlodels de- 
veloped for the first time period (1931-1968) included the Ricker and 
Cushing boscd models fit  t c d  with the llarsdcn Square :tiid shore-based 
data sets. A Rickcr bascd model \vas developed lor the same datu set for 
the reduced period of 1931-1960. This model n.iis used to deterrnine if the 
population decline o f  the mitl-lY60’s would bc predicted Lvith ;I rnodcl that 
was fitted to datu that did not include this population decline. The third 
set of models included t h e  Ricker :ind Cushing Ixised inodcls f i t t e d  with 
all environmental data sets (1946-1968). 

It  w:is decided to limit t h e  multiple regression inodcls fitted to the 
1931-1968 data scts to four indcpcndent \xiables t l u c  to tlic. nurnbcr of 
observations (38). Thc four \xiables wcre the density tc’rrn and three 
environmental te rms .  The model fitted to the 1931-1960 data sets \viis not 
fitted by step\visc multiple regression. This multiple regression model “as 
used for coinpmiti\re purposes mid it  W:IS clecitled that i t  \i.ould i n c l u t l c ~  
only the densit!. :ind cn\,ironrncntol uriahles that x v c w  in thc comp:ir:ible 
193 1 - 1968 niod el. 

The models dc\,clopcd from the 1946-1968 datii sets \rcre lirnitcd to 
three independent viiriables, t h e  density term and tn.o cnvironlncntal 



PACIFIC MACKEREL FISHERY 65 

terms due to the smaller number of observations (23). The stepwise multi- 
ple regression models based on the Ricker and Cushing functions did not 
always select the same environmental variables. For example in the 1931- 
1968 models the Cushing-based model selected the May-July mean sea 
surface temperature and the Ricker-based model selected the April-June 
prorated sea surface temperature (SSTC, Table 2) .  The two variables have 
very similar correlation coefficients with In(R) and r2 values were essen- 
tially the same in both the Cushing and Ricker based models. Due to the 
similarity of r2 values it was decided to incorporate the identical environ- 
mental variables in the Cushing and Ricker based models for simplicity. 

To avoid confusion in later analysis with the environmental-dependent 
recruitment functions, the functions will hereafter be referred to by the 
following names: 1 )  The functions fitted to the 1931-1968 data sets will be 
called the Ricker sea level model and the Cushing sea level model. The 
name refers to the first environmental variable to enter the stepwise 
regressions; 2) The reduced Ricker sea level model will refer to the func- 
tion fitted to the reduced 1931-1960 data set; 3) Functions fitted to the 
19461968 data sets will be called the Ricker transport model and the 
Cushing transport model. 

The five environmental-dependent spawner-recruit functions used in 
the report are listed in Table 19. The environmental variables that provide 
the best description of recruitment in Pacific mackerel from 1931-1968 are 
May-July mean sea level at La Jolla; prorated mean May, June, and July 
barometric pressure at San Diego; and mean April-June sea surface tem- 
perature in Marsden Square quadrant 120 (2 ) .  The Ricker and Cushing sea 
level models had very similar rz values, 0.587 and 0.597, and the F statistics 
for these models were approximately three times as large as the critical 
F value at the 99% significance level (Table 19). The reduced Ricker sea 
level model has an r2 of 0.517. Its F statistic was considerably smaller than 
the other two sea level models but was still significant at the 99% level. 

The Ricker and Cushing transport models include two environmental 
variables. Both of these variables describe surface transport. The first 
variable is the April, May and June offshore divergence indices at 30"N 
prorated by the age composition of the spawning biomass. The Ricker 
transport model has an r2 of 0.736 and a F statistic of 19.59 (Table 19). The 
corresponding statistics for the Cushing transport model are 0.676 and 
13.31. The critical F statrstjc at the 99% level of significance is 5.01. 

The predicted recruitment with the Ricker and Cushing sea level mod- 
els and the observed recruitment are shown in Figure 19A. The same data 
for the transport models are shown in Figure 19B. The sea level model 
provides a reasonable description of the general periodicity of recruit- 
ment but individual years are not well estimated. The transport model 
shows a close agreement with the observed recruitment. The only year 
that is markedly different in observed and predicted recruitment is 1961. 

FACTORS AFFECTING RECRUITMENT 

The spawning biomass of Pacific mackerel undoubtedly establishes the 
limits on the possible size of an individual year class. Within these limits 
recruitment is heavily dependent upon physical environmental condi- 

3-75860 
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FIGURE 19. Observed and predicted recruitment of Pacific mackerel A. Ricker sea level model, 

B. Ricker transport model. 

TABLE 19. Environmental-dependent Spawner-recruit Functions _ _ ~ ~  _____.. __-- __- 
Period eo rerrd H2 I.' DF - .- Function mmz 

Ricker sea level 193 1-1 968 0.587 11.72 ** 4,33 

Cushing sea level 193 1- 1968 0. ,597 12.22 ** 4,33 

R = 51608Pe ~''axxuscl 
e-'- sLF:v 

e - n m55w H ~ H P  S;UULJ s m :  

R = 1 ~ 8 5 ~ p  n m m ~  e - 2 7 ~ w l \ ~ ~ v  

e -0 oswy( B R P  65528 SSTC 

Reduced Ricker sea 
level 193 1-1960 0.517 6.68 ** 4,25 R = ~ ~ ~ ~ . ~ P ~ - O I X X L X W ~ I  I' e-21M7SLE\ 

e-OIS'/SS H4RP e0511sX \STC 

Ricker transport 1946-1968 0.736 19.59 ** 3,19 
R = 0,97815pe 

eooo39065 OD1 

p eo'fitnm u p  

Cushing transport 1946- 1968 0.676 13.31 ** 3,19 
R = 4357700(3p -'-I eowup 

ODI 

R 
P 
SLEV- Mean Slay-July \ra level at La Jolla. (:aliforma in feet (correctrd for .itniosphrric pressure) 
BARP- Sea level berunietric pressure at San Dieyo M A Y ,  J u n r  and July nir:in pressure prorated by the age composition 

SSTC- Mean April-Jun~ sea iiirfacr trmprrnture in Marsden ?quare quadrant 12012) .  , i n  drgrrrh cclwis) 
UP - Bakun's upwelling index at 30'5 4pril. M a y  and June indrrs prorated by the spa\< niny tnoniciss (in M3 per  wcond 

OD1 - Rakun's (pers comm ) offshore divergence index at 30'5 (Dirergmre of Ekmin  transport) 4pril. May, lime 

** 

- Rrcruit biomass at age I in thousands of pounds 
- Parent spawning biomass in thousacds of pounds 

of the cpawning biomass (In tnillrb.irs mirktis Im millib.irs) 

across I& width) 

indices prorated by the Spdunlny bioniass (in rnm per day pnsitive upwards) 
- Significant at the 1% level 
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tions. Interrelations with other species also play a role in determining 
recruitment (Hunter 1976). However, the direct relationship between the 
populations of other species and recruitment in Pacific mackerel is dif- 
ficult to demonstrate with available data. 

Over the period of 1928 to 1968 the estimated recruit biomass varied 
from 0.58 to 321 million pounds (260 to 145,603 metric tons). Recruitment 
success therefore varied by a factor of 560. Density-dependent recruit- 
ment models account for a maximum of about 24 percent of the variation 
in recruitment. Recruitment models incorporating both density-depend- 
ent terms and environmental terms account for about 60 percent of the 
variation in recruitment from 1931-1968 and about 75 percent of the 
variation from 1946 to 1968. Year-classes in excess of 100 million pounds 
(45,000 metric tons) at age 1, occurred in only 9 of the 41 years. In only 
one of these 9 years was the spawning biomass below 100 million pounds 
(57 million pounds). The spawning biomass exceeded 100 million pounds 
in 24 of the 41 years. This suggests that strong year-classes are most likely 
to be produced in years with good environmental conditions and a large 
spawning biomass. It also suggests that given a reasonably large spawning 
biomass the principal limiting factor in recruitment is not a density-de- 
pendent factor. When either a heavy fishery or a series of years with 
unfavorable environmental conditions occurs (and particularly when both 
occur together) the future spawning biomass is likely to fall to levels 
where even optimum environmental conditions cannot produce a strong 
year-class. In these situations the spawning biomass becomes the limiting 
factor. In the California Current stock the critical spawning biomass of 
Pacific mackerel appears to be around 20 to 30 million pounds. With this 
level of spawning biomass a strong year-class could occur only with the 
very best environmental conditions. At spawning biomass levels above this 
critical level recruitment will be progressively less influenced by the 
spawning biomass level. However, the pattern of variation of the annual 
environmental conditions appears to be the factor which has the greatest 
control over the Pacific mackerel population. 

There has been much discussion of the role of the “critical period” in 
the determination of year-class strength. The term “critical period” has 
been used to cover what we feel are two distinct processes in larval sur- 
vival of pelagic fishes. The first is the “critical period” in the usage? of Hjort 
(1926), the period just after the yolk sac is absorbed. It is best character- 
ized as time of first feeding. Density-dependence, within the cohort, is not 
likely to be of great importance to survival through first feeding or until 
the larvae are several weeks old and greatly increase their mobility. The 
total number and concentration of eggs in a single spawning spot will 
affect early survival within the individual spawning spot. During the early 
larval period mortality of larvae will be dependent primarily upon the 
following factors: 

1 )  The amount and type of plankton in the immediate proximity of the 

2) The concentration of planktonic predators in the vicinity of the 

3) Predation by nekton. 

spawning spot. 

spawning spot. 
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The first two factors have undoubtedly contributed to selection for an 
optimum size and density of individual spawning spot. The larvae in this 
optimum spawning spot must be dense enough to satiate planktonic 
predators and sparse enough to insure that the density of planktonic food 
is sufficient to allow feeding and growth through the early, relatively 
non-mobile larval stages. Density-dependence in the survival of a cohort 
through this early feeding stage is likely to be a function of the combined 
biomass of the entire trophic level. If the biomass of small pelagic fishes 
is large in relation to the amount of plankton present prior to spawning 
the plankton concentration is likely to be too low to allow good larval 
survival and therefore a poor year-class will result. Cushing (1974) has 
suggested that density dependence within their trophic level is a major 
factor in the sardine-anchovy relationship in the California Current. 

The above considerations have, in our opinion, selected for a reproduc- 
tive pattern for Pacific mackerel (and other pelagic fishes in upwelling 
regions) in which the size of spawning schools is much smaller than the 
size of schools during the rest of the year. Little is known of the spawning 
behavior and spawning school size in mackerel; however, ripe fish are 
extremely rare in the commercial landings and purse seiner catches have 
traditionally been very small during the peak of the spawning period. 
Thus, it appears likely that optimum spawning school size is relatively 
small, at least too small to justify a purse seine set. 

Lasker (19751978) has suggested that virtually all of the survival of 
first-feeding anchovy larvae is linked to relatively rare patches of suitable- 
sized phytoplankters. He also observed that chlorophyll maximum layers 
that contain phytoplankters of suitable size for first-feeding anchovy lar- 
vae are likely to be completely dispersed by a single storm. This observa- 
tion implies that survival through the first feeding could be heavily 
influenced by the periodicity of individual upwelling events. Closely 
spaced storms, while providing sufficient nutrients for rapid phytoplank- 
ton growth, may prevent the development of the dense concentrations of 
phytoplankters required for first-feeding larvae. Upwelling events fol- 
lowed by a week to 2 weeks of relatively calm weather may therefore be 
a requirement for good survival through first feeding. If the interval 
between upwelling events is too great, total production will be lowered 
and the survival of older larvae will be reduced. 

The second mechanism affecting larval survival occurs during the late- 
larval and post-larval stages, when the fish are mobile enough to allow 
mixing between the survivors from different, more widely separated 
spawning spots. Mackerel in these developmental stages would be able to 
swim only relatively short distances and their distribution would still be 
heavily dependent on prevailing surface currents. During this period den- 
sity-dependent mortality could be grouped into the following categories: 

1) Mortality dependent upon density within the cohort. Such mortality 
may be of two types. 
a) Mortality resulting from competition for the same food source. 

This type of mortality could conceivably result in a recruitment 
function similar to the Ricker model where a very large biomass 
can result in poor recruitment. 

b )  Intraspecific predation of eggs and larvae spawned late in the 
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spawning season by the survivors from earlier spawning. This 
type of mortality would reduce the number of recruits-per- 
spawner but is not likely to reduce total recruitment. Mortality 
of this type is likely to result in a recruitment function of the type 
used by Cushing (1971). 

2) Mortality dependent upon density within the species (Le., older 

3) Mortality dependent upon the biomass of the entire trophic level. 
Because of their relatively large mouth, late-larval and post-larval mack- 

erel probably feed on larger particle size food than the anchovy or sardine 
larvae. However, with present knowledge it is probably impossible to 
make a comparison between the food of these mackerel and pre-adult or 
adult mackerel. Pre-adult and adult anchovies and sardines undoubtedly 
feed on the same food organisms as post-larval mackerel. The amount and 
density of food available to late and post-larval mackerel is dependent on 
relationships between the production of plankton and the grazing of 
plankton by organisms at the same or lower trophic levels as the mackerel. 
It is difficult therefore to separate items 2 and 3 above. 

Environmental-dependent mortality will be principally determined by 
primary production prior to and during the larval stages and upon surface 
transport of the fish during their relatively non-motile stages. Thus upwell- 
ing, divergence-convergence patterns, and geostrophic flow will heakdy 
influence the proportion of prejuvenile fish that will contribute to the 
recruitment of Pacific mackerel in the California Current Region. 

The use of the term environmental-dependent mortality does not nec- 
essarily imply that this mortality is either density independent or density 
dependent. For example mortality of larvae may be greater during a 
spawning season with reduced upwelling and the mechanism of this mor- 
tality may be density related. Conversely, transport of larvae out of the 
California Current area could be entirely density-independent. It should 
be emphasized that recruitment is an interplay between environmental 
factors and spawning stock size and therefore density-independent fluc- 
tuations and density-dependent relationships are not separate halves of 
the process. 

The large environmentally related fluctuations in recruitment of Pacific 
mackerel suggest that the reco\'ery of the stock is more likely to be related 
to environmental conditions than to the resiliency of a population that is 
under carrying capacity. The resiliency could be further reduced if a 
depensatory mortality factor becomes significant. Clark (1974) suggested 
that a depensatory factor could be associated with the collapses of the 
populations of pelagic schooling fishes. The mechanism suggested by  
Clark, increased mortality due to a reduction of the size of schools, is not 
likely to result in critical depensation because the Pacific mackerel sub- 
adults and adults commonly school with jack mackerel. A second mech- 
anism, increased larval mortality due to suboptimum spawning school size, 
could result in critical depensation and long-term loss of the stock. 

cohorts). 
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COMPUTER SI MU LATlO N S 

SI M U LATlO N M 0 DE LS 

The computer simulation models used in this w.orli \\'('re written in 
FORTRAN IV and were run on a CDC 6500 computer. T\vo siiniilation 
models were used. The simpler model (ISOI<, .4ppeindis I )  is a yield-per- 
recruit model based on the yield equations described by Ik\'ertoii m d  
Holt (1957) and as revised by Ricker (1975). 1SOE calcalutes thc relicti\.c. 
yield from a cohort at various conil,inations of  exploitation rate and age 
at recruitment to the fisher!,. 

The ISOE program calculates yield matrices for 1000 wcight units of 
recruits. The matrices are output \\,ith the exploitation rates (and instmta- 
neous fishing mortality rates) on one axis m d  agc at  recruitment on the 
other axis. The program is run \\.it11 user supplicd incireincnts of cxploita- 
tion rate and the instantaneous fishing mortality rates arc c&ul:ited with 
an iterative solution based oil hewton's method. User supplied input in- 
cludes the maximum age of the species, the proportion ~pi\vniiig I)!. age 
group, the Bertalanffy growth eqmtion constants, the Iength-\vt.ight 
equation constants, the miiiirnuin and maxiinurn ugcs at recruitment, and 
the exploitation rates for which the simulation is run .  

The second simulation model (QUOTAE, Appe'ndix I I )  \vas tle\.cloped 
to simulate the Pacific mackerel population under a quota systcm similar 
to the present California regulations go\,erning the fishcq.. QUOTr\E is 
a dynamic pool model and includes :I span.ncr-recruit function. This inod- 
el combines many of the ideas used by Wulters (1969) and Allcii (1973). 
QUOTAE calculates the mean yield over :I period of !'ears with various 
combinations of quota proportion m d  age at recruitrneiit. The quoti\ pro- 
portion is defined as a fraction of the stock above so~ne  ininimum level. 
The minimum level in the case of the California Pacific inxkerel  regula- 
tions is the spawning biomass h e 1  at which ii moratorium on commercial 
fishing conies into effect ( i e . ,  20 million pounds). I n  the c;ise of snlinon 
the minimum level might be the rninirnurn cscal)eincnt. 

The program can be riin with no minimliin biomass l e \ ~ l ,  with ;I mini- 
mum biomass level or \vith :I lower biomass level and ;in upper Iiiornass 
level. In the first option thc quota proportions ;ire idei1tic;il to exploitation 
rates. The second option allo\vs incrcincnts of the quota proportion aliove 
the minimum biomass level. The third option is pattcrncd aftcr thc ( h l i -  
foriiia regulations and nlso resenibles the approach follo\f.cd I)!. :illen 
(1973). As used in the Pacific muckcrel simulations t h c  third option would 
have a lower biomass level of 20 rnillion pounds, ;I lon.c>r quot:c proportion 
of 0.2, an upper hioinass level of 40 million pounds, and ;t11 u p p e r  clliota 
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proportion that is varied to determine the yields under different quota 
proportions. 

In fisheries where the estimates of recruit biomass are measured at 
essentially the same time as those of spawning biomass the spawner-re- 
cruit curve can be used as an excess production curve. This is the case in 
some salmon fisheries. In most fisheries this is not the case. Recruitment 
occurs at some intermediate age and each cohort is exploited over a period 
of years. Thus for most fisheries the shape of the excess production curve 
is influenced by both the exploitation rate and the age at recruitment. If 
environmental factors cause considerable variation from a spawner-re- 
cruit function the surplus production curve will also show considerable 
variation. The QUOTAE model can be used to evaluate the yields under 
the various surplus production curves resulting from different manage- 
ment policies. This includes policies based on equilibrium yield that use 
a density-dependent spawner-recruit function. It  also allows assessment of 
yields under a recruitment function that includes both environmental and 
density-dependent factors. In the latter case the model can be either 
deterministic or stochastic. 

Biological input to the model included growth and proportion spawning 
by age group, a recruitment function, and natural mortality. Annual 
growth and growth to capture were the growth proportions calculated 
with the ISOE program. These calculations were made with the Ber- 
talanffy and length-weight equations presented by Knaggs and Parrish 
(1973). The proportion spawning by age group was the data discussed 
earlier and the proportion of age 1 spawners \vas density-dependent. The 
natural mortality and fishing mortalities were not age specific and an 
instantaneous natural mortality of M = 0.5 was used in all simulations. 
Spawner-recruit functions used in the simulations will be presented later 
and they included density-dependent functions and density-environmen- 
tal-dependent functions. I n  several of the environmental-dependent re- 
cruitment functions the response to the environmental variables is 
determined b y  the age structure of the spawning biomass. 

The normal output of QUOTAE consists of yield matrices for the mean 
yield over the period of the simulation and the yield in the last year of the 
simulation. The yield in the last year of the simulation is used for equilib- 
rium recruitment functions. Output options include the output of annual 
spawning biomass, total biomass, recruitment, and yield for each age at 
recruitment and upper quota proportion. Control card options include the 
following: 

1) Alteration of the quota le\.els and proportions used to calculate the 

2) The quota can be based on either the spawning biomass, total bi- 
omass, or the combined biomass of one-year-olds and two-year-olds. 

3) A percentage catch of undersized fish can be set. 
4) The proportion of a year-class that spawns can be density-depend- 

ent. 
5)  The environmental variables used in the recruitment function can 

be weighed by the proportion of the biomass that spawns during 
different periods of time. 

annual quota. 

For specific details the reader is referred to Appendix 11. 
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YIELD-PER-RECRUIT MODEL 
Yield-per-recruit isopleths were calculated an instantaneous natural 

mortality rate (M) of 0.5. Von Bertalanffy growth data were the previously 
discussed coefficients from Knaggs and Parrish (1973). Our program usrsd 
also calculates matrices of resultant spawning biomass per unit weight of 
recruits. A generalized version of the program is listed in Appendix I. The 
proportions of mature fish by age group used for these calculations were 
0.26, 0.77, 0.88, and 1.0 for age groups 1, 2, 3, and 4+.  Maximum age was 
11 (Fitch, 1952). 

The maximum yield per unit weight of recruits is dependent upon the 
choice of natural mortality. The maximum in each case occurred with an 
age at recruitment of one or less and with F = 1.0, the highest instantane- 
ous fishing mortality rate used (Figure 20). The low age at recruitment 
for maximum yield is consistent with the species biomass curve with age 
(Figure 21). This curve shows that when there is no fishing mortality, 
biomass peaks when the fish are yearlings. Several workers (Walters 1969, 
Ricker 1975:241) have suggested that the best policy is to harvest each 
cohort close to the age when biomass loss through mortality balances 
biomass gain through growth, subject to the constraint that adequate 
reproduction is maintained. 

A fishery operating at the high fishing rates and low age at recruitment 
necessary to achieve maximum yield-per-recruit in Pacific mackerel re- 
sults in a situation that produces a minimum spawning biomass from a ton 
of recruits. Under this fishing strategy, spawning biomass per recruit is less 
than ’/” of that which occurs with no fishery (Figure 20R). 

EQUILIBRIUM YIELD SIMULATIONS WITH DENSITY-DEPENDENT RE- 
CRUITMENT 

The QUOTAE model was run with several of the density-dependent 
recruitment functions previously described. The first series of simulations 
used the linear and nonlinear regression fits to the Ricker and Cushing 
spawner-recruit functions (Table 17). In these simulations the quota was 
based on the total biomass and the quota levels were set at zero. There- 
fore, in these simulations the model calculates the exploitation rates. The 
second series of simulations was run at various quota levels and the quota 
was based on the spawning biomass. This series utilized only the Ricker 
nonlinear regression function. This function was chosen because it has the 
highest predictive capability. All of the above simulations were run with 
the 1931 biomass as the starting population. The simulations were run with 
5 age at recruitment levels and 20 exploitation rates. The simulations were 
run for 100 years and the equilibrium yield was taken to be the yield in 
the 100th year. Simulations with all of the above models had stabilized by 
the 12th to the 50th year. Yields during the 90th to 100th year varied less 
than 0.001% with each of the above models. 

Equilibrium yield isopleths for the Ricker and Cushing recruit-spawner 
models show the same similarity as previously described in the spawner- 
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INSTANTANEOUS FISHING MORTALITY 

0 1  0 2  03 0 4  0 5  0 6  0 7  0 8  0 9  

INSTANTANEOUS FISH1 NG MORTALITY 
Isopleth model with M = 0.5; A. Yield per unit weight of age 1 recruits; B. Resultant 
spawning biomass per unit weight of age 1 recruits. 
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FIGURE 21. Pacific mackerel biomass curve with no fishery and M = 0.5. 

recruit curves (Figure 22). The linear fits to the Ricker function and the 
Cushing function produce similar yield isopleths and the nonlinear fits also 
produce similar isopleths. The linear regressions with the Hicker and 
Cushing functions have a bias towards low estimates as they utilize log 
transformed variables. This bias is evident in the low equilibrium yields 
predicted by the isopleths calculated with the linear regression spawner- 
recruit functions. Average observed yield from 1931 to 1968 was 49 million 
pounds (22,000 metric tons). 

The recruitment functions fitted by linear regression predict that max- 
imum yield will occur with an age at recruitment of abo\.c age 4 and at 
low exploitation rates. Maximum equilibrium yield with an age of recruit- 
ment of 1 is with exploitation rates of around 0.15 to 0.3. 

The recruitment functions fitted with nonlinear regressions predict that 
maximum equilibrium yield will occur with an age at recruitment of 
between 3 and 4. At this age and with exploitation rates in excess of about 
0.2, the Ricker nonlinear function predicts equilibrium yields above 80 



76 

I- z 
W 
t: 
I- 

3 
U u 
W 
LT 

I- 
U 

W 
L3 
U 

- 

I- z 
W 
E 

3 
U u 
W 
LT 
I- 
U 

W 
L3 
U 

t, 

FISH BULLETIN 167 

RICKER LINERR 
I I I I I I I I I  

0.0 0.2 0.4 0.6 0.8 1.0 
EXPLOITATION RATE 

C 

RICKER NONLINERR 
I I I 1 1 1 1 1 1  

0.0 0.2 0.4 0.6 0.8 1.0 
EXPLOITATION RATE 

t- z 
w x 
I- 

3 
U 
0 
w 
[r 

t- 
U 

W 
L3 
U 

H 

c 

B 

CUSHINC LINERR 
I I I I I I I I I  

0.0  0.2 0.4 0.6 0.8 1 
EXPLOITATION RATE 

D 

CUSHING NONLINERR 
I I 1 I I l I I l  

0.0 0.2 0.4 0.6 0.8 1 
EXPLOITATION RATE 

FIGURE 22. OUOTAE equilibrium yield isopleths with density-dependent spawner-recruit func- 
tions (Yield in millions of Ibs) 

million pounds; (36,000 metric tons) and the Cushing nonlinear function 
predicts yields above 60 to 70 million pounds (27,000 to 32,000 metric tons). 
High exploitation rates show little reduction in yield at an age of recruit- 
ment of 3 to 4. It should be noted that the Ricker functions predict that 
extinction will occur if the age at recruitment is 1 or lower and the exploi- 
tation rate exceeds 0.6. It has been shown that during the population 
collapse of the late 1960’s the exploitation rate on the Pacific mackerel 
exceeded 0.6 and the age at recruitment was less than age 1 (Parish,  
1974). 

Equilibrium yield simulations with four different sets of quota levels 
show little difference in yields at upper quota proportions below 0.4 (Fig- 
ure 23). When the upper quota proportions are above 0.5 and the age at 
recruitment is 1 or 2 the equilibrium yield is markedly depressed in the 
simulation with the quota levels set at zero (Figure 23A). The maximum 
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equilibrium yield with all four sets of quota levels occurs at an age of 
recruitment of around 4 and with an upper quota proportion of above 0.4. 

LOUER QUOTR LEVEL = 20 
UPPER QUOTR LEVEL = 40 

h I I I I I 1 ~  

FI 

c 
-\ 

W 
L3 a 

LOUER QUOTR LEVEL = 0 
UPPER QUOTR LEVEL 0 

0 1 I I I I 1 , I I  
0.0 0.2 0.4 0.6 0.8 1.0 

UPPER QUOTA PROPORTION 

C 

LOUER QUOTR LEVEL 20 

UPPER QUOTA PROPORTION 

D 

LOUER QUOTR LEVEL = bD 
UPPER QUOTR LEVEL = et? 

0.0 0.2 8.4 0.6 i3.8 
UPPER QUOTA PROPORTION 

.o 

FIGURE 23. OUOTAE equilibrium yield isopleths, at four different sets of quota Ievols with the 
Ricker nonlinear model (Yield in millions of Ibs, quota based on spawning biomass) 

The present California regulations controlling the Pacific mackerel fish- 
ery consist of quota levels and lower quota proportion as in Figure 23B and 
an upper quota proportion of 0.3. The age at recruitment during most of 
the observed fishery was age 1. This location in the yield isopleth is shown 
by the symbol X. This series of simulations suggests that, if environmental 
factors are not considered, the quota levels and quota proportions in the 
California regulations are properly set from an equilibrium yield philoso- 
phy. The simulations suggest that the yields could be increased by enforc- 
ing a strict size limit. It would be impossible to achieve maximum 
equilibrium yield with the present purse-seine fishery but it could be 
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achieved by  a return to the scoop fishery, which could technically be 
controlled to reduce greatly the catch of fish less than 3 years old. 

YIELD WITH ENVIRONMENTAL-DEPENDENT RECRUITMENT FUNC- 
TIONS 

Two series of simulations were made with the QUOTAE program and 
environmental-dependent recruitment functions. The first series utilized 
the nonlinear Ricker sea level function (Table 19). These simulations 
started in 1931 with the observed 1931 biomass, by age group, and ran 
through 1968. The second series used the nonlinear Ricker transport re- 
cruitment function, the 1946 starting biomass, and ran through 1968. 

The above simulations were run in a manner that differs from the way 
such simulations are normally run. In most fisheries models environmental 
variation in recruitment is considered to be a random process (Allen 1973, 
Walters 1975). Simulations are therefore usually run with a stochastic 
environmental term. The driving stochastic variable is usually picked from 
either a distribution with the same mean and variance as the observed 
environmental variation or from a distribution with a mean of zero and 
a variance the same as the observed variance from some recruitment 
function. Variation in recruitment of Pacific mackerel is markedly nonran- 
dom; instead it  shows an aperiodic cyclic pattern. This pattern can be seen 
in a time series of the natural log of the number of obser\.ed recruits per 
spawner (Figure 9 ) .  Because of the nonrandomness of recruitment it was 
decided that a more realistic assessment of the effects of alternative man- 
agement policies would be obtained by using the obser\,ed environmental 
data to generate recruitment. For example, the simulations with the non- 
linear Ricker transport function were run with the observed April, May 
and June mean values for the upwelling indices and offshore divergence 
indices at 30"N. 

The similarity of the yield isopleths in four simulations with the nonlin- 
ear Ricker sea level function and varying quota levels suggests that long- 
term yield is not very sensitive to alterations in the quota levels (Figure 
24).  Mean yield also appears to be independent of age at recruitment at 
upper quota proportions below 0.3. At upper quota proportions above 
about 0.4 mean yield is influenced by age at recruitment and muximum 
mean yield occurs at high upper quota proportions and an age at recruit- 
ment of about 3 years. 

The 1946-1968 series of simulations made with the nonlinear Ricker 
transport recruitment function and the same quota levels as the previous 
series do not show that yield is greatly influenced by age at recruitment 
(Figure 25). When the quota levels are set at zero, mean yield is almost 
entirely dependent on the quota proportion. The exception to this is that 
when the quota proportions are above 0.3 the mean yield is less when age 
at recruitment exceeds age 3. When the upper quota level is set at 80 
million pounds (36,000 metric tons) the simulations suggest that mean 
yield is low, around 10 to 15 million pounds (4,500 to 6,800 metric tons) 
over the entire range of age at recruitment and the entire range of quota 
proportions. 
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FIGURE 24. QUOTAE mean yield isopleths (1931-1968), at different sets of quota levels, with 
the Ricker sea level model. (Yield in millions of Ibs, quota bared on spawning 
biomass) 

The preceding simulations with the two environmental-dependent re- 
cruitment functions show considerable difference in mean yields. There 
are several reasons for this. First the recruitment functions were fitted to 
different time periods; the sea level function was fitted to data from 
1931-1968 and the transport function included data from 1946-1968. The 
transport function was fitted to data with a much lower mean spawning 
biomass; and in addition, about half of the years from 1946-1968 were 
during the periods of the sh2rp population declines that occurred during 
the early 1950's and the mid 1960's. The simulations also differ in that the 
starting biomass for those with the sea level function used 1931 as a base 
while the transport simulatiorls started with 1946. The 1931 biomass was 
about 4.7 times larger than that of 1946 (611 vs 131 million pounds, 277,000 
vs 59,000 metric tons). This factor of course resulted in higher mean yields 
in the simulations which started with the 1931 biomass. 
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FIGURE 25. QUOTAE meon yield isopleths (194619681, at four different sets of quoto levels, 
with the Ricker tronspofl model (Yield in millions of Ibs, quoto based on spawning 
biomass) 

ANNUAL YIELD UNDER FOUR MANAGEMENT OPTIONS 
To assess the similarity of yields under the different environment-de- 

pendent recruitment functions, simulations under four management op- 
tions were run. These simulations had the same time periods (1946-1968) 
and were initialized with the observed 1946 biomass. A third environmeii- 
tal-dependent recruitment function was included in this series of simula- 
tions. This recruitment function, the “reduced sea level model,” was 
included to determine if the population decline of the late 1960’s would 
have been predicted by a recruitment function that ”as fitted to a re- 
duced data set that did not include the period of the population decline. 

The major difference between the yield estimates with the density- 
dependent and environmental-dependent recruitment functions is the 
large variation in annual yield that occurs in the simulations run with the 
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environmental-dependent recruitment functions. Time series o f  !jc,lds i i i  

simulations with the density functions show a stable cipproxli to cy1iiilil)- 
rium yield. Simulations (1946-1968) with tlic Ricker sea I t . \ z ~ l  functioiis 
and the Ricker transport function show coiisidcrablc \.ariation i l l  i i l i i 1 i i i i l  

yield under different management options. Figiircs 26 tind 27 she\\, siiiiitl:i- 

tions with the Ricker sca level, reduced Ilicher sea Ie\.cal a i i d  Rickt.r tritiis- 
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30 - 

10- 

1946 1951 1956 1961 1966 

Y E , u  

FIGURE 26. QUOTAE simulations (1946-1968); A. Recruitment at age 1, no minimum quota level 
and a quota proportion of 0.7 (w in figs 21A and Z2A) 8. Present California 
Regulations recruitment at age 1 and an upper quota proportion of 0.3 ( x  in figs 
218 and 228) 

4-7,5860 
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port rccruit functions. Simulations for each recruitnient function are 
showii 15 ith four different management options. The first option (Figure 
26.4) includes fishing rntes that approxirnated those that occiirred in the 
late 1960's. The othcr three options arc based on the California regulations 
and hn\.c> lower and upper quota le\rels of 20 and 40 million pounds (Fig- 
11re5 26R. 27) 

50 

30 

10 

70 

50 

30 

10 

MODELS 

..... Ricker sea level 

-- Ricker reduced sea level - Ri cker transport 

1946 1951 1966 1961 1966 

YEAR 
FIGURE 27. QUOTAE simulations (19461968); A. Recruitment at age 2 and an upper quota 

proportion of 0.4 ( y  in figs 218 and 228) 8. Recruitment at age 4 and an upper quota 
proportion of 0.5 (z in figs 218 and 228) 
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The Ricker sea level and reduced Ricker sea level models show essen- 
tially the same yields within each option. Yields with t h e  rctliicetl l3ickr.r 
sea level model are always slightly higher than those with the Rickcr sea 
level model. The reduced model was fitted to data (1931-1960) \vith it 

slightly higher mean recruitment than the Ricker sea level model ( 1931- 
1968). The Ricker transport model shows considerably higher yields than 
the sea level models in the simulations with ail age at recruitment of 1 a i i d  
a quota proportion of 0.7. Yields with the Ricker transport model uiider 
the three quota level options are considerably lower than lields with the 
sea level models and also much lower than yiclds with the Rickcr trarisport 
model in the option with a quota proportion of 0.7. The reason for the 
much higher predicted yields in the transport model \vith the 0.7 quota 
proportion is an apparent bias in the compensatory tcrrn in the nicker- 
function. This bias will be discussed later. 

The simulations ui th  the sea level models show considerabl> different 
yield patterns under the four nxinagenieut policies. For exm~ple,  the 
yields in the simulations with ;iii exploitation rate of 0.7 sho\v ii sharp 
decline from 1946 to 1954 (Figure 26A) .  Yiclds declincd from x b o i i t  70 
million pounds to about 13 million pounds and thcw rosc t o  d m u t  35 
million pounds in 1961 (32,000 to 5,900 to 16,000 metric tons). H!, coiiipari- 
son, the simulation with the prcscnt California regulutioiis, Lv1~ic.h result 
in an exploitation rate below 0.3, sho\v yields of‘ betxeen 20-30 inillion 
pounds (9,000-13,000 metric tons) from 1936-1954 and ii large iiicreiise in 
yields during the 1956-1966 period (Figure 27A) . The he;i\,). exploitation 
and resultant decrease in spawiing biomass \vith the 0.7 quota proportion 
option decreased the large lC356-I966 increase in >sields that is prcdictcd 
by the simulations with the present California regulations. The simulations 
with age at recruitment of 4 (Figure 2713) show sharper \.:iriatioiis in 
annual yield than Lvith the other three optioris. This In;inagcvncnt ol)tioii, 
which protects the sp:i\vning bi<)mass, puts ;I \.cry heal txploit:itioii riitc 
on the 4-year-olds. \Vith this option almost the entirc > ield is 4 - ~ ~ ~ i i . - o l d s  
and therefore the xiniral >~ieltl is erratic h u m e  it  i. depc.ndcxit iipon 
individual year clases. 

The precipitous decline in tht, Pacific rixickerel po1)iil:ition in the, late 
1960’s is evident in all of the simulations with en \~ i ron~ncnt~i l - t l tpcndcnt  
recruitment functions. The decline went to lower spa\viiiii,g biomkiss Ic>\~>ls 
in simulations with high exploitation rates; howevcr . lo\\. spawning bi- 
omass also occurred in the latt. 1960’s in siniul;ition$ \vitli 1 1 0  fishing mortal- 
ity. 
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DISCUSSION 

EVALUATION OF RECRUITMENT MODELS AND SIMULATIONS 

The poor statisticd fits of t h c  tlc.nsity-depc.iideiit rccruitinent functions 
presented earlier (Table 17) suggests that these models a r c  of limited use 
for manugenient purposes. The!, could be used for long-term management 
purposes (i.e., to estimate long-term yields under a gi\,en ex1Aoit:ition 
rate) but should not be used for real time nianagenicnt. Thc recruitment 
models that iinclutlc 110th densit)-del>endent and en\~ironinc~iit~il-dc~pend- 
ent components (Table 19) ;ire consideraldy better thiin thc dcnsit)r- 
dependent recruitnnent functions in prcdicting recruit nwnt in :I given 
year. Two important questions remain. I Ion. good ;irc tlw c.n~.iroririic.iital 
models? Are the v:irial>les in the models good indices ol‘ t h c x  real incch- 
anisms that control recruitment. 

The transport models ha\rc> the best statisticd fits; ho\\.c\.er, tlit.!, a r c  
deficient in the scnse that they \\‘en’ fitted to ;I shortc,r c h t a  scric,s than 
the sea le\.el models. This shorter series 11946-19681 did not includct an!. 
years in which the spawning bioinass \\’;is ut the high Iv\.els t h ; i t  occurred 
prior to the peak of t h t  fishery in 1936. Jlcan rccruitiiicnt during the 
1946-1968 period \vas considerably smallcr t h m  during t hc 1931-1968 pcri- 
od. The transport models thcrcforc \\‘ere fitted to ~t data sci-ics that i s  
biased to\vards lokv recruitincnt. Thc\ computer siniul;rtioi~s prcscntcd 
earlier sho\s that the Rickcr transport inodel predicts consid(~ral)lj~ smallclr 
recruitment and yields t h m  thc Rickcr sea Ie\vl inodcls and thc  tlciisit!.- 
dependent Ricker and (hshing inodr~ls. Thc, lo\v estimates art’ not ciiuscd 
by the environincntal ternis. Thc low rccruitinent c,stiin:itcxs \ \ . i t l i  the 
Ricker trnnsport niodcl ;ire c;iiised b y  t h c  conipciisator!. tc’rni of thc. Hick- 
er  model. The 1946-1968 and 1928-1968 lint%ar fits  t o  the Rickcr spii\\mm-- 
recruit modcl hu\,c \‘er!’ great differences i n  their clcii4ity-depCiitlc‘lit mnd 
compensator!’ ternis. 

= 1.123pc I ~ M M M ~ ~ W  I’ 

H = o.,~08pc IIIMKMWI2I-I I’ 
1946-1968 
1928-1968 

The 1946-1968 model has ;I nnuch stccpvr :isccndiiig ciir\,(’ aiid thc coni- 
pensatory term is important a t  inuch smullc~r spa\vning Iiiotn:iss Ic \~c~ls .  Thc 
1946-1968 model predicts greater rclcruitnlcmt at lo\\. hIxi\vning Iiioinass 
levels than does the 1928-1968 niodtl. Thus the simulations Mith the Rick- 
er  transport model have  greater yields than the R ick r  s t ~ i  Ie\.cl tnodels 
when the exploitation rate is ver!. high (Figure 2613) irnd sm:illcr !+Ids 
when the exploitation rate  is niotlc,ratc (Figurcs 2613, 27) . The conipensa- 
tory term ( e  0’’, ~ n b I c  1s )  for  se\x,raI spa\vning bioiiiass Ic\.eIs is sho\vn 
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below for the nonlinear Rickcr, Ricker sea level and Ricker transport 
models. 

Bicker 
Compensatory 
Term (CT) .-0.00000253 P 

Spawning 
biomass in 
millions of 
Pounds 

20 CT = 0.951 
50 CT = 0.88: 
100 CT = 0.776 
200 CT = 0.603 
400 CT = 0.363 
600 CT = 0.219 

flicker sea I e r d  Rich-er transport 

.-0.0oooO353 P .-0.0000377 P 

CT = 0.932 
CT = 0.838 
CT = 0.703 
CT = 0.494 
CT = 0.244 
CT = 0.121 

CT = 0.470 
CT = 0.132 
CT = 0.023 

CT = 0.0005 
CT = 0.0000003 

CT = 0.00000000013 

The above data demonstrate a major difficulty in developing regression 
models to describe the spawner-recruit relationship in exploited popula- 
tions. Such regression models are generally lacking in data at the high 
spawning biomass levels that typically occur before exploitation begins. 
The compensatory term of the Ricker transport model is a good example 
of the unrealistic, ye t  statistically valid, regression models that can result 
from regressions based on data sets which do not include a good represen- 
tation of data from the entire range of population biomass. 

Further work that would incorporate upwelling and offshore diver- 
gence indices back to 1928 is envisioned. Barometric pressure fields are 
available back into early 1900’s. The use of these pressure fields to calculate 
upwelling and offshore divergence indices will soon be in progress and 
further refinement of the transport models is dependent on this longer 
data series. 

We feel that the environmentul variables in the transport model 
(Bakun’s upwelling and wind stress curl indices) are more direct esti- 
mates of the mechanisms that regulate recruitment than are the \,ariables 
in the sea level models. Upwelling is obviously related to recruitment, 
because it  determines the basic productivity of the California Current 
Region. Bakun and Nelson (111 Press) have suggested that strong, neg1tik.e 
wind stress curl (convergence) at 30°K would contribute to the separation 
of the surface waters north and south of the Punta Eugenia ;ires. Weak, 
negative wind stress curl would be associated with an increase in thc 
mixing between the two areas. Their hypothesis has several interesting 
features. It describes a physical boundary that explains the presence of the 
separate stocks of Pacific mackerel, sardine and anchovy that are found 
north and south of central Baja (:alifornia. I t  also suggests that larvae from 
a wider geographical area could contribute to the (hlifornia stock during 
periods of weak convergence at Punta Eugenia. ‘4 second hypothesis is 
that strong convergence nt 30°K in thc center of abundance of Pxific 
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to up\vellirig in the northerii Ih ja  California ‘ires could ~ l s o  increase SS1’ 
in this arca. 

Sinirilations \vi[ h tlie dcnsit),-dc.peiident rcicniitinciit iiiictions predict 
I hat at higtr c.sploitation rattts equilibriuni yield is quitc sensiti\.e to 
cli;ingt~s in t l i e  :igc :it rccriiitri-ic,iit. J~1:ixiiiiurri yield \vith the nonlinear 
Hickcr antl Cusliing sp;iwner-recrLiit functions occurs at exploitation rates 
; i l ) o \ ~  0.3 antl  :it an age of recruitmcnt 01‘ bct\vecn 3 and 4 years of agc-. 
If t l w  fixlic.r!. \ v ~ r c  to I)e inanaged \vith the prescnt California regulations, 
thc llickcr fri;~ction predicts that cquilibriuin yield \r.ould IIC about 67 
riiillioii pourId; 130,OOO iiictrio tons) per year ( S  in tigurc. 2313). ‘Thch 
hiiriulations sriggc.st that cciuilibri tiin yicld could be increased to over 93 
inillion pounds (43,000 metric tons i if the upper quota proportion \\‘ere 
inc~rc;iscd to 0.5 ant1 the ape ;it rcmwitrnt-iit incrcasc.tl to age. IV i Z  in 
k’ipurc. 2313). This largt. ;in iilcrc~ase in potential >ield i.4 not prcdictcd 
conipxxhlc siinulutions \\.it11 thv e r i ~ ~ i r o n n i c ~ i ~ t ~ i l - ~ l t ~ p ~ ~ ~ d ~ ~ ~ i t  rwriiitincnt 
fiiiiction>. Siniulatioiis \\,it11 t h v  w’ir Ic\~cl si,a\\.n~’r-recrriit t’iitiction pridict 
that ine:iii !,ic.ld for the period of 1931-1968 \\.auld h;i\.cx I)een j t i h t  O\’CI  51 
iiiillioii ;)outids (23,OOO iiicltric tons)  if the prcwnt C::ilifoi-iii:i rcqulations 
had I)eeii i i i  c,fft.ct o\.i:i- t I r i5  period (1 in Figtirc, 2413). 0 l . w I r i  ed 1 ic.ld for 
this period iiveragctl 49 I tiillion po~iiids (22,OOO ille-tric tons) . ‘I‘hc abo\.r> 
siiniilation prcdicts that 1iit’;i i i  >.ieltl \z ould ti:i\x> increased to 69 niillioii 
Iwiintls i .jl ,OOO metric t o i i \ )  if thc. c1uot:i proportion had twcn set :it 0.5 and 
~ I i c  age ‘i t  rt.cruitincmt 11: id  b c w i  I \ ’  (Z i i i  I* ‘ i ,q i rc~  2413). € I o \ v ~ ~ v e r ,  kiclds 
\voiild fliictiiutt* riiore. ‘I’htl highcist age at rc.crtiitrntwt that could be coli- 
sidt,rcd prxtical for the Piicific iixickcrel I‘i\hcr>. is &igc 2. This is due. to 
the. i i i i w ( 1  schooling of diff;:rt,iit age groups oi‘ niaturc I’xific mickcrel. 
Whcw the : ~ g e  at recrriitincilt is sc.t :it itgc 2 t h c  eqiii1il)riiim ),ield \vitli t h e  
Ricker Jlotlcl is :I niuiinuii) of 75 million pounds 133,000 metric tons) Lit 
a i l  upper q t i c l t i i  proportion 0.4 (Y in 1”igure 23H). ’Ihc 13ckc.r se;i level 
itiodel predicts that the ine;in !.icltl under this niaiiagtwicnt (Y in Figure 
2413) would h;1\7e 1,cc.n 60 inillioii pounds (27,000 nictric tons) . 

Thc RicLcr sc;i Ic\.cl modcl predicts that the mean iinnual yield o\.er the 
period of 1946-1968 \vould hii\.cx bcen 31 million pounds i 14,000 metric 
tons) if the California regu1;itioiis had betw cnncted in 1946. The observed 
~iieaii yield o\’ t r  this period \vas 31 million porinds. Mean yield over this 
period with ; in age- at rrcruitrnent of  2 and i in  upper cltiot:t proportion of 
0.4 is prtdictcd at 35 inillion pounds (16,000 metric tons).  Thc correspond- 
ing predictioiis \vilh t h e  Ricker tr;insport model (Figurrl 26) arc  16 and 19 
million pounds (7,200 s id 8,600 metric tons).  

It a p p c m  that thc  siinulations wit11 the Ricker sen l e \ ~ l  modcl are more 
realistic t h a i i  those \f.ith the Hickc-r trnnsyort model. Yields with the envi- 
ronmcwtal rnodt~ls arc considerably lo\\-er than those predicted by the 
c q i i i  1 i b r i  i i  1 n si niul ii t ion s with the density -de pen dent r ccrui t in el i t models. 
‘rhc ~ ie ld -~c r - r c r ru i t  siinulations (ISOE) predict that maxiinurn yields on 
ai1 individu;il cohort occur at :in age a t  recruitment of less than 1 m d  at 
high fisliing inortdity rateb. Spawning biomass levels with this nianage- 
inent policy are  minimal and long term yield under this policy is low in 
both the cquilibrium and ciivironment~il-dependent simulations with the 
0 U OT:W pr ogr ani. 
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TABLE 20 Alternative Management Options * 

The present California regulations. Management Option 1. 

No minimum size restrictions 
Quota levels of 20 and 40 million pounds 
lower quota proportion of 0.2 
l lpper quota proportion of 0.3 
Predicted long-term yield 

50 million pounds per year 
22,600 metric tons per year 
$2,260,000 per year at $100 per short ton 

Advantages 
Status Quo 
Least amount of regulation of the fishery 

Disadvantages 
Long-term yield i s  the lowest of the 3 options 
Age structure will be the most altered 
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Management Option 2. Compromise option 

Minimum size restriction to protect 1 year olds 
Quota levels of 20 and 40 million pounds 
Lower quota proportion of 0.2 
Upper quota proportion of 0.5 
Predicted long-term yield 

64 million pounds per year 
29,000 metric tons per year 
$2,900,000 per year at $100 per short ton 

Advantages 
Long-term yield i s  increased without precluding a purse-seine fishery 

Disadvantages 
Size restriction will increase the fishing effort necessary to catch the quota 
Enforcement costs for minimum size limit. 

Management Option 3. Near MSY option 

Minimum size restriction to protect 1 and 2 year olds 
Quota levels of 20 and 40 million pounds 
Lower quota proportion of 0.2 
Upper quota proportion of 0.7 
Predicted long-term yield 

76 million pounds per year 
34,500 metric tons per year 

$3,450,000 per year at  $100 per short ton 

Advantages 
Largest long-term yield 
Least altered age structure 

Disadvantages 
Annual yield i s  the most variable 
Size restrictions will preclude a purse seine fishery 
Enforcement costs will be the highest 

environmental factors found to be associated with recruitment are in fact 
those that describe major components of the mechanisms that control that 
mortality of pelagic fish eggs and larvae in the California Current Region. 

Management of the fish stocks in the California Current Region must 
recognize that changing environmental conditions will cause large varia- 
tions in the recruitment of commercially important species of the Califor- 
nia Current. If this factor is not recognized and incorporated in 
management policies, overfishing very likely will occur during a period of 
poor recruitment and the list of populations in the California Current that 
have suffered recruitment failure will include species other than the Pa- 
cific sardine and the Pacific mackerel. 
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APPENDIX 1. YIELD PER RECRUIT SIMULATION PRO- 
GRAM. 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CCNTROL 
hRUNS 
KARO 
T I T L  E 
I B E R T  
UAXA 
I S T  
I E T  
XHS 
X H I  
NU 
E I h C  
NE 
L I N F  
K 
T O  
b 

P S ( 1 )  
e 

CbRC V L E I P E L F  C E S C G I F T I C F  
h U M 6 E R  CF R U h S  T O  PF Y P U E  
CPEC C L I F L I  KDEC-1 NC C A R L  C C l f U l  k / F T = C  

I E E E l = l  I F  FEETPLPhFFY GQCWTH t O l i t T I C h  I S  LSEC 
? P X I P U F  P E E  OF THE S P E C I E ?  

P P X I W U P  B G E  P T  R E C E U I l P E h l  
Z T A R T I h C  I h 5 1 .  hPTLRPL H C f i T A L I T Y  f i C 1 E  ( P I  
P I h C C E P E h T  
l r u r E E a  C F  r 5 'IC F E  E L L  
E X F L C I I P T I C N  E P T E  INCEEMEhT 
~ U C E E R  C F  EXFLCITPTICL R ~ I E S  T C  e E  6 t h  
E E R l P L P h F F Y  CChcTbpiT 
EERTPLPhFFY CCCSTPNT 
E E R  l P L P h F F Y  CChST ChT 
LEhCTV-UEIGCT CCNSTANT 
LEhCTb-WEICCT CChCTAhT 
FYCPCRTICh  ' P A h h I h G  B V  AGE GROUP 
C h L l  I N F L T  FC2 P C F C  I f 7  TC 13 (lC4 L C E  P S S L M E C  1.C) 

TITLE LIPIIEO i c  e c  C P P C  C O L U H ~ S  

rIrvIv.rLr CC: a i  R C c L u I i r E N T  



98 FISH BULLETIN 167 

C hCTF THAT THE L N I T Z  b k E  OEPEhCENl UFCN I h F U 7  
7 F R I N T  Z G O  

2 0 0  FORHAT ( / / r l X v ' A G E  LENGTW WEIGHT PS 
00 8 N=IBT.MbXP 
P P I h T  IO4.NpXL (N) .klIhl*PS (N)  * G I N )  r C F  I N )  
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8 CONTINUE 
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F = F - D I F F E /  SLCFE 
I F ( A R S ( O I F F E ) ~ G T . G ~ t C U t O l )  G C  T O  1C 
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I F ( F F . E G . C I  G C  TC 1 8  
C = O * ( F F / Z ) * C k ( l )  + C 

1 4  Y=M 

1 E  C = P O P + ( l - E X P ( - b )  1 

i d  P C P = l P C P - C )  ' G ( T )  
20  CONTINUE 

I S ( I , J )  = HS 
I V t I r J )  = C 

22  CONTINUE 
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P R I N T  105,M 

CROY GRCWH*) 
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\ l / / r '  AGE+* / r4  P T * s / . *  R E C . ' )  

CALL O U l I S C ( 1 S )  
Z C  CONTINL'E 
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IF(NRUhS.GT.C) G C  I C  I 
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APPENDIX II. QUOTA SIMULATION PROGRAM. 

PQOGRAM PUOTAE (IMPUTIOUTPUTIPUNCH) 

QUOTA S I M U L A T I O N  MOOEL RH P A R R I S H  JUNE 15.1976 

CONTROL C A R 3  V A R I A e L F  D E S C R I P T I C h S  

I T 0  
NYRS 
I B T  
I E T  
M A X A  
I R U N  

I L O G  I 

I E N V  

IPRO 

I Q S E T  

RHAX 
O A L  
'IBL 
H 
S L P  
Q A  
OMIN 
C INC 
NQ 
EPOP ( N) 
? S ( N )  
G(N) 
GH(N) 

COMMON 

B E G I N N I N G  YEAR OF TPE S I M U L A T I O N  
NUMBER OF YEARS FOR THE S I P U L A T I C N  
M I N I H U M  AGE AT RECRUITMENT 
KAXIMUH AGE AT RECRUITPENT 
MAXIMUM AGE 
CCNTROL FOR OUTPUT 

IQUL=O CUTPUT I S  L I M I T E D  T O  Y I E L O  P A T R I C E S  
I R U N = 1  OUTPUT I S  ANNUAL SPAYNING B I C M A S S  4 Y I E L D  M A T R I C I E S  
IRUN=L CUTPUT I S  ANflUAL SPAWNING P IOMASS*  YIELOI TOTAL 

B I O M b S S  Ah0 RECRUIT  B I C H A S S  4 V I E L C  M A T R I C I E C  
I L O G I = l  FOR CONSTANT P S ( 1 )  
I L O G I = 1  FOE f E N S I T Y  DEPENDENT P S t I )  
I E N V =  THE NUMEER OF ENVIRONHENTAL V A R I A B L E S  I N P U T  

IENY=O I F  hC ENVIRCNMEhTAL V A R I A B L E S  6RE I N P U T  
IPRO=O, =Ir = 2  DEPENOING ON THE NO. CF PRORPTED 

t lAX IMUP NUMBEK I S  6 1  FORMAT I S  CN L I N E  1 2 8  

ENVIRONMENTAL VARIASLFSI FORMAT I S  CN L I N E S  1 3 3 1 1 3 7  
S E T S  THE e I o r b s s  S E G M E N T  T H P T  THE Q C I C T A  IS BPSED CN 

IOSET=O QUOTA BASED ON SPAWNING B I C P A S S  
I Q S E T = l  Q U O I A  BASED ON TZTAL EIOMbZS 
IOSET=Z QUOTA @ASE!l ON AGE I t AGE I 1  BIOPASS 

MAXIMLM RECRUIT  SIONASS ALLOWED 
LOWER QUOTA CCVEL 
UPPER OUOTA LEVEL 
INSTANTAhECUS NATURAL MORTALITY RATE 
SUELEGAL PCOPORTION ( S E T S  CDTCH CF UNCERSIZEC F I S H )  
LOWER PUCTA PROPORTICN 
MINIMCiM UPPER OUOTA PROPORTION 
INCREMEhT FCR UPPER OUOTA FGOPORTION 
NUtiBER OF QUOTA PROPOSTIONS 
B E G I N L I N G  @IONASS B Y  AGE GROUP 
PROPORTIGN SPAWNING E Y  AGE GROUP 
PROPGGTION ANNUAL GROWTH BY AGE GROUP 
PROPORTION GROWTH FOR HALF OF THE YEAR BY AG€ GROUP 
t I E  AVERAGE GROkTH T O  CAPTURE) 

O I l O t N Y  RSI 
I C 2 9  QA I CBI O A L I Q E L I C ~ O F I S U R C I C O I S L P  .MAXAISUEPOP 1 1 9  J t P O P C  ( 5 l ) r S P O P .  
2 R E C ~ I B T ~ I E T ~ I U ~ I P U N ~ I L O G I ~ I E N V ~ I P R O . H I I O S E T ~ R M A X ~ O H I N ~ Q I N C ~ N Q ~  
3 ~ A T ~ l b ~ l b ~ ~ H A ~ 1 6 ~ 1 6 ~ ~ @ O ~ ~ l ~ ~ 2 ~ 3 1 . ~ ~ C A l C H ~ X ~ O R T ~ ~ l ~ ~ N E N ~ ~ L ~ h L ~  
4 TREC ( 100) I T S P O  P I l d  J ) 9 T Y  I E L D  ( 1 0  'I ) I T TPOP ( 1 0  0 )  I G t 5 1  1 I GH I 5 1  1 I 
5 AREC ( 1 0 0  

TPOP IPS ( 5 1 )  *POPA ( 5 1 )  r P  ( 1 2 )  t E N V t  1 0 0 1  12) I I M E A h t  1 0  0112)  t 

1 6 )  I A SPOP ( 1 C  0 I 1 6  1 * A  V I E L O  I 10 J t 1 6  I .A TPOF t 1 0  0 11€) I BPOP ( 5  1) 
REAL M 
INTEGER A S P O P ~ A Y I E L O ~ A ~ E C , A T P O P ~ T S P O P ~ T Y I E L O ~ T R E C , T T P C P  
REAO J O l t K L  

00 199  K L P = l r K L  
REAO 1 0 0 1  I T O ~ N Y R S ~ I € T ~ I E T ~ ~ A X A ~ I R U N ~ I L O G I ~ I E ~ V I I P R O ~ I C S E T ~  

OJI F O 9 M A T ( I 2 )  

1Ri iAX PAL. GEL 9 K r S L  PI C A  I Q M  I h 7 C I NC I NO 
1 0 0  FOQMAT (1 G 3FB.OvSF1.. 2 I 1 4 )  

IF(KLM.GT.1)  G O  T O  1CZ 
READ 1 3 1 1  ( B P O P l N l * P S ( N )  I G ( N ) I G H ( N ) I N = I B T I H A ~ ~ )  

1 0 1  FORMAT ( F 6 . 0 t 3 F 6 . 4 )  
102 P R I N T  1 ~ 3 r H . N V R S 1 1 T 0  
i t 3  FORMAT ( + l T W O  STEP QUOTA S I M U L A T I C N  M O O E L  FCR *I 

1 + P A C I F I C  PACKEREL Q H  P b R R I S H  M A Y  1 8 1  1976.  
I,/,* ALL FOP F I G U R E S  I N  THOUSANOS OF POUNCSI  
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3 r / r +  NATURAL MORTALITY H=+rF4 .2 . /1 -  SIPULATEO FOR ' q I 4 r '  YEARS' 
4 . / r C  STARTING POPULATION ' r 1 4 r / / t C  MOOEL FARAMETERS BY AGE GROUP' 
5 r / r +  AGE STARTILG PRCPCRTION PROPORTIOh PROPORTION 
6GROWTH+,/ ,* GROUP POPULATICK SPAWNING PNNUAL GRCWTH 1 
7 0  CAPTURE+) 

P R I N T  1 0 4 r ( N r B P O P ( N ) r P S t N ) r C ( N ) r t H ( N ~ ~ G H ~ N ) r N = I @ T ~ M A X P )  
FORMA T (12 9 F l  3 01 F 12.3. F 1 5 . 3  10 4 F l 8  3 )  

105 FORMAT( / / ,60H E X T I N C T I O N  CURVE FOR P S ( l ) = O .  5 1 + E X P ( - . 0 0 0 0 0 7 1 7 0 9 ' T ~ ~  
I P h  ) 

I F  ( ILOGI .EO.1 )  P( l1bT 1 0 5  
I F  ( I Q  SET- 1 I 1 0 6  1 0  8 1 1 0  

1 0 6  PRINT 1 0 7  

GO 10 1 1 2  
1 0 8  P R I N T  109 

GO TO I 1 2  

1 0 7  FORMAT( / / , *  QUOTA BASED ON SPAWNING BIOMASS+) 

1 0 9  F O R H A T ( / / r +  OUOTA BASEO CN T C T A L  B IOMASS+)  

1 1 0  P R I N T  Ill * 
Ill F O R M A T ( / / * +  OUOTA BASED ON THE BIOMASS OF AGE1 t A G E I I C )  
1 1 2  P R I N T  113rQAL*QA.OBL 
113 FORMAT ( I / . *  LCWER OUOTA LEVEL =+.FB.O,/,* LOWFR OUOTP PROPORTICN= 

l * * F 6 . 3 * / 9 *  UPPER OUOTA LEVEL = * * F B . i I )  

114 FORMAT f / / * +  RECRUITMENT H O O E L ' r / / r l X ,  
P R I N T  1 1 4  

l+ RICKER BMDP3R TRANSPORT HOOEL*,/r  
PRINT 1 1 5 ~ I ~ T ~ I E T . I R U N ~ I L C G I ~ I E N V r I P R O ~ I O S E T ~ R ~ A ~ ~ S L P ~ M A X A ~ Q H I N ~  

IQINC.NO 

1. I E N V = + r I C , / , *  IPRO=+, IS , /p '  I O S E T = ' p I 4 p / , *  RPAX=+*F8.O,/ ,  
2. S L P = * * F 4  . 2 r / * *  M A X A = * * I 4 . / * *  QMIN='rF5.3. /.' OINC=+.FS. 3 r /  

115  FORMAT(//^* IBT=+.IC,/~+ IET=*.I~./.* IRUN=+.IG~/.+ ILOGI=+,IS*/. 

3+ NP=+.I~) 
I F ( K L M . 6 T . l )  G O  T O  119 
I F ( I E N V . G T . 0 )  GO T O  1 5 0  
IF ( IPRO.GT.0 )  GO T O  1 5 0  

1 1 6  CONTINUE 

C Boor S T A R T S  HERE 
I 1 9  IF(NO.EQ.1) GO T O  1 2 0  

1 2 0  I U = - 9  

1 2 1  CALL MACQE 

GO TO 1 2 2  

DO 1 2 1  N = I B T r I E T  

CALL OUTM 
STOP 

DO 124 I Q l ? = l r N Q  
QE=PBtOINC $ L=O 
DO 1 2 3  J = I B T r I E T  
L=Ltl  
CALL  MACQE 
HAT ( L  v I P B )  = T Y  I E L O  ( L l / N Y  RS 

1 2 2  I U I N Q  $ QB=OMIN-QINC $ N L = I E T - I B T t l  

1 2 3  H A ( L * I O B ) = A C A T C H  
1 2 4  C A L L  OUTH 

PRINT 1 2 5 t N Y R S  
l i 5  FORMAT ( l H l . / / r 2 0 X * I 4 * '  YEAH PEAN Y IELD ' )  

CALL OUTHAT(MAT) 
I T = I T  O tNVRS-1  
PSINT 1 2 5 . 1 1  

CALL OUTMAT(L(AI 
G O  T O  1 9 9  

126 FCRHAT I l H l r / / . Z O X r ' Y I E L q  I N  ' 9 1 4 )  

1 5 0  I F ( I E N U . L T . 1 )  GO T O  1 6 0  
00 1 5 1  N = l r N Y R S  

1 5 1  REA0 1 5 2 .  ( E N V ( N * N N )  . N N = l r I E N V )  
15 2 FORHAT ( 6 F  8 . 2 )  



16 0 

16 1 
16 2 
16 3 

164 
165 

199 

I F l I P Q J . ; T . O )  G O  T O  I f 1  
G O  T O  l i b  
DO 1 6 2  N = I , N Y R S  
READ 163. ( E N V ( N , N N )  , N N = 7 . 9 )  
F ORMA T (35 X 
IF(IPRO.EQ.1) G O  T O  l1h 
DO I64 N z l r N Y R S  
READ 165.  ( F N V I h , N N I  ."4- 1 3 . 1 2 1  
F C R H A T  (35 X t  3 F 5  $0 I 

C O N 1  I NUE 
S T O P  $ END 

S U B R O U l I N E  M A C C C  
COHHGN 

3 f  5 

G O  r o  116 

50 0 

50 1 

50 2 

5 0  3 
504 
505 
506 

50 7 

513 

50 8 

50 9 

51 0 

51 1 
E l  2 

REbL M 
IklEG E R  A SPOF , A Y  I E L  C ,  LQEC , 4 1 6  ~ ~ 1 ' .  T C P O F g  T Y  1 f t . O .  I R t  C, 1 T P I  f 
TSPOP ( L )  = TRLC ( L )  = T Y  I E L O  ( c 1: T T  POP i L s z a 
DO 503 r l = I S T , H P X A  
POPA ( h 3 :  0 PUP( N) 
00 516 l = l , t d Y @ 5  
S P O P = A C A l C H = T P O P  - J 
DO 501 N = I O J , N A I ( A  
POPC I N 1 = P C P A  [ N 1 + G  H I N i 
TPOP- TPOP *POPA I N )  
I F ( I L O G I . E U . 1 )  C A L L  L U G 1  
DO 5 0 2  N =  I i l T , M f J X P  
S P O P = S P O P t P O  A ( N )  = P C (  h\  
C A L L  F L N  
I F  ( I Q S E T - 1 )  203,534.505 
QZ=SP'3,P 3 G O  T O  506 
0 2 = T P O P  BLO T O  5 0 6  
QZ=POPA 1 1  ) W 3 P  A (  2 ) 
I F l Q E . L T . G A L )  G O  T O  E O /  
GO T O  538 
2.N f A=l.J-EXPl-Z) 
DO 5 8  N = I R T , H A X A  
X f l O G T  N) = P O P A l N ) + A  
C G  Tn 5 1 2  
CQLC OUOT 
E=CQ/ OPOP 
F = F V A C ( E , H )  
Z = F + M  $ A z 1 . 0  - E X P I - r I  
DO 5 3 9  N=J,HAXA 
XflORT ( N t  = P O P P ( N I 4 P  
ACATZH = ACATCH t Y M C R 1 ( Y ) 4 1 F / L I + f H t N )  
I F ( J . G I . I P T )  GO T O  510 
G O  r o  512 
t = S U H Q / S U p t ' @ P  
F = F V A L  (E, M )  
zs-F + n  i P S = I . F  - E Y P ( - Z S )  
J T =  J- 1 
no 511 Y = I - , T . J T  
X V O R T ( h )  = P P & l N ) * ; C '  
b C A T L H = A C A T C H  t X Y n R T ( N )  ( F 1 7 5 )  b H l N )  
N T - f l A  K4tZ 
DO 513 M = I B T . M P X B  
N J = N T - 1  
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51 5 

514 
5 1  5 

5:6  
517 

FISH BULLETIh 167 

C 
c 

1 

2 

90 
90 0 
c o  1 

C 

FUNCT I O N  FVAC I E, P l  
I T E S C T T V C  SOLUTIOFc  FOR I V S T .  F I S H I N G  HORT. G I V E N  F X P L O I T A T I O N  RATE 
AN0 I H S T .  kATURAL M C E T .  
COMHON I T C ,  N Y R S  
RFAL N 
F=E S Y = O  
IF IL_ .EO.D)  G O  T O  2 
N = Y + 1  3 IF (h .GT.5G)  G O  T C  9 0  
F I = F - 3 . 0 1  L F 2 = F + 3 . 0 1  
E V = ( I . O  - E X P ( - F - N ) ) *  F I  ( F + H )  
E L ( 1 . 0  - E X P ( - F l - M ) ) *  F l I  ( F l t M )  
E2=(1.0 - E X P ( - F Z - M ) I *  F2 /  ( F 2 4 f l )  
SCOPE- (EZ-Ei) I i.02 
U I F f F  = E V - E  
F = f  - O I F F E  I SLOPE 

FVAL=F 
RETUPN 
PRINT '300 
T O R M A T ( / / * *  I T E R G T I O N S  FCQ F EXCEEDED 50') 
S T o f  B ENO 

S U t s  '01) T I N  E 
PllC I F I C  I IACKEQEL S U E R O U T I h E  
COMMON 

I F I A R S ( O I F F E ) . G T . G . G ~ ~ ~ ~ ~ ~  G C  ro i 

LOG I 
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REAL H 

QUO=PA* (aZ-PAL)  
GO T O  9Gl 

IF(QZ.GT.O@L) G O  

900 QUO=( QBL-CALI  +C4 
9 0 1  QPOP=SUBQ=0.31 $ 

00 9 0 2  IC=JIHAXA 
902 PPOP=QPOPiPOPC (IC 

0 9UO 

(QZ-Q@L)+C@ 
SUYPO?=O. 1 

I F ( J . E Q . I B T 1  G C  T O  9C4 
JJ= J- 1 
00 953  I C = l r J J  

s u B a = s L P * Q U o  
PUO=QUO-SUBQ 
IF(QUO/PPOP.GT.b.?) G C  TU 9 0 5  

C03 SUBPOP=SUYPOP i POPC(:Cl 

91~4 CP=(IUO 3 G O  T O  9 J b  

406 I F ( S U S Q / S U @ ~ O P . L T . G . 5 1  GJ T C  9 0 7  
905 ca=apop 

x=o .5*SURBOP B Y=SUEP-r: 
SUBQ=X e c c - c u n t r  

907 RETUYN $ ENO 

SUBROUTINE OUTH 
COMMON 

0 I 11) 9 N Y RS t [POP r P  S ( 5 1 I * PC P A ( 5 1 ) 9 P 

l r f 6 . 3 1  
€ 0 1  FORMAT (// r T Z l * * A N k L A L  SPAWhIlrG B IGHAZS,  E X P L O I l A T I l l N  R A l t  ;‘,FF e 3 1  

CALL OUTP (ASPOP, TSPPP) 
I F ( I R U N . E Q . 1 )  GO T O  609 
I f ( I O K . E Q . 1 )  P R I N T  6 G Z r O R  
I f ( I O K . N E . 1 )  P R I N T  6C319B 

€ 0 2  F C R M A T  ( I / , I ~ ~ * + A N N U A L  Y I E L O ,  UPPFR C U O T A  PROPCRTICN = * , F F . ~ )  
603 FORMAT ( / / .T21,+ANNUAL Y I F L O ,  E X P L O I T A T I O C  RATE = * r F 6 . 3 )  

CALL OUTP (AYIELD.TVIELD)  
IF(IOK.EQ.I) PRINT t r 4 . 0 ~  
IF ( IOK.NE.11  P R I N T  6L.5109 

6 0 4  FORHAT ( / / r T Z I . + P h N L A L  TCTAL BICMASS, UPPER O U C T d  P R O F O U I I C Y  = *  
l r F 6 . 3 )  

ED5 FCRMAT ( / / r T Z l . * A N N L A L  TOTAL a I C H A S S t  E X P L O I T A T I C N  RATE =+1F6.3( 

606  CONTINUE 
CALL OUTP (ATPOP,TTPOP) 

I F (  IOK.EQ e 1 1  P R I N T  6C 7 1  08 
IF ( IOK.NE.1 )  P f f I N T  609.P9 

607  FORMAT ( / / * T Z l * * A N N U A L  RECRUITMENT, UPPER QUOTP PROPORTIOh I* 
I * F6 .3 )  



106 
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T Y P I C A L  I l P U T  F O R  O U O T P E  

3 3 h  ll?W 1 9 4 6  
3 0 h  119W 1 9 4 7  
3 0 N  119W 1 9 4 9  
3 3 h  119W 1 9 r 9  
 ON i i9w 1 9 5 0  
3 6 R  i i q w  1 9 5 1  
3 0 h  119k 1 9 5 2  
3 0 h  119W 1953 
3 J h  119W 1 9 5 4  

3 0 h  119W 1 9 5 6  
3 U h  119W 1 9 5 7  

I J N  119W 1 9 5 9  
3 J h  1 1 9 Y  1960 
3 0 h  119W 1961 
3 J h  119W 1 9 6 2  
3 J h  119W 1953 
3 0 h  119W 1 9 6 4  
3 J h  119W 1 9 6 5  
SON 119W i966 

3 0 h  11YY 1 9 6 8  
SON 119W 1969 
30N 119W 1 3 7 J  
3 1 L  119w 1971 
3JFi 119U 1 9 7 2  
J O N  i i w  1 9 7 3  
3 0 h  1 1 9 k  1974 
3 9 h '  119W 1 9 7 5  
3Oh 119W 1 9 4 6  0 0 1  

3ilN 1 1 9 Y  1948 001 
3Jh 119W 1 9 4 9  0 0 1  

3GN 119W 1951 001 
3 0 N  119W 1 9 5 2  O D 1  

 ON i i q w  1 9 5 5  

S O P  ii9n 1 3 5 8  

3 3 ~  i i 9 w  1 9 6 7  

 OH ii9n 1 9 4 7  O O I  

3 o h  i i w  1 9 5 ~  OLI 

~ J N  i i w  1 9 5 3  n o 1  
3 0 h  i i w  1 9 5 ~  O O I  

s o h  iigw 1 9 5 7  O G I  

S U h  119W 1 9 5 5  O C I  
3 J N  119W 1 9 5 6  O D 1  

3Ch 119W 1159 O D 1  
3 5 h  119W 1 9 5 9  O C I  
30h 119W 1 9 6 3  OD1 

3 J N  119W 1 9 6 2  011 
3 0 h  119H 1 9 € 3  o s 1  
3 u h  119U 1 3 6 9  O C I  
3 G N  119W 1 9 6 5  001 

3 0 N  ll9W 1'367 001 
3 0 h  119W 1'369 001 

3 J h  1 1 9 U  1974  0 0 1  
3 J h  119W 1 9 7 1  9 0 1  
3 0 h  1 1 9 Y  1 9 7 2  O C I  

 SO^ 11911 1361 n D I  

3 0 h  i i 9 w  1966 O O I  

S O N  iisw 1'365 O D I  

S O N  i i y w  1 9 7 3  o n 1  
 ON i iw 1 9 7 4  O O I  

4 NUMDER O F  R U h q  

9 . b O J u .  20,DJ. C C O J G .  . 5 i  e l '  e Z G  . C L  . 5 5  1' 
18933 e 0 1  1.649 1.31E 
51286 e77 1.5C8 1.207 
30137 . 89  1.282 1.143 
143011.03 1.2 1.153 
lE7831.00 1.140 1.170 

01.00 1.103 1.057 

1 9 4 6 3 3  1 5  6 2 1 0  2 rl 

110 8J 1?2 155  252 347 2C7 251 207 86  5 4  5 3  
110 6 5  111 1 9 1  114 176  2 4 3  152 1 0 2  95 7" h i  ~~ ~~~ ~~ 

J J  132  R 2  6 1  2 2 0  1 5 1  1 5 6  1 1 4  105 R 1  7 2  3 1  
6 3  1 7 1  911 150 158  1 6 0  113 155 1 2 3  91 8 4  5 3  
65 59 1 1 7  1 5 1  153 1 6 4  ? E  1 2 1  1 0 1  70 5 8  8 0  

1 1 2  85 1 1 5  91 254 207 1 5 7  12C 1 5 5  128 7 5  4 9  
24  35 138 4 9  2 2 4  15L C4 l i 5  98  107  5 4  3 1  
5 6  125 158 181 2 1 8  235 143  1 9 1  1 5 4  1 3 9  128  1 1 3  

8 1  6 8  9'3 22E 265 299 i C 2  
17: 

242 173 111 €1 
7 2  98 2 5 7  1 6 5  2 3 8  297 1 4 1  24- l a d  1 3 9  6 0  5 2  
2 J  5 6  1 E j  184  19G 2 7 4  2 J 2  1 7 i  1 6 7  1 2 2  9 3  7 1  

99 3 3  1 6 8  1 4 9  2 3 1  354 145 1 3 4  1 5 1  153  E4 7 1  
45  101 1 6 9  1 4 4  E99 1 3 3  111 136 l J 3  1 2 1  4 7  bh 
33 1 5 7  16R 1 6 4  2 1 C  1 5 8  $ 4  124 70 6 E  4 7  53 
49 46 9 1  189 212 2 1 8  155 166 1 4 8  9 7  1 0 3  3 2  

9 6 3  9 7  1 1 5  150 163  1 9 2  1 3 1  93 7 1  6 3  4 1  
69  63  1 4 9  1 € 9  225 204 1 7 t  134 1 1 8  6 1  3 9  7 ?  

* Y  4 9  7 2  6 4  61 i 2 i  1?2 5 1  7 6  5 1  14  4 2  

77 94  77 174  173 2 1 "  i : a  i 7 e  i t 4  1 9 5  5 0  4 5  

1 0 5  7 s  i u i  229 191 258 i e E  133 i t 5  130 115 5 7  

44 54 5 d  39 1 ~ 5  1 4 2  5 5  74 59  5 8  i 2 7  

2 9  65 56 7 3  i o 3  131 126  156 7 1  9 1  1 3  5 n  
32 3 0  9 ?  i i t  152 157 1 6 2  i r e  1 0 4  16 99 3 2  

2 7  1 3  96 1 8 3  z u i  2 ~ 8  177 229 i s e  117  5 5  4 5  
8 45 1 1 E  1 8 5  227 1 9 4  219  202 1 7 3  1 3 4  7 7 0  

8 2  169 l b c  232 2 4 1  265 19E 1 4 7  170  1 4 2  139 8 2  
9 1  8 9  166 1.0 165 168 1 2 5  11: 90 6 1  6 7  95 
54  7 178 1 9 2  155 178  1 ? 7  1 4 9  1 2 1  90 9 3  9 7  
22 1 3 4  9 3  2 3 4  2 8 4  2 6 3  1 4 7  1 6 7  1 4 1  104 74 3 4  
2 0  6 2  127  1 7 b  187 197 102  194  1 8 0  1 4 6  134  5 8  

4 6 7  3 0  6 8  - 2 0 1  -558 -578 - 2 5 4  -6: - 5 1  - 5 1  8 8  3 4  
-78  49 - 1 1 4  - 1 4 0  -362 - 3 0 3  - 1 0 7  -274 - 1 2 4  - 4 E  2 3 7  1 ? 4  
-75  6 8  -55 -27C - 3 2 2  -338 -117  -101 -75  93 215 2 6  

-76  -78 5 4  - 2 J E  - 3 4 6  -356 - 9 7  -12C -247 - 1 4 1  3 -2E 
-113 -36  04 - 2 1 1  - r 4 9  -374 - 1 E Z  - 1 6 9  -2E6  1 2  - 4  6 t  

-2; - 6 9  - 4 2  -55 - 3 3 5  -278 - 5 4 2  -134 - 2 2 1  -152 -57 -17 
63  1 4 6  -255 - 4 4 1  -439 -695 - 3 E 2  -594  -532 - 2 8 4  -121 16E 

- d l  -69 - 1 0 5  - r 9 2  - * 5 5  -459  -105  -528 -118 -72'3 47 -75 

2 3  - 6 2  - 2 F  -324 -532 -424  -432 -371 -137 -146 173 1 1 0  
- 2 6  - 1 8 1  - 2 l T  - 2 9 2  -469 - ? h 3  - 2 7 3  -2t.C -448 -213 - 5 1  -15 

-123  - 2 9 4  -397 - 3 1 1  -534 -R65 -E28 -364 -183 - 5 1  1 9  5 7  
-6 - 9 3  -12" - 4 0 5  -656  - 6 7 1  -418 - 4 0 7  -21'3 -38 5 7  61 

1.2 12s - i n n  -167 - 3 0 9  - 1 0 5  -127 -5c 53 78 i o +  a 7  

2 1  -3E -1lf -370 -570 -€57 - i 7 t  -115 -199  - 2 3 i  10.9 - 8 1  

-54 - 1 4 1  -245  - 1 2 3  - c u 9  -?nL -i:c - i q t  -57  -i -4 7 6  
54 -59 -249 -112  -742 -652 - z e C  3 3  - 4 3  58 -4 165 

1 7 3  -96 - 1 2 5  -183 - ~ 3 2  - 2 A 4  -74E -563  -329 - 2 3 3  - 8 8  1 3  
- 2 0  -121  - 3 ? E  - 5 2 4  -61'3 - R l 4  -875 -524 94 5 4 E  7 9  
1b2 36  - 2 4 6  - 9 1 R - 1 9 6 0 - 2 1 ~ 5 - 1 4 1 2 - 1 1 6 ~  -885 -483 - 2 1 5  - 4 6 8  

- 2 5 1  - 2 4 8  - 4 1 2  - 9 1  -421 -689 -817 -562  - 4 8 1  -307 -66 -56  

- 1 b O  -99 -534 -609-1113-1255-10C2 -873 -712 - 4 6 2  -148 1 4 5  

-117 - 3 6 3  -54. -657-1J44- lG71 - 4 9 4  -821 - 8 4 8  - 7 1 1  -147 - 2 4 0  

4 3  20 -374 - r 7 1  - 5 r 9  -859 - 8 C C  - 4 2 ;  - 5 4 b  - 6 3  -2Ob - 1 2 5  

-6 - 2 3  -299 -461 -192 -924 - 7 7 3  -652 -726 - 3 3 8  - 3 5 9  63  
- 2 2  16 -33E - 5 9 1  -969 -903 - 5 9 0  -907  -555 -385  3 1 5 1  
1 8 9  - 2 0 4  -332 -503 -939-1223 - 7 4 1  - 8 3 2  -535 -379 46  7 1  

2 3  -127 -253 - 4 : ~  -79a- ic5:  - 7 7 6  -5h r  - 6 6 2  -331 - 2 0 0  - 1 2 1  

- 1 6 1  - 2 2 5  -397 -+~?-I~~II-~CBZ - t i 7  - 7 7 6  - 0 4 3  - 5 4 5  -269 - 9 6  

-197 -168 -357 -513 - 8 1 1  - n i u  -561 -680 -429  -457 - 2 4 9  -165 

9 7  -326 - 4 3 4  -627 - E 5 1  -801 - € a 7  -458 -45.3 - 1 5 4  96 7 6  

3 0 h  iiqn 1 9 7 5  001 
1 9 4 6 3 3  1 5  6 2 1 U 2 0 

1 9 4 6 3 0  1 5  6 2 1 0  2 I] 

1 9 4 6 3 0  1 5  6 2 1 'I 2 0 

9OOOOJ. 2 u o o o .  4 0 0 5 0 .  .5G . l i  .ic .53 .35 1 0  

900000.  J .  9. .51 .l,l .iC . 5 j  - 0 5  1 0  

900  00 J. 1. J .  .5J .1G - 2 0  . 0 3  - 0 5  1 0  
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APPENDIX 111. UPDATE FOR CDC VERSION OF 
BMDP3R NONLINEAR REGRESSION. 

* I C  eAYZ5  
*D P3RJUL.2 
*I BIiOPJR.25 

*O BHDP3R.34 
*I tjHDP3R.33 

xnm 2 5 ,  1 9 7 6  PEG 

CTOLr 1.?F-8 
'0 UNCOLA.73 
*I UNCOCA.72 

*O P3PJUL.24  
*I P3RJUL.23  

'0 R I T E I T . 1 5  
* I  R I T E I T . 1 4  

*D REOEV.19 
*I REDEV.17 

*O R I T E h 0 . 2 8  
*I R I T E h 0 . 2 7  

X 5 0 H  TOLERANCE FOR COYVERGiNCE 

1 FZG -5) 

3 OC il FORHA T ( Z X  t I4 9 7 X t X 4 t F 21. b t 1 X  t F 18 7 95 ( 1 X  r F i b  91 t 

3 t G  0 FORMAT ( 1 X  9 1 4 9  2 x 9  A 1  9 b b  9 1 X  9 F 1 4  61 1 X  9 F 1 4  6 9 2 ( 2 x 9  F 1 3  - 6 )  ) 

90 0 FCRMAT (2X 9 I 4  t 7 x 9  I 4 * F 2 1 . 6 t 4 X  96 ( 1 X  F 1 4  - 6 )  I 
*D RITEND.4RrP ITEND.53  
*I R I T E h 0 . 4 7  

5 t U 0  F O S t i A T ( l t i O r 2 X 1 7 t i  CASE t lCHPREOICTEQ 9 7 x 1  
l O H S T O  O E V  OFt5Xr?HOSSERVEO/  
l u X t A 8 r S X r l 2 H P G E O  VALUE, 
5X ,AB,JX ,A3 ,4 (7XrAB) )  

5 80 J FORMA T f l X  t I 4  r A Z t  F i 3 . 6  92 X, F 1 5  5 9 ZX F 1 3  6 t 
ZX t F 1 5  6.4 ( i X  9 F 1 2 . 6 1 1  

*I R I T E h 0 . 9 6  

*O FUN.10 
*I FUN.9 

IF (LSFUN.GT.5 )  G O  T C  4 7  

I F (  ISFUN. G E .  1 .  AND. ISFUN.LE.19)GO T O  ( I O J  * 2 0 C *  3 0 0  r4001500 .60G 970!lt 
,890 9 9 G d t  1 G G 1 ,  l l J l j  , l ZCO,13J09  14151 15C J ,  16009 17CG, 18OOr 1 9 0 0 )  r I S F U N  

* I  FUN.99 
C 
C RICYER M O O f L  

60 0 F=P (1 * X  ( 1 1  *EXP ( P ( 2  ) * X I  1) 1 
OF (1) = X ( l  )*'EXP I P ( 2 )  * X l l )  I 
J F ~ Z l = P ~ l ~ * X 1 1 1 C X ~ 1 ~ C F X P ( P ~ P 1 2 ~ * X l l ~ ~  
RE TU4 N 

C 
C CUSHI NG MODEL 

7u 0 F = P ( l l  * X  11 ) * * P  ( 2 )  
DF (1) = X ( 1 1  *.P ( 2 )  
D F ( 2 )  = P ( l  I * X  (1 ) * * P  ( 2 )  *ALOG ( X  1 1 )  ) 
RETUPN 

C 
C CLARK-RICKER rcoEL 

09 J F=P (1 I * X I  1) *EXP(  P ( 2 )  * x (  11 I * E  XP ( P  ( 3 )  / X (  1 1  1 
O F ( 1 l  = X ( l  ) *EXP ( P l 2 l * X ( t  I ) * E X P ( P I 3 ) / X  Ill I 
O F ~ Z l = P l l l * ~ ~ l l ~ X ~ 1 l ~ E X P ~ P ~ 2 ~ * X ~ l ~ ~ * E X P ~ P ~ 3 ~ / X ~ l ~ ~  
D F ( 3 1  = P ( l  l * X I l ) ~ E X P  ( P ( 2 ) * X  (1) 1 ( 1 / X  I11 ) * E X F  (F ( 3 t / Y ( l I  1 
RETURN 

C 
C CLARK-CUS ti ING MO(l€L 

51, 0 F=P (1 1 * X (  1 ) * * P  ( 2 1  *EXP ( P (  3 ) / X  (1 J 1 
OF( 1) = X (  1) * *P  ( 2 )  * E X P I P (  3 1 / X (  1 1  ) 
D F t 2 )  = P ( 1  ) * X ( l I * * P ( Z l  * A L O G ( X ( l I  I 'EXP ( P ( 3 l  / X  (11 I 
O F ~ 3 ~ = P l l ~ * X ~ 1 l * * P l i l  * ( i / X ( l t )  + E X P I P ( 3 ) / X ( l ) l  
RETUQN 
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Photoelectronic composition by 
CAurnmiA OWCE OF STATE PRINTI~C 

7PXO-NIQ 4-77 5M LDA 




