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Bay: 1973–2000

DIANA L. WATTERS*

California Department of Fish and Game, 350 Harbor Boulevard, Belmont, California 94002, USA

HEATHER M. BROWN AND FREDERICK J. GRIFFIN

Bodega Marine Laboratory, University of California, Davis
Post Office Box 247, Bodega Bay, California 94923, USA

ERIC J. LARSON

California Department of Fish and Game, 350 Harbor Boulevard, Belmont, California 94002, USA

GARY N. CHERR

Bodega Marine Laboratory, University of California, Davis
Post Office Box 247, Bodega Bay, California 94923, USA

Abstract.—San Francisco Bay provides spawning and rearing habitat for California’s
largest population of Pacific herring Clupea pallasi. This population provides a food
source for other species and supports a valuable fishery for Pacific herring roe. Since the
inception of the roe fishery in 1973, the California Department of Fish and Game has
conducted annual surveys of spawning in San Francisco Bay as part of an ongoing
assessment of population status and management of the fishery. The purpose of this
paper is to document (1) regions of San Francisco Bay used by Pacific herring as spawn-
ing grounds over time, and (2) time periods in which spawning took place. Spawn data
were analyzed by geographic region in the bay and by month for the period 1973–2000.
During this period, we documented 269 spawning events from Point San Pablo south to
Redwood City. Estimates of spawning adult biomass (fish that were not harvested by
the fishery) ranged from 80,813 metric tons in 1981–1982 to 3,199 metric tons in 1997–
1998 (mean = 34,688 ± 19,325 SD). January was the peak spawning month, followed by
December and February; small variations in this pattern occurred during some years.
Overall, the majority of spawning took place in the north-central bay region (Point
Bonita to Richmond-San Rafael Bridge, Angel Island, Point San Pablo, Berkeley flats;
55%) and the San Francisco region (Golden Gate Bridge to Candlestick Point; 34%),
although it alternated between these two regions over time. In some years, consider-
able spawning took place in the Oakland–Alameda region (San Francisco–Oakland Bay
Bridge to Bay Farm Island). The largest spawns and peak periods of spawning may not
contribute most toward the next generation of Pacific herring, due to differential mor-
tality within the season. For this reason, all regions documented in this study are impor-
tant spawning grounds for Pacific herring from November through March each year. A
number of recent studies have furthered our understanding of Pacific herring early life
history and the forces that drive year-class formation in San Francisco Bay. However,
studies are especially needed that will improve our ability to adequately address the
potential impacts of human activities on Pacific herring in this highly urbanized estuary.

* corresponding author: dwatters@dfg.ca.gov
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Introduction

San Francisco Bay provides spawning and
rearing habitat for California’s largest popu-
lation of Pacific herring Clupea pallasi. This
population occurs near the southern end of
their range (Miller and Lea 1972) and utilizes
the most urbanized of all spawning areas
(Haegele and Schweigert 1985; Nichols et al.
1986). In addition to its importance as a food
source for a variety of birds, mammals, fishes,
and invertebrates, San Francisco Bay’s Pacific
herring population supports a valuable roe
fishery (Spratt 1992).

Pacific herring spawn once a year, within
a single spawning period (Hay et al. 2001).
For the San Francisco Bay population, this
period is generally from November through
March. Throughout this period, schools con-
sisting of recruit (maiden) spawners aged 2
and 3 years, and repeat spawners aged 3 and
older, enter San Francisco Bay to spawn (Spratt
1981; Watters and Oda 2002). They typically
hold in deep water (>18 m) for several days as
they ripen for spawning (Watters and Oda
2002). Spawning takes place in intertidal and
shallow subtidal areas of the bay, primarily
between the Richmond–San Rafael Bridge in
the north and Candlestick Point in the south.
Females extrude adhesive eggs on a variety of
silt-free substrates, including subtidal vegeta-
tion, such as the red algae Gracilaria spp., eel-
grass, rocks, shell fragments, and man-made
structures, such as pier pilings, riprap, and
boat hulls (California Department of Fish and
Game, unpublished data). Spent Pacific her-
ring leave the bay soon after spawning. Miller
and Schmidtke (1956) observed hatching in
6–11 d at water temperatures of 8–10°C, while
Eldridge and Kaill (1973) observed hatching
in 10.5 d at an average water temperature of
10.4°C. Young-of-year Pacific herring remain
in the bay until August when they emigrate to
the ocean (Fleming 1999).

Early work documenting Pacific herring
spawning activity in San Francisco Bay con-
sisted of short-term studies by Croker (1930)
and Miller and Schmidtke (1956). Since the
inception of the roe fishery in 1973, the Cali-
fornia Department of Fish and Game (CDFG)
has conducted annual surveys of spawning
in San Francisco Bay as part of ongoing moni-

toring of this population and management of
the fishery (Spratt 1981; Watters and Oda
2002). The allowable catch for the commercial
fishery is adjusted each year and tightly con-
trolled, based on the prior year’s estimate of
adult spawning biomass along with other in-
formation. Since 1989, a second independent
hydroacoustic survey of adult biomass has
also been used but is not reported here.

Throughout the spawning season (No-
vember–March), CDFG surveys central San
Francisco Bay for spawning activity, survey-
ing each spawn to document locations and to
estimate adult spawner biomass. This has re-
sulted in a continuous time-series of spawn
data since 1973 that provides an important
long-term perspective. The purpose of this
paper is to document (1) the regions of San
Francisco Bay used by Pacific herring as
spawning grounds over time, and (2) the time
periods in which spawning took place. Data
from the 1973–1974 through 1999–2000
spawning seasons are examined and ana-
lyzed. Some implications of the results and
future research needs are discussed.

Methods

Study area

The study area is located within San Francisco
Bay, the largest estuary on the West Coast of
North America. The San Francisco Estuary’s
primary source of freshwater comes from the
Sacramento and San Joaquin rivers, which
drain 40% of California (Orsi 1999). One of
the most urbanized estuaries in the United
States, it has been highly modified by human
activity, resulting in a number of physical, bio-
logical, and chemical changes (Nichols et al.
1986).

Field methods

We used estimates of spawning adult biom-
ass to examine the magnitude of spawning
that occurred across months and locations in
San Francisco Bay. Spawning adult biomass
(escapement) is the amount of adult Pacific
herring (expressed in metric tons) that spawn
and are not caught by the fishery.
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PACIFIC HERRING SPAWNING GROUNDS IN SAN FRANCISCO BAY 5

Searches for Pacific herring spawn activ-
ity were conducted from a small boat approxi-
mately 4 d/week during low tide periods, from
December to mid-March from 1973–1974 to
1979–1980, and from mid-November to mid-
March from 1980–1981 to 1995–1996. For the
last 4 years of the study, the search period was
expanded slightly to include most of Novem-
ber and March. Spawns were surveyed out-
side of these periods when anecdotal reports
were received.

Other sources of information sometimes
aided the search for spawns. Because the com-
mercial roe fishery occurs in the bay during a
portion of the spawning season and its goal
is to catch Pacific herring just prior to spawn-
ing (Spratt 1992), fishery participants actively
search for and follow Pacific herring schools,
sometimes observing signs of spawning. In
addition, since the early 1980s, CDFG has also
conducted hydroacoustic surveys of Pacific
herring schools in San Francisco Bay.

The primary search area was routinely
surveyed on an ongoing basis, but spawns
were surveyed outside of this area when an-
ecdotal reports were received. Because the en-
tire primary search area could not be covered
in a single low tide period, portions were
searched on a rotating basis, with the entire
area searched at least once per week.

The primary search area for spawning
activity expanded over the course of the study.
From 1973 to 1978, this area was bounded by
the Richmond–San Rafael Bridge to the north,
the Golden Gate Bridge to the west, and the
San Francisco–Oakland Bay Bridge to the
south (Figure 1). Only intertidal spawns were
surveyed during this period; therefore, it is
likely that spawning adult biomass was un-
derestimated in these years. From the 1978–
1979 to 1982–1983 seasons, the primary search
area boundaries remained the same, but ex-
panded into shallow subtidal zones (<4.6 m).
Throughout the rest of the study, intertidal and
shallow subtidal zones were surveyed within
primary search areas. A major spawn between
Coyote Point and China Basin in San Fran-
cisco in the 1982–1983 season resulted in an
extension of the southern boundary on the
western side of the bay south to Coyote Point
in 1983–1984. The following season this
boundary was moved northward to Hunter’s

Point. In the 1988–1989 season, the east bay
search area extended southward from Oak-
land to Alameda. Since the 1988–1989 season,
the primary search area for spawning has re-
mained the same, bounded to the north by the
Richmond–San Rafael Bridge, the west by the
Golden Gate Bridge, and the south by Hunt-
er’s Point and Alameda.

Spawns were located and surveyed by
observing eggs on substrates exposed at low
tide or on raked subtidal vegetation, which
is often preceded by the sight of milt in the
water, bird and mammal feeding activity,
and/or fishing in the area. Surveys consisted
of collecting egg samples and measuring the
spawn area based on the methods of Spratt
(1981, 1985) with modifications by Watters
and Oda (2002). The estimated spawn start
date was recorded, based on when signs of
spawning were first observed and/or embryo
development. Egg samples were processed in
the laboratory (Spratt 1981; Watters and Oda
2002) to calculate the number of eggs/m2,
which was expanded to an estimate of total
eggs spawned, taking substrate into consid-
eration. This estimate was then converted to
tons (metric) of adult spawners using the for-
mula

× × 6

1

10
f

F
P

,

where

F = fecundity (114 eggs/g body weight, males
and females combined, used from 1973–
1974 to 1984–1985 [Hardwick 1973]; 113
eggs/g body weight, males and females
combined, used from 1985–1986 to 1999–
2000 [Spratt 1986; Reilly and Moore
1986]).

f = percent females in a given spawning run,
obtained from CDFG midwater trawl
samples beginning in 1983–1984 (Spratt
1984).

P = percent females in population (assumed
to be 50%).

Data analysis

To quantify the number of spawning events
that were documented throughout the study
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FIGURE 1. Pacific herring spawning regions within San Francisco Bay.

period, spawns that occurred within the same
geographic region (see below) and within 5 d
of each other were considered part of the same
spawning event.

To examine the distribution of spawning
throughout the season, seasons were weighted
equally by using the percentage of spawning

adult biomass that occurred per month and
averaging over all seasons.

To compare areas used in San Francisco
Bay by spawning Pacific herring, spawning
adult biomass data were sorted into four geo-
graphic regions that tend to separate spawn
events naturally (Figure 1): (1) north-central
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PACIFIC HERRING SPAWNING GROUNDS IN SAN FRANCISCO BAY 7

bay is the area between Point Bonita (outside
the Golden Gate Bridge) and the Richmond–
San Rafael Bridge, and also includes Angel
Island, Richmond, Point San Pablo, and the
Berkeley flats between Richmond and the San
Francisco–Oakland Bay Bridge; (2) San Fran-
cisco is the area between the Golden Gate
Bridge and Candlestick Point, and includes
Treasure Island; (3) Oakland–Alameda ex-
tends from the San Francisco–Oakland Bay
Bridge to Bay Farm Island; and (4) south bay
includes the western shoreline of the bay from
Candlestick Point south.

Total spawning adult biomass estimates
vary widely between spawning seasons
largely due to variable recruitment to the
spawning population (Spratt 1981; Hay 1985;
Watters and Oda 2002). Therefore, to compare
bay regions used for spawning from season to
season, we weighted each spawning season
equally by calculating the percentage of the

season’s total adult spawning biomass that
occurred in each geographic region. The aver-
age percentage for each geographic region was
then calculated for all spawning seasons.

Results

During the 27 seasons of study, we docu-
mented 269 individual spawning events, rang-
ing in size from 21,366 to 0.09 metric tons of
spawning adult biomass. The average num-
ber of spawning events documented per sea-
son was 10 (±3 SD). The earliest spawn oc-
curred on 30 October 1985 and the latest on
26 April 1999. Spawns were recorded from
Point San Pablo south to Redwood City.

Total spawning adult biomass estimates
for each season ranged from 80,813 metric tons
in 1981–1982 to 3,199 metric tons in 1997–
1998 (Figure 2). Lows often coincided with
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warm water temperature or El Niño events
(1983, 1991–1994, 1997). The average spawn
escapement biomass estimate was 34,688 met-
ric tons (±19,325SD) for seasons that included
subtidal spawns (1978–1979 to 1999–2000).
The 1991–1992 to 1999–2000 average was
18,325 metric tons. In 1997–1998, adult
spawning biomass dropped below 10,000
metric tons, where it remained for the 1998–
1999 and 1999–2000 seasons.

For the overall study period, the highest
percentage of spawning occurred in January,
followed by December and February (Figure
3). January was the peak spawning month for
17 of 27 seasons, followed by December (7 sea-
sons) and February (4 seasons). November
was never the peak spawning month. Peak
spawning occurred once in March during the
first season (1973–1974) of the study.

On average, the majority of spawning ac-
tivity took place in north-central bay and San
Francisco, 54.9% and 34.2% respectively (Fig-
ure 4). For every year of study, the majority of
spawning occurred in one of these two regions.
Spawning occurred in both of these regions
78% of the time.

North-central bay

Throughout the study period, north-central
bay was the most consistently used region by
Pacific herring for spawning, with spawns re-
corded every season (Figure 4). In addition,
compared to other regions, the majority of
spawning activity was recorded in north-cen-
tral bay for 15 of 27 seasons; in particular the
period from 1973 to 1982. However, it is im-
portant to note that the primary search area
from 1973 to 1982 did not extend south of the
San Francisco–Oakland Bay Bridge, and while
spawns were recorded south of this search
area, it is possible that some went undetected.
Since the 1988–1989 season when the primary
search area was expanded to its largest area,
the largest percentage of spawning activity
occurred in north-central bay in 6 of 12 sea-
sons, with more than 50% of biomass occur-
ring there during 1997–1998 and 1999–2000.

Included in this region are the Berkeley
flats between Richmond and the San Fran-
cisco–Oakland Bay Bridge. Substantial spawn-
ing occurred there along the shoreline in 1976–
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FIGURE 3. Pacific herring average (±SE) percent spawning by month in San Francisco Bay, 1973–2000.
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PACIFIC HERRING SPAWNING GROUNDS IN SAN FRANCISCO BAY 9

1977 (6% of the season’s total) and subtidally
in 1979–1980 (primarily on Gracilaria spp., 51%
of the season’s total); in 1980–1981, subtidal
vegetation density dropped to very low levels
where it remained thereafter, and no subse-
quent spawns were documented in this area.

Habitat types used for spawning in the
north-central bay region included the open-
ocean rocky intertidal and subtidal shoreline
outside the Golden Gate Bridge, rocky inter-
tidal and subtidal shoreline inside the bay,
protected bays and coves with subtidal veg-
etation (primarily eelgrass and Gracilaria spp.),
including Richardson Bay, Belvedere, and Keil
Cove, a more open but shallow area with
subtidal vegetation between Richmond and
Oakland, and man-made structures such as
riprap, pilings, and boat hulls, also in pro-
tected marinas. Although not quantified in this
study, the largest amount of natural substrate
(i.e., not man-made) used for spawning prob-
ably occurs in north-central bay.

San Francisco

The San Francisco waterfront has been con-
sistently used by Pacific herring; spawning

was recorded for 21 of 27 seasons (Figure 4).
From 1973–1974 to 1982–1983, the routine
search area did not include all of this region,
and some spawning may have been undetec-
ted; however, spawns were surveyed during
that period. From 1982–1983 through 1990–
1991, it was the predominant spawning re-
gion for Pacific herring in the bay, exceeding
50% of the total spawning adult biomass re-
corded for 8 of 9 seasons. More recently, the
majority of Pacific herring spawning activity
occurred in San Francisco during the 1996–
1997 and 1998–1999 seasons. During the 16–
20 January 1997 spawn survey in San Fran-
cisco, multiple layers of eggs on virtually
every piling from Fort Mason to Hunter ’s
Point were observed.

The predominant spawning habitat in the
San Francisco region is man-made structures,
primarily pier pilings, many of which are
treated with creosote. Other structures include
riprap, concrete sea walls, and boat hulls.
Other than the algae and sessile invertebrates
(e.g., barnacles, mussels) that grow on these
structures, virtually no natural spawning sub-
strate exists in San Francisco.
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FIGURE 4. Percent of Pacific herring spawning adult biomass (i.e., escapement) by region for each
season in San Francisco Bay, 1973–2000. Average percent biomass for each region was 54.9% North-
central bay, 34.2% San Francisco, 9.8% Oakland–Alameda, and 1.1% South Bay.
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Oakland–Alameda

Spawns were not recorded in this region of
the bay for the first 14 seasons of study (until
the 1987–1988 season), then were recorded for
9 of 13 subsequent seasons (Figure 4). Al-
though this region was not routinely searched
for spawning activity until 1988–1989, a
spawn was documented in 1987–1988, and
little or no spawning has been recorded since
1996–1997 despite continued searching.
Spawning activity increased in the Oakland–
Alameda region from 1987–1988 to 1996–1997
and was the predominant region used during
1991–1992 (50% of season total). It is not
known why spawning occurred only during
this period.

Spawning habitat in the Oakland–Ala-
meda region is also predominantly man-made
structures, including riprap, pilings, and boat
hulls (e.g., Port of Oakland shipping terminals,
Oakland estuary marinas, Alameda Naval Air
Station), but also includes some subtidal ar-
eas of eelgrass, hard sand, and oysters off
Alameda and Bay Farm Island. Subtidal veg-
etation densities for this area have remained
relatively stable, with no noticeable changes.

South bay

Pacific herring spawning was recorded in
south bay for 8 of 27 seasons (Figure 4), de-
spite never being part of the routine search
area. Spawns were recorded at Oyster Point,
Sierra Point, Point San Bruno, Coyote Point,
and Redwood City. Estimates ranged from 1
to 6,800 metric tons and ranged from 1 to 18%
of season totals. Spawning habitat utilized in
this region was primarily man-made struc-
tures such as pilings and boat hulls in mari-
nas, riprap, and concrete sea walls. It also in-
cluded some rocky shoreline.

Discussion

From 1973 to 2000, Pacific herring spawns
were located between Point San Pablo and
Redwood City. During this period, anecdotal
reports of spawns beyond this range were oc-
casionally received by CDFG but were not con-
firmed. However, prior to the current study,
historic records and anecdotal reports docu-

ment Pacific herring spawns north of Point
San Pablo. Scofield (1920) reported Pacific
herring spawning near Point San Pablo and
Point Pinole in 1920, attributing the shift to
these northern points from the more typical
Raccoon Straits area to low river flow, which
allowed salt water to move farther upstream.
Croker (1930) reported a large spawn in
Carquinez Straits, from Rodeo to Port Costa,
in Contra Costa County. Anecdotal informa-
tion gathered by Miller and Schmidtke (1956)
from shore residents from Carquinez to Rich-
mond indicated a “gradual displacement of
Pacific herring spawning toward the ocean
since 1930.” This would indicate that it was
not unusual for Pacific herring to spawn in this
more northern area during that time period.

It is probable that spawning adult biom-
ass was underestimated in the first 5 years of
study (1973–1974 to 1977–1978) due to
subtidal spawns not being surveyed. How-
ever, after that period, it became less likely that
significant spawns were missed due to the
search frequency, period, and area, and the
presence of others (CDFG’s hydroacoustic
survey since 1980 and the fishery) following
Pacific herring schools. Spawning could have
been underestimated during the 1978–1979 to
1982–1983 period due to the primary search
area being north of the San Francisco–Oak-
land Bay Bridge; however, this seems unlikely
since some of the highest estimates of the study
were obtained during this period and in-
cluded spawns outside of the regular search
area. The Oakland–Alameda region may have
been underrepresented for spawn activity
until 1987–1988 when the first spawn was
documented there. Thereafter, it was included
in the primary search area, but has not been
used consistently for spawning.

Since the 1978–1979 spawning season,
spawning adult biomass has fluctuated
widely, a characteristic of clupeid fishes,
which is largely driven by variable recruit-
ment of new spawners (Lasker 1985; Schwei-
gert and Noakes 1990; Rodriguez-Sanchez et
al. 2002) and survival of older adults. While it
is beyond the scope of this paper to address
the many factors that affect Pacific herring
population size, it is worth noting that low
biomass years for the San Francisco popula-
tion coincided with El Niño periods, with the
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exception of the 1986–1987 El Niño. Spratt
(1987) found substantial changes in the
growth of San Francisco Bay Pacific herring
that occurred during the time of the 1983–1984
El Niño. Following the 1997 El Niño, adult
spawning biomass remained very low for the
last 3 seasons of the study, despite correspond-
ing large reductions in fishery quotas for those
years.

In general, the greatest amount of spawn
activity in San Francisco Bay consistently oc-
curs during December, January, and February,
typically peaking in January. This is the earli-
est in a south to north cline in spawn timing,
with Pacific herring in the northernmost lati-
tudes spawning the latest (Haegele and
Schweigert 1985). The conditions that serve
as cues for spawning are not well understood,
but may include nighttime high tides (Spratt
1981), neap tides (Hay 1990), and tempera-
ture (Hay 1985). Spawning in San Francisco
Bay occurs at a time when freshwater input
into the bay is greatest (Kimmerer 2002a), sa-
linity overall is lower but fluctuates widely
over time and space, and temperature is low-
est (10–13°C in central bay; Orsi 1999). This is
quickly followed by increasing temperature
and productivity in the bay. Although peak
productivity occurs later than peak larval Pa-
cific herring abundance in San Francisco Bay,
Bollens and Sanders (2004, this volume) found
that food availability is probably adequate for
larval Pacific herring, despite the fact that
tintinnids comprised a large portion of their
diet.

The two regions with the highest overall
magnitude of spawning and most consistent
use were north-central bay and San Francisco,
regions with the greatest oceanic influence
and ready access to adult Pacific herring as
they enter the bay and hold in its deepest chan-
nels prior to spawning. It is interesting to note
that while these two regions are readily ac-
cessible and highly used, available habitat
types for spawning are extremely different.
North-central bay offers more natural environ-
ments, including Richardson Bay and other
relatively protected coves with subtidal veg-
etation, while San Francisco offers a seemingly
less hospitable environment of man-made
structures, primarily pier pilings that are sub-
ject to a considerable amount of tidal current

at times. It is possible that ready access to adult
Pacific herring and/or other environmental
factors present in these regions play a much
more important role in determining where
Pacific herring spawn than the habitat types
they have to offer. The region with the third
highest magnitude of spawning and less con-
sistent use (Oakland–Alameda) is further from
oceanic influence, while the south bay region,
where the least spawning occurred, is the fur-
thest. Although an overall pattern in regional
use with distance from the ocean is apparent,
it is important to consider that spawning be-
tween regions fluctuated over time, for reasons
unknown.

While the majority of spawning in San
Francisco Bay was documented in north-cen-
tral bay and San Francisco, primarily in Janu-
ary, it should not be inferred that spawns in
these regions and during this period always
make the largest contribution toward the next
generation of Pacific herring and are thus most
important. Mortality at the embryonic and lar-
val stages can be high (Outram 1958; Hard-
wick 1973), and survival is affected by a vari-
ety of factors, including salinity and tempera-
ture, freshwater flow, density of spawn, tur-
bidity, desiccation, predation, circulation pat-
terns, and toxins such as anti-fouling agents
on pilings and boat hulls (Taylor 1971;
Hourston and Rosenthal 1981; Haegele and
Schweigert 1985; Hay 1985; Griffin et al. 1998,
2004, this volume; Vines et al. 2000; Kimmerer
2002a, 2002b). For example, although a large
percentage of spawning activity takes place
along the San Francisco waterfront, the pre-
dominate substrate used is pier pilings, many
of which are treated with anti-fouling agents
such as creosote, which has been shown to
have negative impacts on Pacific herring em-
bryos (Vines et al. 2000). Thus, mortality of
embryos in the San Francisco region may be
higher than in other regions. In addition,
spawns that are smaller, from less-used re-
gions, or outside of the primary spawn period
may make more important contributions to
each season’s year-class than previously
thought.

Using otolith daily increment analysis
and spawning distributions for juvenile north-
ern anchovy Engraulis mordax, Methot (1983)
examined survival from different spawn peri-
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ods and found that periods of highest spawn
output did not always contribute most to a
year-class, due to differential survival. O’Far-
rell (2001) examined year-class strength from
juvenile Pacific herring in San Francisco Bay
for the years 1999 and 2000. By comparing
abundance data for juvenile Pacific herring
with the total estimated number of eggs
spawned from CDFG’s spawn survey for each
year, he determined that survival of the 2000
year-class was much greater than the 1999
year-class, even though an estimated 12%
fewer eggs were spawned in 2000. Using daily
growth increments from otoliths, O’Farrell
(2001) was able to examine the spawn date
distribution of juvenile Pacific herring in the
bay to identify differential survival within and
between seasons. He determined that periods
of good survival and poor survival existed
within each season but that the periods of
good survival produced a much stronger year-
class in 2000 relative to 1999. He also observed
that while the largest recruitment of juveniles
came from the largest spawning output in
1999, in 2000, the highest recruitment of juve-
niles did not come from the period of highest
spawning output. In addition, a considerable
number of 2000 recruits came from spawns in
October and November.

We conclude that all of the regions docu-
mented by this study are important spawning
grounds for Pacific herring from November
through March each year. This includes the
intertidal and shallow subtidal zones between
the Richmond–San Rafael Bridge to Redwood
City on the west side of the bay eastward to
Bay Farm Island. Although the resiliency of
Pacific herring is evident when one considers
the dramatic changes that have taken place in
San Francisco Bay over the last 150 years
(Nichols et al. 1986), human pressures con-
tinue in the form of construction, development,
pile driving, dredging, urban runoff, introduc-
tion of alien species, freshwater diversion,
power plant intakes and effluents, vessel traf-
fic, and superfund sites, to name a few. Many
of these activities are particularly intense at
present along the San Francisco waterfront,
Port of Oakland, San Francisco–Oakland Bay
Bridge, and the Richmond–San Rafael Bridge.
With the exception of alien species introduc-
tions and freshwater flow, the potential indi-

vidual impacts of these activities and, more
importantly, their potential cumulative im-
pacts have yet to be addressed in the peer-re-
viewed literature. Work such as that of
O’Farrell (2001) on survival, Gartside (1995)
on larval growth, Griffin et al. (2004) on opti-
mal salinity, Vines et al. (2000) on creosote
impacts, Kimmerer (2002a, 2002b) on fresh-
water flow, and Bollens and Sanders (2004)
on larval ecology, are important steps toward
furthering our understanding of Pacific her-
ring early life history and the forces that drive
year-class formation in the San Francisco Es-
tuary. Studies are especially needed to im-
prove our ability to adequately assess the po-
tential environmental impacts of human
activities on Pacific herring spawning and the
survival of early life history stages in this
highly urbanized estuary.
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