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ABSTRACT
The California Department of Fish and Game has conducted periodic studies on Pacific herring since 1953. This report concentrates on the period from 1972 through 1980 during which the herring fishery underwent a dramatic resurgence due to the opening of a lucrative market for herring roe in Japan.
The spawning biomass of Pacific herring was estimated by determining numbers of eggs spawned and using previously derived estimates of eggs per gram of fish to convert this figure to short tons of herring. Spawning biomass
estimates for Tomales Bay ranged from 4,728 tons in the 1974–75 season to 22,163 tons in the 1977–78 season. Estimates for San Francisco Bay ranged from 6,179 tons in 1973–74 season to 52,869 tons in the 1979–80 season.
Sampling the roe fishery catch in Tomales and San Francisco Bays revealed that age 2 and 3 herring dominated
the round haul fishery, and ages 5 and 6 dominated the gill net fishery. Gill nets consistently caught larger herring
and a higher percentage of females than round haul nets.
Comparison of length at age of herring from Tomales and San Francisco Bays revealed a statistical difference in
growth rates between populations of the two bays. Tomales Bay herring are larger at a given age than San Francisco
Bay herring.
Spawning time was related to the tidal cycle in San Francisco Bay. From 1973 through 1976, 88% of all spawnings occurred when the daily high tide was at night.
The resurgence of the fishery and evolution of current management strategies of quotas, seasons, and resource
monitoring are discussed.

2

3

ACKNOWLEDGMENTS
This project would not have been possible without the dedicated people who, at times, literally risked life and limb
collecting samples of herring eggs during severe weather conditions. I express my undying gratitude and respect to
the following: Douglas Chessmore, James Coleman, Howard Cunningham, William Fairgrieve, Robert Fountain,
Berry Gammell, Brenton Garmire, A. Rucker Hartmann, Francis Henry, Theodore Holmbeck, Robert King, John
Kriegsman, Terry Libby, John Moss, Larry Schramm, Randall Smith, Tom Studley, Kenneth Taniguchi, and Marcia
Valladares. Sampling the fishery would not have been possible without the cooperation of several wholesale fish
buyers including Ken Sato and Warren Nobusada of Sea Products and W. F. "Zeke" Grader of Ocean Traders.
Norman J. Abramson, Director of the National Marine Fisheries Service Laboratory at Tiburon, kindly provided
laboratory space for our work and freely gave use of equipment when needed. John J. Geibel, Nancy C. H. Lo, and
Phillip Law of the Department provided statistical analysis of data, and Gene Witeck helped devise sampling plans.
Many people reviewed various phases of this report, but Herbert W. Frey and John L. Baxter were the principal
reviewers of early drafts. The manuscript was typed by Nancy C. Durell.

4

INTRODUCTION
The Pacific herring, Clupea harengus pallasii, is a member of the herring family, Cluperdae, which also includes the
Pacific sardine, Sardinops sagax caeruleus, and American shad, Alosa sapidissima. It ranges from Baja California to
Alaska and across the north Pacific to Japan. Within this range abundance generally increases with latitude and the
largest populations are centered off Canada and Alaska. Spawning begins during November in California an ends
during June in Alaska, becoming progressively later from south to north. During the spawning season herring congregate in dense schools and migrate inshore where they deposit their eggs on vegetation found in intertidal and
shallow subtidal areas of bays and estuaries. A homing instinct has been demonstrated in Canada (Tester 1937) and
it is likely that each spawning ground supports a stock that is distinct to some degree from adjacent stocks. California's major spawning areas are Tomales and San Francisco Bays. Herring that spawn in these areas from December
through March have become the target of an intensive roe fishery which started in 1973 when Japan began importing herring roe. Immediately after spawning, herring return to the open ocean where their movements are largely unknown. Commercial quantities are found in Monterey Bay during the summer where a small bait and animal food
fishery exists.
When the roe fishery began in 1973, it became apparent that an insufficient data base existed for herring in California.
Life history data presented in this report are the result of field work conducted during the 1972–73 through
1979–80 herring spawning seasons in Tomales and San Francisco Bays, and were collected in direct response to the
need for biological and statistical data with which to manage the current herring fishery. Spawning biomass estimates for Tomales and San Francisco Bays, and biological data are presented.
These data form the basis for a management plan for the Pacific herring resource in California. Because quotas for
the fishery are established in short tons, all biomass estimates given are in short tons with metric equivalents.
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1. THE FISHERY
1.1. Historical Fisheries
Herring fishing in California dates from at least the mid 1800's. Catch records are not well documented prior to
1916, but annual catches were low with most of the fish sold fresh. Small amounts also were salted or pickled for
human consumption. Harvesting occurred near the populated areas of Humboldt Bay, Bodega Bay, Tomales Bay,
San Francisco Bay, Monterey Bay, and San Diego Bay.
From 1916–1919 herring were canned or reduced into oil and meal (Scofield 1918). In 1918 the catch reached
8,000,000 lb (3,629 mt), mostly from Tomales Bay (Table 1). The Reduction Act of 1919 prohibited the reduction
of whole herring into fish meal. This action ended the largest component of the fishery, although a small fishery for
human consumption continued.
Annual landings remained low until the late 1940's when processors began to can herring as a replacement for
sardines because that fishery was declining (Scofield 1952). This product was not well accepted by the public and by
1954 landings dropped to less than 1 million lb (454 mt) (Table 1).
The fishery for human consumption (fresh and pickled herring) and bait has continued and today composes a
minor part of the catch.

1.2. Herring Eggs on Seaweed Fishery
In 1965 a new use for California herring products developed when Japan began importing herring roe on seaweed,
"Kazunoko Kombu", which is considered a delicacy. The Fish and Game Commission accepted separate sealed bids
for the right to harvest herring eggs on seaweed in Tomales and San Francisco Bays. The highest bidder for each bay
was awarded the opportunity to take 5 tons (4.5 mt) of eggs on seaweed. The amount of the bid was a royalty per ton
paid to the Department after harvesting took place. The quota included the total weight of the seaweed with eggs attached. Herring eggs on Gracilaria spp. and Laminaria sp. are preferred and harvesting was done by divers. This
fishery expanded to San Francisco Bay in 1966. The 5-ton quota has never been reached in either bay, but this continues to be a viable fishery with harvests every year since 1965 (Table 2).
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TABLE 1. California Pacific Herring Catch in Pounds, 1916–1980
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TABLE 1—Cont'd.
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TABLE 2. California Pacific Herring Egg on Seaweed Harvest in Pounds, 1965–1980

1.3. Herring Roe Fishery
1.3.1. Events Leading to Roe Fishery
In contrast to the herring egg on seaweed fishery which occurs after the eggs are spawned, the roe fishery takes
place just prior to spawning. The herring egg skein (Figure 1) is salted and sold as "Kazunoko", also a delicacy in
Japan.

FIGURE 1. Herring roe
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In 1971 a series of events began that were to culminate in the establishment of our present herring roe fishery. In
the spring of that year the U.S.S.R. banned Japanese herring fishermen from the Sea of Okhotsk. This action reduced
Japan's catch of roe-bearing herring by 3,000 mt. The following winter the Japanese herring fleet experienced poor
fishing in the Bering Sea. In May 1972 Japan imported 4,000 tons (3,629 mt) of frozen herring from Canada; previously all herring imports had been from the U.S.S.R. and the People's Republic of China. In 1972 Japan's import
quota on herring was increased from 2,000 to 10,000 mt.
The demand for herring roe continued and the failure of the 1972 Japanese winter herring fishery in the Bering
Sea set the stage for expansion to California. Wholesale prices for roe reached $3.00 per pound in Japan and
threatened the industry. It was feared that the consumers would not pay the high price.
Canadian and Alaskan herring suppliers were aware of Japan's demand for herring roe and offered to accept bids
from Japanese buyers for catches during the 1973 fishery. A bidding war ensured between Japanese buyers and
prices climbed to $3.00 per pound for roe in Canada, equal to the previous wholesale price in Japan.
A wholesale firm, Sea Products Company of Moss Landing, California, spurred by the demand for herring roe in
Japan, attempted to start a fishery in San Francisco Bay in 1972, but had little success generating interest. As the
winter of 1972–73 approached, Japan's demand for herring roe finally generated sufficient interest among California's wholesale fish dealers that a roe fishery was initiated in January 1973. During 1973 Japan imported 8,000 mt of
herring roe from Pacific coast fisheries.

1.3.2. Fishing Season and Areas
Herring attain their highest value when the developing ova of females reach maturity. The roe content, or percentage
body weight of female sex products, is highest just prior to spawning and this is when fishing must occur to yield the
highest quality herring roe. This limits the roe fishery to the months of peak spawning activity, which, in California,
are December through March. Known spawning areas for herring in California are: San Diego Bay, San Luis River,
Morro Bay, Elkhorn Slough, Tomales Bay, Bodega Bay, Russian River, Noyo River, Shelter Cove, Humboldt Bay,
and Crescent City Harbor (Figure 2). Only Tomales Bay and San Francisco Bay have populations large enough to
support a major fishery. Small fisheries exist at Humboldt Bay and Crescent City Harbor, and with Fish and Game
Commission approval fishing could be attempted at any of the known spawning areas.
The herring dead bait and animal food fishery occurs during the summer months with catches from Monterey
Bay. Live bait may be taken at any time in San Francisco Bay.
There is also a sportfishery for herring in San Francisco Bay and the Noyo River. Fish are caught with hook and
line and hoop nets. Herring are generally taken by sportsmen of Asian ancestry for their roe content and by others
for pickling. The sportfishery occurs as the herring move
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into shallow areas to spawn and fishing occurs at a furious pace while the herring are spawning, then ends abruptly
when spawning is over. Also there is a sportfishery for herring eggs on algae. Herring eggs may be collected by
diving or at low tide when egg deposits are exposed. This sportfishery is very popular in San Francisco Bay.

FIGURE 2. Known herring spawning areas
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1.3.3. Annual Landings
California Department of Fish and Game began tabulating annual landings in 1916. Annual landings are given by
area as the historical data allow (Table 1). The 1979–80 roe fishery quota of 7,320 tons (6,639 mt) exceeded the previous high annual catch of about 5,600 tons (5,080 mt) in 1978. Over the years Tomales Bay and San Francisco Bay
have provided the bulk of the catch, but Monterey Bay has provided good catches in some years. Other areas, such
as San Diego Bay, Noyo River, Humboldt Bay, and Crescent City Harbor, have contributed minor amounts to the
catch.
The herring roe fishery occurs at year's end and landings overlap two calendar years. This results in two totals for
herring landings, the annual herring landings published by the Department (Table 1) and the seasonal landings from
the roe fishery that is regulated by a quota system (Table 3). Seasonal landings are recorded separately, but are only
important with regard to seasonal quotas set to regulate the roe fishery.

TABLE 3. California Pacific Herring Roe Fishery Data by Season
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1.3.4. Vessels and Gear
Historically, beach seines and gill nets were used to take herring in Tomales and San Francisco Bays. In 1952 lamparas were introduced in Tomales Bay and were very effective (Scofield 1952). The lampara is a round haul net that
is set in a circle around a school of fish. It has no purse rings, and fish are forced into a bag by retrieving both ends
of the net simultaneously. Lamparas are most effective in shallow water when the lead line rests on the bottom.
Lampara boats are small, between 33 and 51 ft. The smaller boats use lighters (storage barges) with a capacity of
20–30 tons (18–27 mt) of fish.
In 1973, lamparas returned to Tomales and San Francisco Bays for the roe fishery. Purse seines were introduced
in 1974. Gill nets and beach seines were used continually through the years, but gill nets did not become a major
gear type again until 1975–76 season.
Today there are three major gear types in the fishery: gill nets, purse seines, and lamparas. Beach seines continue
to be used in Tomales Bay by local fishermen, but they only supply a minor part of the catch.
Gill nets became more competitive when "set" or anchored nets were permitted in the 1976–77 season. The roe
fishery shifted then from a round haul dominated fishery to a gill net dominated fishery. In the 1977–78 season
round haul nets were prohibited in all areas except San Francisco Bay. This shift is continuing because buyers prefer
the larger fish and higher percentage of females taken by gill nets.
During the 1979–80 season 363 vessels participated in the roe fishery, more than any other California commercial
fishery except hook and line fisheries, and 306 of these vessels were gillnetters.

1.3.5. Description of Roe Fishery By Season
1972–73 Season. As the 1972–73 season approached, the Department took a "wait and see" attitude. It soon became
apparent that an almost unlimited number of fishing boats might descend on our relatively small stocks of herring,
which we felt could easily be overfished. In addition, there was considerable public opposition to the herring fishery.
Emergency legislation was passed to temporarily control the fishery. The act imposed limits of 750 tons (680 mt) for
Tomales Bay and 1,500 tons (1,363 mt) for San Francisco Bay (Table 3) and expired after 61 days.
Fishing began in Tomales Bay on January 6, 1973, and by January 25th a total of 598 tons (542 mt) were taken
(Table 3). Fishing then centered on San Francisco Bay and from January 29th to March 3rd 436 tons (395 mt) were
taken (Table 3). The quota was not reached in San Francisco Bay because fishing did not start until the season's
spawning was nearly half over.
1973–74 Season. When the emergency legislation expired March 4, 1973, the herring fishery was again open to
unlimited fishing. Some confusion existed as to what should be done regarding the upcoming season. The Department felt that a limited fishery should be allowed although there was considerable public opinion against any fishing; the fishing industry wanted few restrictions on the fishery. The controversy resulted in new
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legislation that imposed limits, except for bait, of 450 tons (408 mt) in Tomales Bay and 500 tons (454 mt) in San
Francisco Bay (Table 3), and directed that the catch limits remain in effect for 2 years (1974 and 1975) during which
time the Department would estimate the spawning biomass of herring in both bays. At the end of the 2-year study,
regulatory authority over the fishery would revert to the California Fish and Game Commission. New catch limits
would be based on the results of the field studies.
The fishery was limited to five boats in Tomales Bay and 12 boats in San Francisco Bay to be decided by lottery.
An applicant drawn for one bay was not eligible for the other. No permittee was allowed to take more than 150 tons
(136 mt).
Fishing began on January 4th in Tomales Bay and January 14th in San Francisco Bay. The quota in both bays was
exceeded due to 12 vessels that caught herring for bait purposes. Herring for bait was not included in the catch limits
because of an apparently very limited market. The fishery principally had been for herring roe, intended for human
consumption. Bait fishing in Tomales Bay was stopped voluntarily by the fishermen when the intent of the regulations was explained.
It became apparent that bait herring landings in San Francisco Bay would be excessive and emergency legislation
was introduced to include bait herring under the quota. By the time this legislation became law on February 14,
1974, over 1,400 tons (1,270 mt) of "bait" herring had been landed. How this "bait" herring was processed is questionable. Once herring is shipped out of State, the Department loses jurisdiction. The emergency act also raised the
quota for the 1974–75 season to 500 tons (454 mt) in Tomales Bay and 600 tons (544 mt) in San Francisco Bay
(Table 3). These quotas included both roe and bait herring.
Additional legislation established a 20 ton (18 mt) quota for Humboldt Bay (Table 3) and directed a 2-year study
be done to estimate the resource size.
1974–75 Season. The California Fish and Game Commission set the opening of the 1974–75 herring fishing seasons for January 5, 1975, in Tomales Bay and January 20th in San Francisco Bay. Three lampara boats, one purse
seiner, and one gill netter were drawn by lottery for the Tomales Bay roe fishery and five special bait permits were
issued (Table 3). A large spawning run appeared in Tomales Bay during the 2nd week of the season and the quota of
450 tons (409 mt) for human consumption was exceeded in only 2.5 days. By the time fishing was stopped, 518 tons
(470 mt) had been taken (Table 3).
Twelve boats were drawn by lottery for the San Francisco Bay herring roe fishery. Only 10 boats landed herring:
five purse seiners and five lampara boats. of the 10 bait permitees, only five landed herring, two gill netters and
three lampara boats.
Fishing began on January 20, 1975, and excellent catches were made. Fishing was stopped on January 22nd for a
tonnage count and resumed on January 26th, but the herring schools which were being fished had spawned and left
the bay. A new spawning run appeared on February 2nd and the quota of 500 tons (454 mt) was then reached (Table
3).
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1975–76 Season. Legislative control expired after the 1974–75 season and regulatory authority over the fishery in
Tomales and San Francisco Bays reverted to the Fish and Game Commission.
New regulations adopted by the Fish and Game Commission continued the lottery and increased catch quotas
(Table 3). Round haul boats were limited to 100 tons (91 mt) each and gill net boats 25 tons (23 mt). In addition, 10
bait (dead) permits of 5 tons (4 mt) each were made available on a first-come, first-serve basis. Five round haul
boats and four gill net boats were drawn for Tomales Bay. Round haul quotas were 100 tons (91 mt) per boat and
gill-net quotas were 25 tons (22 mt) per boat. There were also five bait permits issued at 5 tons (4 mt) each for a
total quota of 625 tons (567 mt) (Table 3).
The season opened January 5, 1976, in Tomales Bay but fishing did not begin until January 13th because of a
brief price dispute. The quota was not reached because over 60% of the season's herring spawning had been completed before fishing began. In addition, 477 tons (433 mt) of herring were taken from Bodega Bay (Table 3), and a
separate quota had to be established for Bodega Bay during the 1976–77 season.
In San Francisco Bay the season opened January 19, 1976, after 70% of the season's herring spawning had been
completed. Landings totaled only 1,719 tons (1,559 mt) (Table 3) because the fleet fished only one goodsized run.
1976–77 Season. The Fish and Game Commission retained control of the fishery in all ocean waters, including
Humboldt Bay, after legislative control expired following the 1975–76 season.
The lottery was discontinued in San Francisco Bay and permits were issued to all qualified applicants applying
before October 15, 1976. Permits were issued to 165 gill netters, 39 purse seiners and 27 lampara boats. Separate
quotas were established: 1,000 tons (907 mt) for gill net and 1,500 tons (1,361 mt) each for purse seine and lampara.
A 15-ton (14-mt) fresh fish market quota also was established making the season quota in San Francisco Bay 4,015
tons (3,642 mt) (Table 3). The season opened January 3, 1977, and the gill net and purse seine quotas were filled by
January 24th. Total catch for the season was 4,201 tons (3,811 mt) (Table 3). Set gill nets were legalized this season
and resulted in much better gill net catches. The price for gill net caught fish averaged about $280 compared with
$200 for round haul caught fish. Gill netters consistently caught larger herring with a higher roe content. Price was
determined by percentage roe content and ranged from $40 per ton for spawned out herring to $360 per ton for a few
selected catches.
In Tomales Bay the lottery was retained and five lampara and seven gill net permits were issued. Five special gear
permits were also available on a first-come, first-serve basis. The seasonal quota was 825 tons (748 mt) (Table 3),
and was divided as follows: round haul, 550 tons (499 mt); gill net, 250 tons (227 mt); and special gear, 25 tons (23
mt). The season opened January 3, 1977. About 80% of the spawning activity had already taken place and the fleet
had difficulty catching herring throughout the season. By season's end, March 31st, the catch totaled approximately
344 tons (312 mt) (Table 3).
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In Bodega Bay a quota of 350 tons (318 mt) was established for gill nets only and 24 permits were issued. Landings totaled 262 tons (238 mt). In Humboldt Bay a quota of 50 tons (45 mt) had been established for gill nets only,
and 21 tons (19 mt) were landed. No quota was established for the Crescent City area. However, spawn surveys
were initiated and data gathered were to be used to set quotas for the 1977–78 season.
1977–78 Season. New quotas (Table 3) and regulations were adopted by the Fish and Game Commission. Permits
were issued to permittees from the previous season who re-applied. An additional 164 permits were issued based on
qualifying points earned over the past 10 years; one point earned for every year that the applicant participated in the
herring fishery, and 1 point for each year the applicant had a California commercial fishing license; the maximum
number of points possible was 20. All applicants with 20 points were issued permits. Applicants with lower point
totals were issued permits until 155 gill net, 5 round haul, and 4 beach seine permits were issued. The Fish and
Game Commission also prohibited round haul nets in Tomales and Bodega Bays.
The roe fishery quota in San Francisco Bay was allocated as follows: gill net, 2,000 tons (1,814 mt); purse seine
and lampara, 1,500 tons (1,361 mt) each. The gill net season opened December 15, 1977, in Tomales Bay, Bodega
Bay and San Francisco Bay. The remaining fisheries opened January 2, 1978.
Quotas were reached in each area except Bodega Bay (Table 3) where gill net boats had difficulty catching herring throughout the season.
1978–79 Season. No new permits were issued for the 1978–79 season. Everyone who fished in the 1977–78 season and applied this season was issued a permit. A total of 354 permits was issued, 294 of these were gill net permits. New regulations required that gill nets be anchored by 16-kg (35-lb) weights and lighted at each end; a limit of
130 fathoms per vessel on gill nets was imposed in San Francisco Bay and 195 fathoms in Tomales Bay.
A new quota system was instituted for San Francisco Bay in the 1978–79 season because of poor spawning escapement in the 1977–78 season. The initial quota was set at 1,020 tons (925 mt), 1,000 tons (907 mt) for the roe
fishery and 20 tons (18 mt) for fresh fish markets. The quota was increased by 1,000 ton (907 mt) intervals, up to a
maximum of 5,020 tons (4,553 mt) (Table 3), as spawning escapement occurred. Gear quotas were retained with gill
net vessels alloted 40%, purse seiners 30% and lampara 30% of the total quota. Due to congestion on the fishing
grounds, gill net permittees in San Francisco Bay were divided into two platoons, fishing alternate weeks. To ease
problems in monitoring landings and enforcing quotas, no permittee was allowed to take or possess more than 40
tons in one load.
The Tomales and Bodega Bay quotas were combined (Table 3) and the permittees split into two platoons that
fished alternate weeks.
The quota in San Francisco Bay was not reached because lamparas were not able to fill their individual gear
quota. In Tomales and Bodega Bays fishing was slow throughout the season. The combined Tomales and Bodega
Bay quotas have not been taken since round haul boats were prohibited in the 1977–78 season.
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1979–80 Season. No new permits were issued. All fishermen that fished in the 1978–79 season and applied were
issued permits. The Fish and Game Commission established guidelines for allowing new permittees in the fishery,
but limited new permits to gill nets and made no provisions for additional purse seine or lampara permits. New gill
net permits would not be issued for San Francisco Bay until 1980–81 season and no new gill net permits will be issued for Tomales and Bodega Bays until the number of permittees drops below 69, the current number.
When new permits become available they will be issued to applicants based on qualifying points under the following rules:
1. One point for each year the applicant has held a valid ·California commercial fishing license.
2. A total of 10 points for those applicants who participated
· in the California herring fishery in each of the past
3 years.
3. Seven points for participation in two of the past three ·herring fisheries.
4. Five points for participation in one of the past three herring
·
fisheries.
5. A drawing will be held if more applicants are in the same
·
point category than there are permits available.
Gear quotas remained in effect in San Francisco Bay and in addition to the 40 ton (36 mt) load limit, a season limit of 100 tons (907 mt) was imposed on all permittees.
The San Francisco Bay quota was exceeded slightly (Table 3), but Tomales and Bodega Bay permittees generally
had poor success. Spawn surveys in Tomales Bay indicated adequate spawning escapement but the fish were apparently not available to the fleet.

1.3.6. Bait and Animal Food Fishery
This fishery is almost entirely at Monterey and occurs during the summer months. The Fish and Game Commission
established an April 1st to September 30th season in 1976. In 1979 the season was extended to December 1st. Since
1970 landings have averaged 102 tons (92 mt) and the peak year was 1973 when 342 tons (310 mt) were taken. This
fishery supplies markets for animal food at zoos. There is a large bait market for herring and the fishery cannot satisfy the demand. Bait herring must be about 150 mm (6 inches) TL and most herring in Monterey Bay during the summer are too large.

1.4. Discussion
The present herring roe fishery is totally dependent on the Japanese market. The price for herring increased dramatically in 1978 and 1979 to a peak of about $4,000 per ton, then dropped to $1,000 per ton in 1980. Competing Japanese companies drove the wholesale price of herring roe to $27/lb and Japanese consumers balked at the high
prices, causing the market to collapse. Washington State herring prices in 1980 stabilized at $600/ton (Trumble,
pers. commun.). Future prices in California probably will be well below the peak reached in 1979 and, although Japan is still importing herring roe, the fishery may never be as lucrative as it once was.
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2. BIOLOGICAL CHARACTERISTICS OF CATCHES
The herring fishery in California was insignificant from 1955 to 1972 and during this time landings were not
sampled. The Department initiated a seasonal program to evaluate the herring resource in 1973 when the roe fishery
began. This program included sampling the landings for age, size, sex, and maturity.

2.1. METHODS
2.1.1. Catch Sampling
The San Francisco Bay and Tomales Bay fisheries have been sampled annually since 1973. Sampling of herring
landings at Humboldt Bay and Crescent City has been irregular and those data are not included in this report.
Gill nets, purse seines, and lamparas are the major types of fishing gear utilized in the fishery. Because of the selectivity of each gear type, I attempted to sample each separately. At least one sample was taken per day for each
gear and the same boat was not sampled on successive days, unless it was the only successful boat. A sample consisted of a scoop of herring totaling about 2.3 kg (5 lb) taken while the boat was unloading.
Samples were processed by placing every other fish on a scale until a sub-sample weighing 1 kg (2.2 lb) was
reached. Then the other fish selected were weighed. If the weights of the two sub-samples differed by more than 0.1
kg (0.2 lb), all fish were mixed thoroughly and the process repeated until two sub-samples of approximately equal
weight were obtained. Every fish in the first 1-kg sub-sample was weighed to the nearest 0.1 g, measured in millimeters body length (BL), and its sex and stage of maturity determined. Maturity was recorded as spent or mature.
Body length was used as the unit of measurement because the fleshy caudal peduncle of herring makes the hypural
plate difficult to locate. Body length was measured from the tip of the snout to the end of the silvery part of the
body. Otoliths were removed for age determination. The remaining 1-kg sample was discarded. Catch sampling
techniques remained unchanged from 1973 to 1980. The number of samples collected during a season is proportional to the amount of herring caught and the length of the fishing season.

2.1.2. Age Determination
Historically, Pacific herring have been aged using scales (Rounsefell 1930); although more recently, otoliths have
proven reliable indicators of age in many species of marine fishes. I used herring otoliths for age determinations because I had experience in reading northern anchovy (Engraulis mordax) otoliths (Spratt 1975) and because of the
similarity between the two.
The herring spawning season in California is relatively short. Although spawning occurs November through
April, most activity takes place December through March and peaks in January–February. There is a winter anchovy
fishery in Monterey Bay (Figure 3) where herring are commonly
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FIGURE 3. Monterey Bay anchovy and herring fishing areas and relationship to major herring spawning grounds
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caught with anchovy, and a summer bait fishery for herring in Monterey Bay. Therefore, I was able to follow herring throughout an entire year by sampling both the seasonal herring and anchovy fisheries. Because the herring
spawning season is short, it was relatively easy to follow modal sizes of young-of-the-year herring through time by
sampling the catch. I had little doubt as to the age of the young fish.
During January and February 2-year-old herring in the spawning runs average 162 mm (6.4 inches) BL. During
the same period immature (1-year-old) herring in Monterey Bay average 113 mm (4.4 inches) BL. These youngof-the-year herring first appear mixed with anchovy catches from the previous August and September when they are
about 90 mm (3.5 inches) BL. Growth is very rapid during summer but slows during winter, and herring reach 113
mm BL by the time they are 1-year-old. None of these young-of-the-year herring form a visible opaque ring on the
otolith during their first year (Figure 4a). If they do form an opaque ring in their first spring following hatching, it is
not evident because it becomes part of the nucleus. The first true opaque annual ring (Figure 4b) is formed in spring
when herring are about 14- to 15-months-old and about 125 mm (4.9 inches) BL. Because age is defined as the number of complete growing seasons, winter herring complete one more growing season than the number of annual rings
on the otolith would indicate. In the summer herring fishery a fish with two opaque rings would be 2+ years old, or
partly through its third growing season. Because the winter herring roe fishery takes place just before ring formation,
all fish taken in the roe fishery have just completed a growing season, and age in years is assigned as one more than
the number of annual (opaque) rings.

2.2. RESULTS
2.2.1. Age Composition
2.2.1.1. Tomales Bay
Recruitment into the round haul fishery begins at age 2 and is complete by age 3. Two- and 3-year-old herring have
dominated the round haul catch consistently, averaging 57% by number and 43% by weight of the catch for the
1972–73 through 1976–77 seasons (Table 4).
The Tomales Bay fishery was restricted to gill nets only in 1978. Recruitment into the gill net fishery begins at
age 4 and is complete at age 5 or 6. Five through 7-year-old herring dominate the catch consistently (Table 4). The
change in age composition after the 1976–77 season is indicative that the gill net fishery is size selective and not
representative of the population age structure.
There were no samples taken during the 1978–79 season because of sporadic fishing that made it impossible to
anticipate when landings might occur.
In the 1979–80 season landings were again very sporadic and very few samples were taken.
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FIGURE 4. a) Otolith from 1-year-old herring. b) Otolith from 2-year-old herring
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TABLE 4. Age and Weight Composition of the Tomales Bay Catch, 1972–73 through 1979–80 Seasons

2.2.1.2. San Francisco Bay
The age composition of the round haul catch was estimated by number and weight (Table 5). During the three seasons, 1973–74 through 1975–76, 2-year-olds dominated the catch. Recruitment of 2-year-olds into the fishery remained constant and the percentage of herring over 5 years old in the catch increased.

TABLE 5. Age and Weight Composition of the San Francisco Bay Round Haul Catch, 1973–74 through 1979–80
Seasons
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In the 1976–77 season the catch quotas in San Francisco Bay were increased and the fishery extended over most
of the spawning season. This is the only season in which samples were collected throughout the season, and the resulting age composition is the best estimate of the entire spawning population we have been able to obtain. Although
2-year-old herring were strongly represented (24% by number, 15% by weight), it is apparent that herring are not
fully recruited to the fishery at age 2. Three-year-old herring dominated the 1976–77 catch accounting for 34% by
number and 30% by weight of the catch (Table 5).
In the 1978–79 season the round haul fishery was late in the spawning season. This resulted in fewer old herring
in the catch and also suggested that the incoming 1977 year class (2-year-olds) was weak.
In the 1979–80 season the 1977 year class (3-years-olds) was weak but recruitment from 1978 year class
(2-year-olds) was up. Therefore, the 1977 year class was the only one to show poor recruitment since 1973.
Herring caught in the gill net fishery in San Francisco Bay are not representative of the population. Gill nets select
for age 5 through 7. These three age groups comprised an average of 76% of the catch by number from 1977 to 1980
(Table 6).

TABLE 6. Age and Weight Composition of the San Francisco Bay Gill Net Catch, 1973–74 and 1976–77 through
1979–80 Seasons

2.2.2. Size composition
2.2.2.1. Tomales Bay
Sampling of the Tomales Bay round haul catch indicates spawning herring range from 140 to 248 mm (5.6 to 9.8
inches) BL (Appendix I).
The average length of herring taken by gear types has fluctuated from season to season but generally Tomales
Bay herring are larger than San Francisco Bay herring (Table 7).
The gill net catch increased in the 1976–77 season, and data collected from the gill net fishery during the 1976–77
to 1979–80 seasons indicate herring ranged in size from 180 to 248 mm (7.0 to 9.8 inches) BL (Table 7) (Appendix
I). The gill net fishery took place simultaneously with the
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lampara fishery yet the length compositions were very different. It is clear that gill nets were selective toward large
herring.

TABLE 7. Mean Length of Pacific Herring from the Tomales and San Francisco Bay Roe Fisheries, 1973–74
through 1979–80 Seasons

2.2.2.2. San Francisco Bay
Sampling the round haul catch from 1973–74 to 1979–80 indicated spawning herring ranged in size from 128 to 232
mm (5.0 to 9.1 inches) BL (Table 7) (Appendix II). The average size of herring taken each season showed normal
variation and reflected the time the fishery took place in relation to spawning activity. The larger herring spawned
early in the season.
The gill net fishery was clearly selective toward larger herring. The mean length of the gill net catch was consistently larger than the round haul catch (Table 7).

2.2.3. Growth Rate
The growth rate of Pacific Herring in California waters has not been well documented. Miller and Schmidtke (1956)
stated that California herring are smaller than Alaska herring but they did not present length at age data or growth
rates. Samples from 1972–73 to 1974–75 seasonal landings provided data to compute herring growth rates in Tomales and San Francisco Bays. Three years' sampling data were combined to give length frequency by age class for
Tomales Bay (Table 8), and 2 years of sampling data were combined for San Francisco Bay (Table 9). Because
1-year-old herring do not spawn, the length frequencies for both bays include 1-year-old herring which were
sampled during the winter at Monterey.
The von Bertalanffy growth equation poorly estimated length for older year classes in both Tomales and San
Francisco Bay.
A better fit was obtained with the least squares regression: y = A + B (lnX) Where: y = length in mmBL A = X intercept B = slope (rate of growth) lnX = log of age in months
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With fitted constants (Table 10) the least squares regression yields lengths at age that fit the data very well (Table
11). The least squares growth curves calculated for both bays (Figure 5) indicate that Tomales Bay herring are from
1 to 10 mm (0.04 to 0.4 inches) larger at each age than San Francisco Bay herring. The estimated lengths at age from
the least squares regression also show that the growth rates of fish from the two bays diverge, reaching a difference
of 10 mm (0.4 inches) at age 8.

TABLE 8. Length Frequency of the Tomales Bay Catch for the 1972–73 through 1974–75 Seasons Combined
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TABLE 8—Cont'd.

TABLE 9. Length Frequency of San Francisco Bay Catch for the 1973–74 and 1974–75 Seasons Combined
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TABLE 9—Cont'd.

TABLE 10. Constants for Least Squares Regression Formulas for Tomales and San Francisco Bay Herring

TABLE 11. Estimated Length at Age for Tomales and San Francisco Bay Herring
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FIGURE 5. Herring growth curves for Tomales and San Francisco Bays calculated by least squares method
An analysis of covariance indicates that the rate of growth of Tomales and San Francisco Bay herring is significantly different at the 99.5% level (F = 29.34). This difference may be evidence that the herring populations in Tomales Bay and San Francisco Bay are distinct. The faster growth of Tomales Bay herring is probably genetic in origin. Some mixing likely takes place between stocks from the two bays while in the ocean, but is not sufficient to
mask the divergent growth rates.

2.2.4. Length-weight Relationship
Length-weight data on 1,070 herring from San Francisco Bay and 634 herring from Tomales Bay were collected
from 1973 through 1977. The length-weight relationship was determined by using the following formula: W = AL B
where: W = fish weight L = fish length A = y intercept B = slope
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The relationship was determined for each year in both bays and an F test applied to determine annual variation
within bays by testing the equality between slopes. For San Francisco Bay the relationship in 1977 was significantly
different from 1974 and 1976. And in Tomales Bay the relationship of 1975 and 1976 to 1973, 1974, and 1977 was
significantly different.
When all length-weight data within each bay were combined, the relationships generated for each bay were averages reflecting variation in the year classes as they entered the spawning population. The constants and F values for
Tomales Bay and San Francisco Bay (Table 12) indicate males and females do not have significantly different
length-weight relationships in either bay. A comparison of the length-weight relationship between San Francisco
Bay and Tomales Bay populations reveals a difference (Table 12). However, a plot of the data shows that two curves
cross at 215 mm (8.5 inches) BL (Figure 6). Most of the variation between the two curves comes from the extremes
and for all practical purposes the length-weight relationship of herring in the size range of 160–220 mm (6.3–8.7
inches) BL does not differ between San Francisco and Tomales Bays.

TABLE 12. Length-Weight Formula Constants and F Test Results

2.2.5. Age at Maturity
In California herring enter the spawning population at 2 years of age and by age 3 all herring are mature. Oneyear-old herring have not been taken during routine sampling of the roe fishery, but it is possible that some
1-year-old herring may spawn unobserved near the end of the season. There is a gradual shift in the age and size
structure of spawning runs as the season progresses. Early runs are composed of a low percentage of 2- and
3-year-old herring. These younger herring mature later in the season and compose a high percentage of late season
spawning runs.
Age at first maturity occurs later in more northern herring stocks. In British Columbia, herring mature at age 3
and all are mature by age 4 (Outram and Humphreys 1974).
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FIGURE 6. Length-weight relationship for Tomales and San Francisco Bay herring
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2.2.6. Sex Ratio
Sex and biomass (weight) ratios have been determined for each season by gear type for San Francisco and Tomales
Bay fisheries.
The female to male numerical ratio of the Tomales Bay round haul catch ranged between 1:1 and 1:1.3 from 1973
to 1977 (Table 13). Males held a consistent edge in numbers, but weight ratios indicated the biomass of females and
males were nearly equal. For an as yet undetermined reason, females weighed more than males. Hardwick (1973)
found a female to male biomass ratio of 1:1. In the 1977–78 season the fishery was restricted to gill nets and the sex
ratios changed dramatically. The gill net female to male numerical ratio ranged between 1:0.5 and 1:0.7 from 1978
to 1980. Gill nets were not only size selective, but they also selected for female herring.

TABLE 13. Sex and Biomass (Weight) Ratios of the Tomales Bay Herring Roe Fishery, 1972–73 through 1979–80
Seasons
In San Francisco Bay the female to male numerical ratio of the round haul catch (Table 14) ranged between 1:1.3
and 1:0.7 between 1973 and 1980. The gill net landings which began in 1977 have been nearly two-thirds females,
substantiating the selectivity of gill nets for female herring.

TABLE 14. Sex and Biomass (Weight) Ratios of the San Francisco Bay Herring Roe Fishery, 1973–74 through
1979–80 Season

2.3. DISCUSSION
Analysis of the catch is difficult for many reasons. The opening date of the fishery is set prior to the spawning season. The spawning pattern of herring has varied from season to season and this directly bears on results obtained
from sampling the fishery. When the fishery opens before a significant amount of spawning is completed a higher
percentage of older herring is caught. Conversely, a higher percentage of younger herring is caught when the fishery
opens after a majority of spawning is completed. Seasonal catch quotas are small in relation to the fishing capacity
of the
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fleet and quotas can be filled in a week or less. Therefore, it has not been possible to sample an entire season's
spawning run and samples become biased toward a single run or toward either old or young herring. Effects of the
fishery on the population are difficult to detect; however, large scale changes in relative year class strengths should
be detectable.
The average size of herring in the Tomales Bay catch decreased (Table 7) from 1973 to 1976 and showed an expected amount of variation. Since 1977 the average size has increased due to the gill net fishery.
The age composition of the Tomales Bay catch (Figure 7) also reflects the late season fishery in 1976–77. There
were very few fish over 5 years old taken in the round haul fishery and an unusually high percentage of 2-year-olds.
The gill net fishery in the 1977–78 season was dominated by 6-, 7-, and 8-year-old herring indicating that these
older fish were present in the population during the 1976–77 season. No samples were taken in the 1978–79 season
and very few samples in the 1979–80 season.
No trends are apparent from examining mean length (Table 7) or percent age composition (Figure 8) of the San
Francisco Bay catch. The mean length and age composition of the catch are dependent on the length or timing of the
fishing season and changes may not be related to fishing pressure. However, no large scale changes have occurred
since the fishery began. Recruitment into the San Francisco Bay round haul fishery begins at age 2 and is complete
at age 3. The older age classes (6 through 9) remain well represented after 7 years of fishing.
The gill net fishery since the 1976–77 season documented the selectivity of gill nets with about 1% of the gill net
catch being 3-year-olds. Gill nets catch larger herring than round haul nets, and also land a much higher percentage
of females.
The female to male ratio does not appear dependent on the time or length of the fishery with near equal numbers
of both sexes present from season to season. However, gill nets are selective toward females. The fishery is a roe
fishery and the percentage of roe-bearing females in the catch has a direct effect on price paid to fishermen. A gill
net fishery yields a higher economic return per unit of catch than a similar round haul fishery.
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FIGURE 7. Age composition of the Tomales Bay herring roe fishery, 1972–73 through 1979–80 seasons
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FIGURE 8. Age composition of the San Francisco Bay herring roe fishery, 1973–74 through 1979–80 seasons
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3. SPAWNING BIOMASS ESTIMATES
3.1. INTRODUCTION
Herring are known to spawn at many locations along California's coast. Spawning areas south of San Francisco Bay
are minor and spawning probably does not occur at each area every year. Spawning areas from San Francisco Bay
north to Crescent City (Figure 2) (except for the Russian River and Shelter Cove area) have established sport or
commercial fisheries and can be considered as regular spawning areas. This report includes spawning biomass estimates for Tomales and San Francisco Bays only.

3.1.1. Description of Spawning Areas
Tomales Bay and San Francisco Bay are the primary spawning areas in California and are described in detail. A
brief description of other spawning areas and available knowledge of associated spawning populations is given for
comparison only.

3.1.1.1. San Francisco Bay
San Francisco Bay is sheltered from the ocean and influenced by freshwater. Spawning areas are primarily the intertidal zone and immediately adjacent subtidal areas to a depth of 4.5 m (15 ft). Herring literally cover the rocky and
sandy shoreline and its associated vegetation with spawn. The only areas not utilized are mud flats with no vegetation. The shoreline areas most often utilized by herring are just inside the Golden Gate Bridge along the Marin Peninsula, the Tiburon Peninsula, Angel Island, and across the bay between Richmond and Oakland (Figure 9). This
constitutes over 30 miles of shoreline and is our survey area for intertidal spawns. Miller and Schmidtke (1956) also
found herring spawning primarily within this area. Herring have been known to spawn at the northern terminus of
San Pablo Bay (Croker 1930) and limited spawning has been observed in south San Francisco Bay.
The major subtidal spawning areas are Richardson Bay and the large shallow area between Richmond and Oakland (Figure 9). The vegetation in both of these areas is predominantly Gracilaria spp. with small patches of Zostera
marina found in localized areas. The subtidal spawning areas were discovered in 1978 and have proven to be the
major spawning areas for herring in the bay.

3.1.1.2. Tomales Bay
Tomales Bay lies in Marin County, a short distance north of San Francisco (Figure 3). It is 20.1 km (12.5 miles)
long and averages nearly 1.6 km (1 mile) wide. The bay is completely sheltered from oceanic wave action, and considerable freshwater runoff enters the bay.
Hardwick (1973) documented the species composition and biomass of the marine flora in Tomales Bay and found
that eel grass, Zostera marina, comprised 75% by weight of all vegetation in the bay. Although herring spawn on
Fucus spp., Ulva spp., Macrocystis sp., Gracilaria spp., Philospadix
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sp., Gigartina spp., and other algae, eel grass is the primary spawning substrate (Figure 10).

FIGURE 9. San Francisco Bay shoreline and subtidal areas utilized as herring spawning grounds

3.1.1.3. Bodega Bay
Herring spawnings have been reported in Bodega Bay (Figure 3) by Miller and Schmidtke (1955) and Hardwick
(1973). Although there are known spawning areas in the bay, no surveys have been conducted.

3.1.1.4. Russian River
Spawnings have been reported in this area but their location and magnitude are unknown.

3.1.1.5. Fort Bragg
The Noyo River estuary at Fort Bragg has limited eel grass beds which herring utilize. A small sportfishery provides
herring for private use.
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3.1.1.6. Shelter Cove
Miller and Schmidtke (1956) reported herring spawning in this area but the location and magnitude of spawns have
not been determined.

FIGURE 10. Tomales Bay with numbered eel grass beds
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3.1.1.7. Humboldt Bay
Herring spawning biomass was estimated to be 372 tons (388 mt) in 1975 and 241 tons (219 mt) in 1976 by Rabin
and Barnhart (1976). They found that herring spawn primarily on eel grass beds in the northern part of the bay.
There are also extensive eel grass beds in the south part of Humboldt Bay that were not utilized by herring.

3.1.1.8. Crescent City Harbor
The harbor breakwater and all rocky areas and kelp beds near the harbor provide spawning habitat. Spawns sampled
in 1976 indicate moderately heavy spawnings occur over limited areas inside Crescent City Harbor.

3.1.2. Fecundity
Hardwick (1973) estimated herring fecundity at 114 eggs/g of fish, both sexes combined. Kaill (unpublished
manuscript) estimated 108 eggs/g of herring. Both estimates were arrived at independently for Pacific herring in Tomales Bay. Rabin and Barnhart (1977) estimated fecundity at 110 eggs/g of herring. I have used Hardwick's fecundity estimate in calculating spawning biomass estimates for Tomales and San Francisco Bays.

3.2. METHODS
3.2.1. Tomales Bay
The method used to estimate spawning biomass in Tomales Bay involves estimating the total number of eggs
spawned during a season and using fecundity to convert number of eggs to biomass of adult spawners.

3.2.1.1. Sampling Techniques
The principal spawning substrate in Tomales Bay is eel grass. Every eel grass bed in the Bay (Figure 10) was
sampled daily, weather permitting, from early December through mid-March. Spawn samples were collected by
towing a rake through the eel grass beds. The rake also was used to determine both the perimeter of spawnings and
the perimeter of the eel grass beds. The eel grass beds were reached with a 4.5-m (15-ft) outboard motorboat. A survey of the entire bay took approximately 4 hr if no spawnings were found.
Before spawning began in the 1973–74 season, the eel grass beds were measured and the area recorded. These
measurements were revised seasonally. Most of the beds with an area of less than 10,000 m2 (12,000 yards2) were
measured directly in the field. The larger beds between White Gulch and Toms Point (Figure 10) were plotted on
Coast and Geodetic Survey Chart 5603 by triangulation with landmarks and their area determined. The area of beds
changed annually but in March 1980 all beds combined totaled 3.9 million m2 (Table 15).
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TABLE 15. Tomales Bay Eel Grass Beds as Measured in March 1980
Spawnings on small eel grass beds generally covered the entire bed. This simplified our surveys because the beds
were already measured. Spawnings on larger eel grass beds quite often covered only a portion of the bed. When this
happened, the spawning area was plotted and estimated.
Spawning runs seldom were restricted to a single eel grass bed, but often covered several beds in one night or in a
series of nights. Each bed was sampled as a separate spawning, and the totals were summed. Sampling rates were
determined by area of each spawning site. Generally, we took no less than three samples from small spawning sites
and no more than 10 samples from extensive spawning sites. A sample consisted of a single tow with the rake
through the eel grass. In dense beds we would collect 1 kg (2.2 lb) or more of eel grass, while in sparse beds it might
be less than 100 g (0.2 lb). The location for starting each tow was not predetermined but tows were scattered
throughout each bed. The entire sample of eel grass collected by the rake was placed in a plastic bag, labeled with
sample number, day, and location from which the sample was taken. Samples were refrigerated if they could not be
worked up within a few hours.
Eel grass samples were processed by removing a representative subsample of 1 to 10 g (0.002 to 0.02 lb) from the
bag and weighing it. The denser the egg deposits, the smaller the subsample because of the large numbers of eggs
that had to be counted. The eggs were counted while they adhered to the eel grass. If several layers of eggs were on
the eel grass, many eggs were removed and large clusters broken into small ones then counted. The total number of
eggs was recorded, then all remaining eggs were stripped from the eel grass and the clean eel grass weighed. We
then had the total number of eggs spawned per unit weight of eel grass.

3.2.1.2. Eel Grass Densities

The density of eel grass (kg/m2) was an integral part of our population estimates, but varied widely from bed to bed
as well as within individual beds. It was one of the major sources of error in our estimates.
Department divers determined densities of the eel grass beds in April, after the 1976 spawning season. Due to
poor weather conditions and prior commitments by the divers, only a minimal survey was completed. Three areas
were surveyed: Bed 9, a very dense bed; Bed 22, of medium density;
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and Bed 23, with low density (Figure 10). Thirty-meter (100-ft) transects were laid out randomly within each bed.
The divers swam along the transects and determined the percentage of the bed that was actually eel grass. Most beds
have a patchy distribution of eel grass. Three transects were made in Bed 9 and two transects each in Beds 22 and
23. Three 0.25 m2 samples of eel grass were taken from Bed 9 and two each from Beds 22 and 23. The samples
were taken from areas of 100% eel grass. The 0.25 m2 samples of eel grass were weighed and a subsample taken
and stripped of excess water. The eel grass was weighed to determine the percentage weight change due to moisture
loss. In this manner the weight of eel grass was determined in the same manner as the spawn density (eggs per unit
weight of eel grass). Eel grass densities (Table 16) were applied to similar areas throughout the bay. Even though eel
grass density samples were taken from beds that had not been decimated by birds, the eel grass density figures are
considered conservative due to cropping by birds during the season before densities were determined.

TABLE 16. Densities of Selected Tomales Bay Eel Grass Beds

3.2.1.3. Effect of Predation
The total predation on herring spawn deposits by gulls, diving birds, and fish can be extensive. In Canada, Outram
(1958) estimated total predation at 56% to 99% and found 66% of predation occurred within 3 days of spawning.
Cleaver and Franett (1946) estimated 66% predation after 4 days. Hardwick (1973) implies predation could reach
90% a week after spawning occurs in Tomales Bay. These are maximum rates, predation is actually quite variable
and no general rate can be applied to spawnings that occur.
Predation in Tomales Bay was not considered a factor in estimating biomass. Most of the spawnings were
sampled less than 1 day after they occurred. In many cases no predation was observed because we found the spawnings before birds gathered in the area. Nevertheless, the density (kg/m2) of eel grass is greatly reduced by diving
birds. The leaves are torn off and often whole plants are pulled out of the substrate. By the end of the spawning season many lush beds of eel grass have been cropped by diving birds to within a few inches of the substrate.

3.2.1.4. Biomass Computation
Four separate estimates are needed to compute spawning biomass: (i) number of eggs/kg eel grass; (ii) kg eel grass/
m2; (iii) m2 of spawn; and (iv) fecundity. Each of these estimates contributes to the variance of the
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biomass estimates and makes it extremely difficult to determine confidence limits. The total number of eggs
spawned at a given time is represented as:

EQUATION
The total number of eggs is converted to short tons of herring by multiplying by 0.966 X 10-8, which is:

EQUATION

3.2.2. San Francisco Bay
3.2.2.1. Sampling Techniques for Intertidal Spawns
Herring will spawn on all types of substrate (except mud) in intertidal and shallow subtidal areas. Therefore,
sampling techniques dfferent than those used in Tomales Bay were necessary. A daily search of the intertidal area
(Figure 9) was conducted at or near low tide. The intertial area was observed from a boat cruising parallel to the
shoreline. We made occasional stops for close-up inspection of the area, but spawnings were usually unmistakable
due to the presence of gulls in the area (Figure 11).

FIGURE 11. Predation by gulls on herring spawn in San Francisco Bay
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When an intertidal spawn occurred, the perimeters were determined and marked on Coast and Geodetic Chart
5532 and the length of shoreline was measured from the chart. The width of the spawning area was measured at
three to five sites and the results averaged. Measurements were made from the high tide mark to the outer limit of
egg deposits, which is subtidal and could not be determined readily from the surface. We found that in rocky areas a
2.4-m (8-ft) length of pipe threaded at one end, if probed along the bottom, would pick up herring eggs in the
threads. In soft bottom areas the rake was used to determine the outer edge of spawn deposits. At low tide the spawn
rarely extended to a depth greater than 4.5 m (15 ft) and these proved simple, fast instruments of measuring spawn
widths. The spawning area was computed from the linear shoreline length and average width measurements. I found
that widths in light to moderate spawning generally were 11 to 18 m (12 to 20 yd), and 18 to 27 m (20 to 30 yd) in
heavy spawnings.
I used a two-stage, random sampling plan to collect egg samples in San Francisco Bay. Each sample consisted of
three subsamples. The shoreline at each spawning site was divided into equal sections of approximately 930 m2
(10,000 ft2). Between 3 and 10 of the 930 m2 (10,000 ft2) sections were randomly selected. From each selected section, I took three, 100 cm2 (15.5 inch2) random subsamples. The calculated density of egg deposits for each section
was the mean value from the three subsamples. The 100 cm2 (15.5 inch2) subsample areas were selected near the
water line and all eggs and algae were removed from the area. When algae was not present, eggs were scraped off
rocks or the rock was removed and saved if practical. Occasionally, when densities were very light, it was possible
to count the eggs in the field. Otherwise, the egg and alga samples were placed in plastic bags, labeled with sample
number, date, and location, and refrigerated until they could be processed.
Beginning in the 1974–75 season we placed 152-mm (6-inch) diameter cement disks throughout the spawn area
after we finished sampling to determine if additional spawning occurred. When additional spawnings occurred, the
average number of eggs on the disks was determined and extrapolated over the spawn area. The additional spawning
biomass was added to that determined from the regular samples. The disks had not been used during the 1973–74
season; however, we did examine spawns periodically for newly deposited eggs.
Eggs and algae in the 100 cm2 subsample were weighed. The number of eggs was estimated by weighing an aliquot of the subsample, counting the eggs in that portion, and calculating the number of eggs in the subsample.
Spawning area is measured in the field as a flat surface. Actually this is not the case; there is considerably more
surface available in rocky or irregular substrates. To compensate for this irregular substrate, area expansion factors
were determined during the 1976–77 season and are included in the estimates. The shoreline of the Bay was mapped
according to rock diameter (Figure 12) and divided into four size categories: (i) sand or cobble under 152 mm (6
inches); (ii) rocks 152 to 305 mm (1 ft); (iii) rocks 305 to 914 mm (3 ft); (iv) breakwater rocks over 914 mm. Three
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horizontal, 8.5-m (10-yard) transects were measured in each size category area. Then the same transects were measured following the contour of the rocks. Expansion factors for each size category were determined by averaging the
length of the three contour transects and dividing by 8.5 m (10 yards). Expansion factors of 1.13, 1.22, or 2.10 were
applied to each individual sample of eggs according to substrate size (categories 2, 3, or 4, respectively) at the
sample site, and egg densities were increased accordingly. Spawnings on sand or cobble substrate were not expanded.

FIGURE 12. Diameter of rocky intertidal spawning substrate utilized by herring in San Francisco Bay

3.2.2.2. Sampling Techniques for Subtidal Spawns

Vegetation Survey. It was necessary to estimate the density (kg/m2) of subtidal vegetation in order to calculate
spawning biomass. Divers collected samples of subtidal vegetation in Richardson Bay during November 1979. I
mapped the vegetation in Richardson Bay by collecting qualitative
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samples with a rake. The area was divided into sections of light, medium, and heavy densities. Five random stations
were selected from each section by placing a grid over the area to be sampled, numbering the points where grid lines
intersected, and drawing random numbers to determine station points (Figure 13). Divers collected from 10, 0.25 m2
quadrats at each station. Samples of vegetation were sorted by species and weighed. Gracilaria sp. and Zostera marina were the only species of vegetation collected in Richardson Bay. The combined density (kg/m2) of Gracilaria sp.
and Zostera marina ranged between 0.003 and 0.164 kg/m2 (Figure 13).

FIGURE 13. Vegetation density (kg/m2) at randomly selected stations in Richardson Bay
Divers also surveyed the east side of San Francisco Bay between Richmond and Oakland in January 1980 (Figure
14). This survey was inconclusive because vegetation densities had been drastically reduced by predation on previous spawns or by tidal action which is strong enough to
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pull spawn laiden Gracilaria from the soft mud bottom. Only one small area of extremely dense (1.5 kg/m2) Gracilaria sp. in Richmond inner harbor remained undisturbed. Gracilaria sp. densities in all other areas of the east bay
were determined subjectively by assigning vegetation densities from Richardson Bay to areas of similar density in
the east bay. Three broad categories, 0.01 kg/m2, 0.1 kg/m2, and 0.2 kg/m2 were used (Figure

FIGURE 14. Distribution and density of vegetation used to estimate biomass of subtidal herring spawn in San Francisco Bay on December 13–15, 1979
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14). These densities are my best estimate of the vegetation present before the 1979–80 spawning season began.

3.2.2.3. Spawn Sampling
Samples were collected from a small boat by towing a rake through vegetation. A random sampling plan was not
utilized but samples were collected throughout each spawn area, then placed in a labeled plastic bag. The sample
was processed by first washing vegetation and attached eggs then damp drying and weighing. The eggs were counted on the vegetation, or removed and estimated when large numbers of eggs were present by determining the number of eggs per gram and multiplying by total grams of eggs. While eggs were being removed the clean vegetation
was placed in water to prevent drying and when all eggs were removed the clean vegetation was damp dried and reweighed. This process yields the number of eggs per unit weight of vegetation.

3.2.2.4. Biomass Computation
The average number of eggs per square meter was calculated, and total number of eggs determined and converted to
short tons of herring.
During low tide as much as 50% of a spawn may be exposed and subjected to severe predation by gulls. Although
predation occurs on every spawn it is probably not a critical factor in determining year class strengths. However, in
order to estimate the number of eggs spawned, it must be taken into consideration. We conducted replicate sampling
on two occasions during the 1973–74 season. A second series of samples was collected from the same sample locations 1 day later and indicated a predation rate of 82%. During the 1974–75 season replicate samples were collected
1 week after a spawn occurred and yielded predation rates of 87% (Table 17) indicating that most predation occurs
the first few days after a spawn.

TABLE 17. Estimate of Predation on Intertidal Herring Spawn in San Francisco Bay
These predation rates were applied to portions of certain spawns in 1973–74 because we could not sample the day
after spawning occurred. All spawns in 1974–75 were sampled soon after they occurred and no corrections for predation were applied, even though gulls were feeding in the area before our samples were taken. It was difficult to estimate the effect of a few hours of predation. From 1975–76 through 1979–80 corrections for predation were applied
cautiously, and only used on intertidal spawns when egg loss was severe.
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3.3. RESULTS
3.3.1. Tomales Bay Spawning Biomass Estimates
Eel grass is the principal substrate used for spawning in Tomales Bay. The biomass of herring that spawned on substrate other than eel grass was undetermined and estimates of spawning biomass arrived at from surveying only eel
grass beds are conservative.

3.3.1.1. 1973–74 Season
There were 33 separate spawning sites and there could have been as many as eight spawning runs. Nevertheless,
there were only four major spawnings which accounted for 93% of the herring spawning biomass estimate.
It is not necessary to describe each spawning individually because they were all similar, generally differing only
in size of spawning area. Date, location, area, density, and biomass estimates were recorded for each of the 33
spawn sites (Appendix III).
The larger beds near White Gulch and Toms Point accounted for most of the biomass estimate, but spawns were
no more frequent there than on the smaller beds along the south shoreline (Figure 11).
My estimates indicate a minimum of 626 billion eggs were spawned, equivalent to 6,041 tons (5,480 mt) of herring. The season's catch was 521 tons (472 mt) of prespawners. Adding this catch to our estimate, the spawning biomass becomes 6,562 tons (5,953 mt) (Table 18).

TABLE 18. Tomales Bay Pacific Herring Spawning Biomass Estimates, 1973–74 through 1979–80 Seasons

3.3.1.2. 1974–75 Season
There were 23 separate spawning sites. Intervals between spawns indicate 8 to 11 runs occurred during the season.
As in the 1973–74 season, four major spawns accounted for 92% of all spawning activity.
Date, location, and estimated biomass were recorded for each of the 23 spawn sites (Appendix III). The larger eel
grass beds near White Gulch and Toms Point accounted for most of the estimate (Figure 11), but spawning occurred
on these beds no more frequently than on the smaller beds along the north and south shore (Figure 11).
My estimates indicate a minimum of 436 billion eggs spawned by 4,210 tons (3,819 mt) of herring. The season's
catch was 518 tons (470 mt). Adding the catch to the estimate, the spawning biomass becomes 4,728 tons (4,289 mt)
of herring (Table 18).
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3.3.1.3. 1975–76 Season
There were 47 separate spawning sites during the season. This represents a 42% increase over the 1973–74 season
and 104% increase over the 1974–75 season. There were at least 10 spawnings during the season, but the four
largest spawnings accounted for 91% of the season's spawning activity. Date, location, and estimated biomass were
recorded for each of the 47 spawning sites (Appendix III).
The 1975–76 season estimate was second only to the 1977–78 season for herring in Tomales Bay. Including the
catch of 144 tons, the spawning biomass for the season was 7,913 tons (7,178 mt) (Table 18).

3.3.1.4. 1976–77 Season
Eight runs took place during the season. The first spawn occurred December 1, 1976, and by January 6, 1977, about
85% of the season's spawning activity was completed. As in previous years four major spawns accounted for 90% of
the spawning biomass. Biomass estimates were computed for each of the 65 individual spawn sites (Appendix III).
More spawn sites were found this year but spawn densities were generally lower and areas smaller than previous
years.
I estimated 490.6 billion eggs were spawned by 4,739 tons (4,299 mt) of herring. By including the catch of 344
tons (312 mt) the season's spawning biomass is increased to 5,083 tons (4,610 mt) (Table 18).

3.3.1.5. 1977–78 Season
Herring spawned at 49 locations in Tomales Bay. At least 12 spawning runs took place. Two major spawns from
January 10 to 25 totaled 88% of the season's estimate. The total spawning area utilized and density of egg deposits
(Appendix III) were the highest recorded during the 7 years of the survey.
I estimated 2,227 billion eggs spawned by 21,517 tons (19,519 mt) of herring. Including the catch of 646 tons
(586 mt) the season's spawning biomass becomes 22,163 tons (20,105 mt) (Table 18). The increase this season in
Tomales Bay of approximately 15,000 tons (13,608 mt) corresponds with a decrease of about 19,000 (17,236 mt)
tons in San Francisco Bay estimates. The cause(s) of these changes in abundance are not well understood, but the
herring obviously altered their normal spawning pattern this season and it is possible that San Francisco Bay herring
spawned in Tomales Bay.

3.3.1.6. 1978–79 Season
Tomales Bay was not surveyed during the 1978–79 season and no estimates of spawning biomass were determined.

3.3.1.7. 1979–80 Season
There were 24 separate spawning sites during the season. Only seven spawning runs took place and the two largest
spawns totaled 86% of the season's estimate (Appendix III). Eel grass beds near Hog Island (Figure
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11) accounted for over 66% of the spawning activity during the season. No spawns were found in Tomales Bay during March, but a small spawn was reported just outside Tomales Bay at Tomales Point.
An estimated 561 billion eggs were spawned by 5,420 tons (4,916 mt) of herring. By including the catch of 603
tons (547 mt) the season's spawning biomass estimate is increased to 6,023 tons (5,463 mt) (Table 18).

3.3.2. San Francisco Bay Spawning Biomass Estimates
Only intertidal or shoreline spawns were surveyed in San Francisco Bay until the 1978–79 season, when subtidal
spawns were first included.

3.3.2.1. 1973–74 Season
Four spawnings occurred during the 1973–74 spawning season (Appendix IV). The first, December 16–19, 1973,
occurred along the Tiburon Peninsula (Figure 15) and the spawn estimate was 333 tons (302 mt) of herring. Because
of darkness, sampling was not completed until the following day. Thus a predation rate of 82% was applied to that
area not sampled the first day, and this increased the spawn estimate to 351 tons (318 mt) of herring.

FIGURE 15. San Francisco Bay herring spawn locations during the 1973–74 season
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The next spawning began on February 5, 1974, and lasted 7 days. This was the most extensive spawning of the
season (Figure 15). The spawn was estimated at 1,102 tons (1,000 mt) of herring.
Predation was again a factor. Part of this spawning took place over a weekend and was not sampled until the following Monday. Gulls were common throughout the area, and a predation rate of 82% increased the original estimate to 1,777 tons (1,612 mt) of herring.
The third spawning on February 28th extended along the north side of the Tiburon Peninsula (Figure 15). Unfortunately, this spawning occurred during severe weather conditions and was not located until nearly 1 week after it
occurred. Predation was evident and assumed to be 95%. As a result the estimate was increased to 140 tons (127 mt)
of herring.
The fourth spawning (Figure 15) on March 17, 1974, was not sampled until Monday, March 18th. The 82% predation factor was applied and increased the estimate to 1,973 tons (1,790 mt) of herring.
All four spawnings with corrections for predation totaled 4,241 tons (3,847 mt) of herring which spawned 439 billion eggs. The catch of 1,938 tons (1,758 mt) placed the estimated spawning population for the 1973–74 season at
6,179 tons (5,605 mt) (Table 19).

TABLE 19. San Francisco Bay Pacific Herring Spawning Biomass Estimates, 1973–74 through 1979–80 Seasons
Spawning biomass estimates for the 1973–74 season were much lower than estimates obtained in following seasons. This season should be considered a trial season in which methods evolved and personnel became familiar with
techniques used in the field. We did not have a good method for detecting repeat spawnings in areas before the initial spawn deposits hatched and repeat spawnings are very common. Also weather conditions were severe and
hampered our field work on many occasions.

3.3.2.2. 1974–75 Season
Five spawnings occurred during the 1974–75 season (Appendix IV). Spawnings that could not be sampled until 1 to
3 days after they occurred exhibited either no predation or egg deposits were so heavy that predation by gulls had
little impact and our 82% predation rate for moderate spawnings seemed inappropriate. No correction for predation
was applied to any of the spawnings during the 1974–75 season.
The first spawning occurred on December 8, 1974, along the west side of the Tiburon Peninsula (Figure 16). The
second spawning of the season occurred on January 3–4, along the Tiburon Peninsula and Sausalito (Figure 16).
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One of the more extensive spawnings ever recorded in the Bay occurred January 20–25, 1975. Over 37 km (23
miles) of shoreline were covered over the 6-day period. This series of spawnings covered nearly the entire survey
area (Figure 16).

FIGURE 16. San Francisco Bay herring spawn locations during the 1974–75 season
The fourth spawning of the season occurred about February 15, 1975, outside of our survey area at Coyote Pt. in
the southern part of San Francisco Bay (Figure 17). I believe this was the only spawning in south Bay that year. A
ranger at Coyote Pt. Park reported herring have spawned at their marina in past years. Miller and Schmidtke (1956)
also reported that spawning had taken place near this area. This spawning was not sampled because most of it was
subtidal. The spawning area was measured and totaled only 8,300m2 (9,900 yds2).
I estimated a total of 2,776 billion eggs deposited during the season by 26,820 tons (24,330 mt) of herring (Table
19). This season's catch was not included in biomass estimates because an undetermined amount of spent herring
were caught.
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FIGURE 17. Known and potential spawning areas in south San Francisco Bay
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3.3.2.3. 1975–76 Season
Five spawnings occurred within the survey area this season (Appendix IV). Two minor spawnings at Coyote Point
in south San Francisco Bay were not included.
The first recorded spawning of the season occurred on December 17, 1975, along the Tiburon Peninsula (Figure
18).

FIGURE 18. San Francisco Bay herring spawn locations during the 1975–76 season
The third spawning was the second largest spawning ever recorded in the Bay. The pattern of one massive spawning per year was repeated this season. From January 13 through 17, 1976, herring spawned on over 32 km (20 miles)
of shoreline, covering nearly the entire survey area (Figure 18). The total area covered by this spawning did not
equal the third spawning of 1974–75, but the egg deposits were among the heaviest ever recorded. A total of 1,543
billion eggs was deposited by 14,902 tons (13,519 mt) of herring.
The fourth spawning occurred on February 6, 1976, along Sausalito and the Tiburon Peninsula (Figure 18). Predation by gulls was noticeable but not extremely heavy, and an arbitrary predation rate of 50% was applied
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to the Sausalito portion of spawning and raised the estimate to 6,246 tons (5,666 mt) of herring.
An estimated 2,621 billion eggs were deposited during the season by 25,318 tons (22,968 mt) of herring. Including the catch of 1,719 tons (1,559 mt), the spawning biomass estimate for the season was 27,037 tons (24,527 mt)
(Table 19).

3.3.2.4. 1976–77 Season
Eight spawnings were surveyed during the 1976–77 season (Appendix IV). An arbitrary predation rate of 50% was
applied to the spawning of December 17, 1976, because predation was evident but not severe. All other spawnings
were sampled the day after they occurred or exhibited very little predation by gulls.
The first spawning of the season occurred December 2, 1976, near Belvedere (Figure 19) and was estimated at 72
tons (65 mt) of herring.

FIGURE 19. San Francisco Bay herring spawn locations during the 1976–77 season
The largest spawning of the season occurred from February 1 to 10, 1977. This pattern of one spawning much larger than any of the others was evident during the 1974–75, 1975–76, and 1976–77 seasons. The area of this
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spawning, 239,400 m2 (286,000 yds2), was not extensive but the spawn densities were the heaviest ever recorded at
4,214,900 eggs/m2 compared to the next heaviest 2,777,000 eggs/m2 in January 1976. The spawning covered most
of the Tiburon Peninsula shoreline (Figure 19). A total of 1,007 billion eggs were spawned by 9,371 tons (8,829 mt)
of herring.
There were two subtidal spawnings during the season that could not be measured quantitatively; although I
sampled the area involved and found heavy egg deposits. I felt these spawnings should be included in our estimates
and used conservative spawn density figures to estimate spawning biomass in both cases.
The first subtidal spawning occurred on January 25, 1977, in Richardson Bay (Figure 19). Eggs were deposited on
Gracilaria sp. and appeared to be very heavy. Spawnings of similar density on eel grass in Tomales Bay have had as
high as 13 million eggs/m2 and 5 to 7 million eggs/m2 were common. I used a conservative estimate of 1 million
eggs/m2 for the Richardson Bay spawning, and estimated that 104 billion eggs were spawned by 1,005 tons (913
mt) of herring.
The other subtidal spawning occurred February 23–24, 1977, near Angel Island (Figure 19). A quantitative
sample could not be taken but a 13-mm (0.5-inch) layer of eggs was grappled from the bottom in several places.
This egg density approaches the density of the February 1–10 spawning or about 4.2 million eggs/m2. To be conservative, I used an egg density figure of 2.1 million eggs/m2, or about one-half that of the February 1st spawning, and
estimated 140 billion eggs were spawned by 1,359 tons (1,233 mt) of herring.
For the entire 1976–77 season I estimated 2,316 billion eggs were spawned by 22,375 tons (20,298 mt) of herring.
The catch of approximately 4,201 tons (3,811 mt) brings the season spawning biomass to 26,576 tons (24,109 mt)
(Table 19).
Four additional spawnings were found during the season, but no biomass estimates were made because they were
either too difficult to sample or were outside our survey area. Two were at Coyote Point in south San Francisco Bay
and two were in Sausalito where wharves and yacht harbors made sampling difficult. Therefore, spawning population estimates are conservative but still compare favorably with previous seasons.

3.3.2.5. 1977–78 Season
Eight spawns were surveyed during the 1977–78 season (Appendix IV). A predation rate of 50% was applied to part
of the spawn on December 19, 1977, because it was not sampled immediately after the spawn occurred; predation
was evident but not severe. The spawn on January 9, 1978, was not sampled until the eggs were about to hatch and a
predation rate of 95% was applied.
The first spawn began December 16, 1977, on the Tiburon Peninsula and near Richmond (Figure 20). On December 20, 1977, the spawning activity spread to include Angel Island. This was the largest spawn found that season and
totaled 1,878 tons (1,703 mt) of herring.
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FIGURE 20. San Francisco Bay herring spawn locations during the 1977–78 season
Only one other large spawn was found that season. On January 23–24, 1978, a total of 1,217 tons (1,104 mt) of
herring spawned along the Marin Peninsula and Angel Island.
For the season I estimated that 381 billion eggs were spawned by 3,682 tons (3,340 mt) of herring. The catch during the roe fishery was 4,987 tons (4,524 mt) and raised the spawning biomass estimate to 8,669 tons (7,864 mt)
(Table 19). This is the lowest estimate since the 1973–74 season and coincides with an unusually high estimate for
Tomales Bay. It is possible that a significant portion of San Francisco Bay herring altered their normal spawning
pattern and spawned in Tomales Bay during the 1977–78 season.

3.3.2.6. 1978–79 Season
We found nine spawns during the 1978–79 season (Appendix IV). On January 20, 1979, a major subtidal spawn was
located in Richardson Bay (Figure 21). This is the first significant subtidal spawn to be included in the estimates,
and it is likely that other large subtidal spawns went undetected in previous seasons when our surveys concentrated
on the intertidal
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areas of the Bay. The total area of the Richardson Bay spawn, nearly 5 million m2 (5.9 million yds2), was many
times the total spawning area in any previous season. We were not prepared to sample subtidal spawns, but arrived
at an estimate by qualitatively dividing the area into heavy and light egg deposits and using spawn density figures of
500,000 and 100,000 per m2. Most of the spawn area had heavy egg deposits and the average egg density was calculated to be 339,000 eggs/m2. This estimate is conservative and equal to a relatively light spawn in eel grass. I estimated 1,676 billion eggs were spawned by 16,200 tons (14,696 mt) of herring. I now believe that areas with subtidal
vegetation in San Francisco Bay are of equal or greater importance than intertidal areas.

FIGURE 21. San Francisco Bay herring spawn locations during the 1978–79 season
The other eight spawns found during the season were intertidal and no predation rates were applied to any of these
spawns. For all nine spawns I estimated that 3,372 billion eggs were spawned by 32,580 tons (29,556 mt) of herring.
The catch of 4,121 tons (3,738 mt) during the season increased the spawning biomass to 36,701 tons (33,294 mt)
(Table 19).
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3.3.2.7. 1979–80 Season
The 1979–80 season is the first season in which a concerted effort was made to estimate the magnitude of subtidal
spawning in San Francisco Bay. Ten spawns were found during the season (Appendix V). The total spawning area
utilized was over 31 million m2. Only 3% of this area was intertidal, but the intertidal egg densities were higher than
subtidal egg densities and intertidal spawning accounted for 21% of the estimated spawning biomass for the season.
The intertidal areas of the Bay remain important spawning areas but it is evident that the primary spawning grounds
of San Francisco Bay are those shallow subtidal areas with dense vegetation.
The largest spawn of the season occurred December 13, 1979, in the shallow part of the east Bay between Richmond and Oakland (Figure 22).

FIGURE 22. San Francisco Bay herring spawn locations during the 1979–80 season
The 1979–80 season's spawning estimate is the largest to date. I estimated 4.8 billion eggs were deposited by
46,439 tons (42,129 mt) of herring. Including the catch of 6,430 tons (5,833 mt), the spawning biomass estimate for
the season is 52,869 tons (47,962 mt) (Table 19).
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3.3.3. Biomass Estimates Humboldt Bay
The herring spawning stock size was estimated for Humboldt Bay during the 1974–75 and 1975–76 spawning seasons (Rabin and Barnhart, unpublished manuscript). A summary of their results is included here to give a complete
picture of what is known about herring stock sizes in California. Rabin and Barnhart estimated that 372 tons (337
mt) and 241 tons (218 mt) spawned in 1975 and 1976, respectively. While eel grass is found throughout Humboldt
Bay, about 99% of the spawning activity was in the northern half of Humboldt Bay.

3.3.4. Tidal Relationship
The tides are known to control the spawning of California grunion, Leuresthes tenuis (Walker 1952). Herring
spawnings are quite often intertidal and the possibility of a tidal relationship exists.
The days that herring spawned from 1974 to 1976 were plotted on a December to March time scale. No relationship was evident when compared with daily high tides in Tomales Bay and spawnings did not relate to new or full
moon. However, San Francisco Bay herring did show a relationship with the tides, but in an unexpected manner.
Along the Pacific coast, there are two high tides daily. If the highest daily tide is plotted as occurring during daylight or darkness and compared with days when spawning took place (Figure 23), a relationship is apparent. From
1973 to 1976, 16 intertidal spawnings occurred and 14 of these at least partially took place on days when the highest
daily tide was during darkness. During the 1973–74 and 1974–75 seasons, at least part of every spawning occurred
when the highest daily tide was at night, but in the 1975–76 season two spawnings did not follow this pattern.
Over the years, 53% of the highest daily tides were at night and, if spawning was random, about one-half of the
spawnings should have occurred on these nights. Our surveys found that 88% of all spawnings occurred on these
nights. This difference is significant at the 99% level (X2 = 16.21 with 2 D.F.). This pattern continued during the
1977 season when 40% of the highest daily tides were at night and 57% of the spawnings occurred on these nights.
Using this relationship of herring spawnings with the tidal cycle in San Francisco Bay, it appears possible to predict the time when runs are most likely to occur.

3.4. DISCUSSION
3.4.1. Tomales Bay
Estimates of Pacific herring spawning biomass for Tomales Bay from 1973 through 1980 were higher than any previously recorded. For all practical purposes, the resource was not fished commercially from 1963 to 1973, and fishing was light for the 10-year period prior to that (Table 1). An increase in the herring population size could have occurred during this 20-year period.
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FIGURE 23. Herring spawn relative to tidal state, 1973–74 through 1975–76 seasons. Shaded areas are days when
the highest daily high tide occurred during darkness; dots represent days that herring spawned each month
Hardwick (1973) found that methods used by Miller and Schmidtke (1956) in Tomales Bay were in need of revision; fecundity estimates particularly were necessary because data were not available for herring in California.
Miller and Schmidtke used fecundity data for Canadian herring (Hourston 1953). Hardwick estimated that 1 short
ton of herring would spawn 103 million eggs, whereas Miller and Schmidtke used a fecundity of 59 million eggs per
short ton of herring.

62

Hardwick (1973) estimated 2,500 tons (2,268 mt) of spawning biomass in 1971 and 1,600 tons (1,451 mt) in
1972. Hardwick's improved fecundity data when applied to 1955 results lowered Miller and Schmidtke's (1956) estimate from 4,000 tons (3,629 mt) to 2,200 tons (1,996 mt).
Past data were quite comparable then, with estimates ranging from 1,600 to 2,500 tons (1,451 mt to 2,268 mt).
However, neither Miller and Schmidtke (1956) nor Hardwick (1973) made allowance for predation on spawn deposits before they were sampled. Miller and Schmidtke sampled once or twice per week at the most, while Hardwick
states that most of the spawns he found were 5 to 6 days old. I have shown that predation can be severe in San Francisco and that spawn on eel grass in Tomales Bay is also subject to heavy predation. Hardwick did not estimate
predation rates but implied predation was severe by the time he sampled spawns. Outram (1958) and Cleaver and
Franett (1946) indicated that predation could be as high as 66%, 3 to 4 days after a spawn and might reach 99% before the eggs hatch.
Failure to take predation into account undoubtedly was a major cause for Miller and Schmidtke's and Hardwick's
lower estimates. In fact, it is conceivable that some spawns were completely missed by these researchers because of
predation.
It became quite clear that predation must be accounted for, and I chose to make an intensive daily search for
spawn sites. In some cases, samplers found herring while they were spawning, and in nearly all cases, spawns were
located the morning after they occurred. The predation factor was not eliminated entirely, but was kept to a minimum.
Estimates of spawning biomass, ranging between 4,728 tons (4,289 mt) in 1974–75 and 22,163 tons (20,106 mt)
in 1977–78 (Table 18), still must be considered conservative for the following reasons: (i) only spawnings on eel
grass were included; (ii) some spawning probably occurred before surveys were initiated in December and after surveys were terminated in March; and (iii) predation, although kept to a minimum, continued to occur.

3.4.2. San Francisco Bay
Results over the 7 years of this study differed considerably from year to year. Sampling methods were improved in
1975 and again in 1979 and have resulted in increasingly higher estimates. I now believe that the actual spawning
biomass in 1974 was much larger than the estimate of 6,179 tons (5,605 mt) (Table 19). Weather conditions in 1974
differed markedly from succeeding years. Rainfall reached near record amounts during the winter of 1973–74, while
December and January were relatively dry in 1974–75, 1975–76, and 1976–77. Increased run-off from the nearly
continuous rain during 1973–74 could have affected herring spawning habits that year. The same number of major
spawnings was found each year, but subtidal spawnings could have been more extensive in 1973–74. In the 1979–80
season spawn estimates increased to 52,869 tons (47,962 mt) (Table 19) due to the inclusion of subtidal spawns in
our surveys.
Published estimates indicate the spawning population in San Francisco Bay was on the order of 12,000 tons
(10,886 mt) in 1955 (Miller and Schmidtke 1956). However, the methods used to calculate population size
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were not comparable with mine; the principal differences were in fecundity estimates, predation rates on egg deposits, and surveys of intertidal spawns only. Applying Hardwick's (1973) improved fecundity figure to data from
Miller and Schmidtke (1955) produced a spawning biomass estimate of 6,800 tons (6,169 mt), or about one-half the
original estimate. Miller and Schmidtke made no allowance for effects of predation, thus their estimate was low by
an undetermined amount. Miller (California Dept. Fish and Game, pers. commun.) places little confidence in the accuracy of his estimates from spawning surveys because most of the effort in 1955 was spent on acoustic survey techniques, which met with difficulties and poor results.
My estimate of nearly 27,000 tons (24,494 mt) spawning biomass for San Francisco Bay from 1974–75 to
1976–77 is conservative and as such should be considered a minimum figure for the following reasons: (i) subtidal
spawnings were undetected; and (ii) a predation rate was applied to spawnings only when predation was severe, although some predation occurred on all spawnings before they were sampled.
The 1979–80 season estimate of 52,869 tons (47,962 mt) (Table 19) is the most accurate estimate of the herring
spawning biomass in San Francisco Bay obtained during the study because more sampling effort was spent to detect
subtidal spawning. The importance of subtidal spawning is apparent and future surveys will concentrate on detecting
subtidal spawns. The relatively large subtidal areas in relation to intertidal areas of the Bay suggest that future stock
estimates for San Francisco Bay may continue to increase.
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4. STATUS OF RESOURCE
There is no proof that separate populations exist in California. However, each spawning area is treated as if it contains a separate population.

4.1. Tomales Bay Population
Data in this report indicate that current spawning populations of Pacific herring in Tomales Bay are larger than prior
estimates indicated. Spawning population estimates have ranged from 4,728 tons (4,289 mt) in 1975 to 23,163 tons
(20,106 mt) in 1978 and estimates have averaged about 6,000 tons per year except for 1977–78 when estimates were
unusually high. Although biomass estimates are higher than previously recorded, they should be considered conservative.
In the 1975–76 season, 70% of the spawning took place before fishing began. With a fixed season and small catch
quotas, it is difficult to obtain a representative sample of the entire spawning population. The data on relative year
class strength in this report may not be representative of the spawning population of herring in Tomales Bay and
should be used cautiously. Nevertheless, samples from each year's catch indicate that recruitment has remained good
with age groups 2 and 3 consistently dominating the round haul fishery and age group 5 and 6 dominating the gill
net fishery since the 1977–78 season. Catch quotas have never exceeded 16% of the estimated spawning biomass in
any one season, and it is difficult to evaluate the effect of quotas because they are rarely taken. The population appears stable, and fishing at present levels has had no noticeable effect on the resource.

4.2. San Francisco Bay Population
The 1979–80 season's spawning biomass estimates for San Francisco Bay indicate a population of 52,869 tons
(47,962 mt). The figure is more than quadruple the 12,000 tons (10.886 mt) spawning biomass estimated by Miller
and Schmidtke (1956) from surveys in 1955. Although the population could have increased in the past 20 years because of the lack of a substantial fishery, it is more reasonable to believe that the higher estimates obtained by this
study reflect the intensive survey and improved techniques that were utilized.
An analysis of the age composition of each season's catch is difficult for the same reasons as discussed for Tomales Bay. However, recruitment has remained good with age groups 2 and 3 consistently dominating the catch.
The 1976–77 fishery lasted for nearly the entire spawning season and I obtained the best measure of age composition for any season. Ages 6 through 9 continued to be well represented after four fishing seasons. Catch quotas have
been increased gradually since 1975 without any noticeable effect on the resource. Fishing at current levels should
be sustainable, assuming recruitment is successful each year. As more accurate biomass estimates become available,
I believe the San Francisco Bay population will prove to be even larger than the best estimate to date of 52,869 tons
(47,962 mt).

65

4.3. Bodega Bay Population
Spawning has been observed near the entrance to Tomales Bay and in Bodega Harbor. The magnitude of these
spawns has never been determined. The Bodega Bay fishery is very likely conducted mainly on herring about to
enter Tomales Bay to spawn, as well as some herring that will spawn in Bodega Bay itself. If these stocks are separate, a large fishery in Bodega Bay may cause overfishing of the limited Bodega Bay population.

4.4. Humboldt Bay Population
This is a very small population in relation to the spawning area available. The estimate of 372 tons (337 mt) in 1975
and 241 tons (218 mt) in 1976 are only large enough to support a minor fishery.

4.5. Crescent City Harbor Population
There is limited spawning area in and around the harbor, although heavy intertidal egg deposits have been observed
by the local harbormaster. Sixty tons (54 mt) were taken in 1974 and it appears that Crescent City Harbor supports a
population large enough for a small fishery.
The fishery may be expanded after the population size is determined.

4.6. Other Populations
Known spawning areas south of San Francisco Bay such as Elkhorn Slough, Morro Bay, San Luis River, and San
Diego Bay, are believed to have populations too small to support a commercial fishery.
Little is known about Shelter Cove, Noyo River, or Russian River populations and no commercial fishing should
be allowed in these areas until each spawning population's size has been determined.
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5. MANAGEMENT RECOMMENDATIONS
5.1. Quotas
Until maximum sustained yield has been determined, quotas should be set no higher than 20% of the previous season's spawning biomass in each area. The annual mortality rate of herring has not been calculated due to the inability
to obtain an unbiased sample of the age composition. However, the best data available suggest that the annual mortality rate will range from .4 to .5 and maximum quotas are set at one-half of the lowest mortality rate expected. In
practice, quotas have been increased cautiously. Quotas for the 1980–81 season were recommended to be 20% and
14% of the previous season's spawning biomass in Tomales and San Francisco Bays, respectively. In-season adjustments to quotas may be made if spawning escapement is different than expected.

5.2. Seasons
The herring fishery is a roe fishery and herring must be taken just before spawning occurs. The time of peak spawning is variable from year to year and a fixed season is undesirable because peak spawning may be missed in a given
year. I suggest a flexible opening date each year based on results of acoustic surveys to determine when herring arrive in the bays.

5.3. Resource Monitoring
As the fishery continues, monitoring the fishery and spawning activity will become increasingly important. Annual
estimates of recruitment into the spawning population and spawning surveys must continue in order to detect spawning failures and poor recruitment.
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