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PREFACE

This profile, part of a series of
profiles concerning coastal habitats of
the United States, is a detailed examina-
tion of the soft-bottom benthos of San
Francisco Bay. A U.S. Fish and Wildlife
Service and California Department of Fish
and Game report (1979) entitled "Protec-
tion and Restoration of San Francisco Bay
Fish and Wildlife Habitat" provides clear
recognition of the importance of inter-
tidal and subtidal soft-bottom habitats
and their associated organisms to the
bay’s birds and fishes and to the overall
functioning of the estuary. The purpose
of this profile is to provide a descrip-
tion of the structure and functioning of
the benthic community in San Francisco Bay
(exclusive of its tidal marshes, which are
discussed by M. Josselyn [1983] in another

profile). The habitats covered in this
volume include all nonvegetated soft-
bottom intertidal and subtidal areas of

the bay between the Golden Gate and the
mouths of the Sacramento and San Joaquin
Rivers to the northeast, and to the
southern extremity of the bay.

The profile provides a reference to
the scientific information concerning the
animals and plants of the bay’s benthic
communities, their importance to the bay
ecosystem, and their value as a resource
measured in human terms. Because there
have been few process-oriented studies of
the benthos of San Francisco Bay (e.g.,
field and laboratory rate-measurement
experiments), the material presented
herein is Tlargely descriptive. None-
theless, we have described the processes
that interconnect the various physical,
chemical, and biological components of the
benthic environment, and the important
couplings between this environment and the
water column above, with reference to
research results from other estuaries
where necessary. We consider the role of

the benthic community as a food source for
fish, aquatic birds, and humans; as a
consumer or degrader of organic materials
including wastes; as a recycler of
minerals and nutrients; and as an
accumulator of pollutants.

The information in the profile should
be useful to environmental managers,
resource planners, estuarine ecologists,
marine science students, and interested
laypersons who wish to learn about those
components of estuarine systems that are
Jargely unseen and unappreciated, but that
play an extremely important role in the
functioning of an estuary, particularly
as a source of food for exploited fish

stocks as well as for humans, and
possibly as a biological control on
eutrophication. The format, style, and

Jevel of presentation are intended to make
this report adaptable to a diversity of
needs, from preparation of environmental

assessment reports to supplementary
reading material in marine science
courses.

The profile includes chapters

covering geographic background (Chapter
1), biotic communities--descriptive
review (Chapter 2), macrofaunal com-
munity dynamics (Chapter 3), cycling of
matter in the benthos (Chapter 4),
anthropogenic influences (Chapter 5j,
shellfisheries (Chapter 6), and managing
benthic resources (Chapter 7).

The following developments have
occurred since this profile was writien
in 1986-87: (i) There has been further
resolution of the status of Macoma
balthica as an introduced versus native
species {Section 2.3). While it is clear
that this species was originally native to
San Francisco Bay, recent electrophoresis
studies suggest that the present San



Francisco Bay populations are more closely
related to western North Atlantic popula-
tions than to populations from Oregon and
northern Europe. Thus, the San Francisco
Bay and U.S. east coast Macoma populations
(the former probably having been recently
introduced from the Tlatter) probably
represent a separate sibling species
(B.W. Meehan, Virginia Institute of
Marine Science; J.T. Carlton, University
of Oregon; and R. Wenne, Polish Academy
of Sciences; pers. comm.) (ii) San
Francisco Bay has been invaded by yet
another exotic invertebrate, this time by
an Asian bivalve, Potamocorbula amurensis,
that was possibly transported into the bay

as Tarvae in ship ballast water. Increas-
ing from one reported specimen in late
1986 to as many as 25,000/m¢ in summer of
1987, this clam has become the dominant
macroinvertebrate throughout the northern
portions of the bay and is found in South
Bay sloughs as well. A shallow-dwelling
suspension feeder, this clam may become a
major consumer of the estuary’s phyto-

plankton. (i1i) Regarding pollution
effects assessment (Section 5.3) and
estuary management (Chapter 7), in April

1988, San Francisco Bay was officially
designated one of the target estuaries of
the U.S. Environmental Protection Agency’s
"National Estuary Program."
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CHAPTER 1. GEOGRAPHIC BACKGROUND

1.1 GEOLOGIC ORIGINS

San Francisco Bay is Tocated at the
mouth of the Sacramento-San Joaquin River
system which carries runoff from tributary
rivers and streams draining about 40%
{153,000 km?) of California’s surface area
(Figure 1). The surface area of the es-
tuary {1,240 km2) makes it the largest
coastal bay on the Pacific coast of the
United States (Figure 2) and one of North
America’s largest estuaries.

The topography of the San Francisco
Bay region results from recent deformation

‘75' Drama-ge Dlv:de{"\‘w
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Figure 1. California and the drainage basin of the
Sacramento-San Joaquin Rivers; Central Valiey
indicated by stippling (adapted from Conomos et al.
1985).
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Figure 2. The Pacitic coast of the United States,
illustrating the geographic separation of large west
coast estuaries and the relatively larger size of the San
Francisco Bay Estuary and its drainage system.



of an older, tectonically active continen-
tal margin. The coastal region of western
North America is composed of large blocks
of discrete geologic terranes that were
carried hundreds of kilometers northward
and accreted to the North American con-
tinent (Howell 1985). Between 3 and 5
million years ago, stresses exerted across
the continental margin uplifted the
present Coast Ranges. The long process of
mountain building left only a narrow con-
tinental shelf and Tittle coastal plain.
Most rivers flowing through the coastal
mountains drain relatively small, mostly
arid areas. As a result, most estuaries
along the west coast (Figure 2) are small.

Local subsidence created the bedrock
trough in which San Francisco Bay lies
(Atwater 1979). Sea-level fluctuations

during the past few million years have
created (and subsequently destroyed) es-
tuarine embayments in the trough at the
site of the present San Francisco Bay
(Atwater 1979). Core samples taken within
bay sediments suggest that there have been
at Teast three cycles of submergence and
emergence of the bay region, associated
with the major periods of glaciation, in
the million years before the formation of
the present estuary (Atwater 1979). After
the end of the last glacial period, about
15,000 to 18,000 years ago, the sea began

its most recent rise and entered the bay
about 10,000 years ago. By 5,000 years
ago, the area of the estuary was nearly

what it is today (Figure 3). As polar
icecap melting slowed during recent mil-
lenia, submergence of the bay slowed, and
much of the relative change in sea level
in the bay region since results from crus-
tal subsidence (Atwater et al. 1977).

1.2 PRESENT-DAY PHYSIOGRAPHY

Freshwater flows from the rivers and
streams of the Sacramento and San Joaguin
River system meet in a complex of islands
and channels {the Delta), then empty into
the northeastern end of San Francisco Bay
{Figure 1}. The total flow into the es-
tuary from the Delta represents about 90%
cf the annual river inflow to  San
Francisco  Bay. - Al1 other rivers and
streams entering the bay are comparatively
small, and most of these are intermittent
with 1ittle or no flow during the summer
months {Conomos et al. 1985).

San Francisco Bay comprises separate
embayments: a deeper central region near
the City of San Francisco (Central Bay),
and shallower regions (Suisun, San Pablo,
and South Bays; Figure 4) that are charac-
terized by broad shallows incised by
narrow channels (Figure 5) whose depths
are maintained by river and tidal scour-
ing. The average depth of the bay is
about 6 m at mean lower low water while
median depth is about 2 m (Conomos et al.
1985). The perimeter of the bay, which
once comprised large fresh- and saltwater
marshes, 1is now largely diked (Section
5.1), although salt evaporating ponds and
seasonal wetlands (some of them used for
farming during the dry season) continue to
provide wildlife habitat (Josselyn 1983).
Undiked marshes remain only at isolated
locations,

1.3 CLIMATE AND WATER PROPERTIES

California’s climate consists of a
mild, wet winter season (November-April)
and a dry summer season (May-October). As
a result, river inflow is high during the
midwinter months (1,000 to 10,000 m3/s)
and Tow {100-400 m3/s) during summer and
fall (Conomos et al. 1985). The strongly
seasonal pattern of rainfall and runoff
imparts a similarly strong influence on
the physical and chemical properties of
the estuary, seen most readily as marked

season-to-season  differences in the
salinity of bay waters (Figure 6). During
a normal winter, Tlow-salinity (brackish)

water (less than 2 ppt) is found at the
eastern end of San Pable Bay, and salinity
in South Bay can fall below 15 ppt.
During summer, brackish water is found at
the eastern end of Suisun Bay {and oc-
casionally farther upstream), while the
water in South Bay can be as saline as the
adjacent ocean. Water temperature varies
only about 10°C through the year (roughly
from 10 to 20°C).

River-induced seasonal variations in
the salinity regime greatly influence the
dynamics of biological populations (Cloern
and Nichols 1985). During high-winter
river inflows and lowered salinity, pelagic
species populations (phytoplankton, zoo-
plankton, fish) in the northern reaches of
the bay can be displaced downstream by both
physical advection and voluntary migration.
This river inflow-induced movement also
affects some benthic species populations
{Chapter 3).



38°
30 T T T ] T

38°
1%

38°
lilig

Age of Shoreline
(years before present)

—— 125
- 5000
--=- 10,000 1
—--- 15,000

37 N
301

T

H
12130

!
123°00"
3 TR

30

387
o

37
45’

L0
a o —
Ei8 | PR

i
122°30° 120 121730

Figure 3. Past shorelines of San Francisco Bay. {A) The advancement of sea level
during the past 15,000 years (adapted from Atwater 1979); (B) the approximate
position of the shoreline of the bay (landward edge of undiked tidal marshes) in 1850
and at present (adapted from Atwater et al. 1578).



Sacramento River

f y San Pablo Bay Y PR
E g R Suisun Bay .

San Joagquin klver i

ones— Castro Cove

Central
Q Bay
Adcateer

Hayward

PACIFIC OCEAN

Pslo Alto
Study site

Figure 4. The San Francisco Bay Estuarty. Sites D6
and D7 in Suisun Bay are California Department of
Water Resources sampling locations for data shown
in Figures 24 and 25.

River inflow is the major source of
the approximately 4.3 x 108 tons of sedi-
ment that enter the bay each year from the
rivers, 80% of it from the Sacramento-San
Joaquin River drainage basin (Porterfield
et al. 1961, Conomos et al. 1985). Most
of the total sediment input occurs during
winter, greatly increasing the turbidity
of the water (Figure 7) as well as
sedimentation throughout the estuary.

Strong seasonal winds are important
in  controlling water circulation and
mixing (Conomos et al. 1985). Prevailing
west and northwest winds, reinforced by
solar heating of air masses in inland
California, are strongest during the sum-

mer. These winds generate complex
bay-wide water circulation patterns that
are superimposed on tide- and river-

induced circulation (Walters et al. 1985).
The complex wind-induced circulation pat-
terns - have important implications for all
physical and biological processes in the
estuary {Cloern  and Nichols 1985). Some
of the effects of circulation patterns on
the benthos are discussed in Chapter 4.
Winds are also a4 major factor in control-
1ing oxygen concentrations in the estuary.

Hartman and Hammond (1985) have shown that
wind stress on the water surface is the
dominant factor maintaining water column
oxygen at or near atmospheric equilibrium
concentrations at all depths throughout
the estuary. As a result, the benthos of
San Francisco, unlike that of other es-

tuaries (e.g., in the Chesapeake Bay
estuarine complex; Officer et al. 1984),
is not 1limited by Tow oxygen. This was

not the case several decades ago when the
disposal of poorly treated wastes caused
severe depletion of water column oxygen,
particularly in South Bay in summer
(Section 5.1). Wind mixing was apparently
not sufficient to counteract the effect of
waste-related oxygen demand before the
construction of modern waste-treatment
facilities.

1.4 TIDES

Tides influence the dynamics of plant
and animal species populations. In par-
ticular, they affect biological
productivity in intertidal and subtidal
sediments by moving and mixing water
masses (and associated organisms) and by
varying the height of the water column
above the bottom over a variety of time
scales from hours to seasons. Tides also
help to disperse larvae, juveniles, and
adults of benthic species (Section 3.1.1).

The tidal range (maximum difference
between high water and Tow water
elevations) is greatest (2.6 m) at the ex-
tremity of South Bay, decreasing to 1.7 m
at the Golden Gate (the bay’s narrow con-
nection to the ocean), 1.3 m at Suisun

Bay, and to progressively narrower ranges
farther upstream. Such tidal ranges,
relative to the average bay depth of 6 m,

contribute to a tidal prism (the volume of
water between low and high tide levels
that passes in and out of the bay during
each tidal cycle) that is about 24% of the
bay’s total volume. The large, rapid ex-
change of water with the ocean produces
strong tidal currents throughout the bay,

particularly at physiographic constric-
tions such as Carquinez Strait and the
Golden Gate {(Figure 4). Current
velocities at the Golden Gate can reach
280 cm/s.

The tides are of the mixed semidiur-

nal variety, with two lows and two highs
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during each 24.84 hours. Any two succes-
sive highs or successive lows are usually
very different in height. In any month
the intertidal zone 1is exposed day and
night during both neap and spring -tides.
Nonetheless, there is a seasonality in the
occurrence of extreme Tow and high water:
the greatest tidal exposure of the
mudflats occurs at night in the winter
months and during the day in spring and
summer months. This phenomenon accen-
tuates the spring growth of benthic plants

(Section 4.2.4) which, 1in turn,  con-
tributes to highly seasonal growth of
benthic herbivores (Section 3.1.2).

1.5 SEDIMENT TEXTURE AND DYNAMICS

Nearly half of the surface area of
San Francisco Bay at high tide is covered
by water less than 2 m deep, and more than
15% is above the level of mean lower low
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uncorrected for tidal variations, under typical summer (A) and winter
(B) flows for the Sacramento-San Joaquin River system {S-SJ) and
South Bay streams (SBS); plan view distorted for ease of display
{adapted from Conomos et al. 1985).

water. These broad areas with Tittle ver- the rivers and resuspended by wind waves
tical relief (Figure 8) are covered with and tidal currents.

soft mud (genera]ly more than 80%

silt + clay). Mud is found at all depths The bottom of Central Bay is covered
in the southern end of the bay, although by sand waves up to 8 m high that move
the mud of large areas of the eastern with the strong ebb and flood tidal flow
shallows of South Bay is mixed with shell through the = Golden Gate (Rubin and
fragments--remnants of once-thriving beds McCulloch 1979). Only along the shallow
of native and introduced oysters (Chapter eastern shoreline of this area does mud
6). Strong tidal currents and river- in- again predominate (Figure 9).  Surface
duced gravitational currents, particularly sediment texture varies markedly with time
during winter, are focused in the deep as a result of seasonal variations in
areas of Central Bay, in the narrow river inflow, tides, and winds (Thompson
straits separating the major embayments, et al. 1981; Nichols and Thompson 1985b).
and in the narrow midbay channels (Figure Much of the fine-grained river-borne sedi-
5). This focusing of currents contributes ment that is transported down river during
to well-winnowed, coarse channel-bottom the high-flow periods of winter and early
sediments - in the central and northern em- spring bypasses Suisun Bay and accumulates
bayments (Figure 9). Conversely, current in San Pablo Bay (Klingeman and Kaufman
velocities are lower over the lateral 1963, 1965; Conomos and Peterson 1977).
shoals in each embayment, permitting the In the process, Suisun Bay fine sediment
deposition of fine sediments supplied by s winnowed dur1ng the high-flow season,
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(B) conditions; plan view distorted for ease of display (adapted from
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leaving relatively more coarse sediment
(Figure 10). During summer and autumn the
pattern is reversed: fine sediment is
resuspended and transported away from San
Pablo Bay at the same time that it is
being deposited in Suisun Bay. In_ South
Bay, sediments may locally accumulate on
intertidal mudflats during autumn and
winter, but these deposits are usually
removed during the following spring and
summer (Figure 10), a result of increased
wind- and tide-induced current scour
(Nichols and Thompson 1985b).

Repeated deposition and resuspension
of the same sediments are predominant
characteristics of San Francisco = Bay.
Fuller (1982) concluded from a comparison
Figure 8. A mudflat of South Bay. of resuspension and accumulation rates




San Pablo Bay

Central

i, ) Bay
- i

PACIFIC OCEAN

Carquinez
Strait

Sacrament

i

g

Suisun Bay

San Joaquin
River

[_] Silt/Clay
[ sand
Shell

- 2m
< 10m

0 5 10 15 20
KM

Figure8. Generalized distribution of surface sediment texture in San Francisco Bay

(from Nichols and Thompson 1985b).

that sediments in deep areas of South Bay
are resuspended at least two to five times
before final burial. Apparently superim-
posed on typical seasonal cycles of
deposition and resuspension are intense
periods of erosion or deposition that can
rapidly change the sediment surface
(Section 3.2.1; Nichols and Thompson
1985a).

Surface sediments are well oxidized
throughout the year in San Francisco Bay,
largely because the water column above
remains well oxygenated. Occasionally,
Tocalized accumulations of decaying macro-
algal species following unusual summer
blooms (Horne and Nonomura 1976; Josselyn
and West 1985) have resulted in anoxia at
the sediment surface (Section 3.2.1).
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CHAPTER 2. BIOTIC COMMUNITIES--DESCRIPTIVE REVIEW

The benthos
passes a wide

of the estuary encom-
range of taxonomic and
functional entities, from bacteria to
large crabs. This profile focuses,
however, only on infaunal invertebrates,
the smaller, relatively sessile animals
tiving on or in surface sediments that can
be collected in core or grab samples. In
this chapter we consider the distribution
and abundance of +the major taxonomic
categories of invertebrates primarily by
size groupings, although 1in many cases
these are functional groupings as well.
In the following chapter, we consider the
population dynamics within macrobenthic
species and species groups, as well as the
interactions among them.

2.1 BACTERIA, MICROFAUNA, AND MEIOFAUNA
The smaller organisms of aquatic ben-
thic communities include the microfauna
{unicellular organisms such as flagellates
and ciliates that are seen only under high
magnification) and meiofauna  (small
metazoans that are mostly visible with the
unaided eye but require low magnification
for identification and counting, along
with some Targe unicellular forms). The
meiofauna, generally in the size range of
0.1 to 0.5 mm, is a diverse group that in-
cludes permanent meiofauna  (nematodes,
ostracods, kinorhynchs, harpacticoid
copepods, foraminiferans) and tfempeorary
meiofauna (the larvae and young of the
macrofauna). The Tlargest animals, the
macrofauna, are those organisms that are
retained on a 0.5-mm sieve.

The relative densities and biomass of
bacteria, microfauna, meiofauna, and mac-

rofauna vary among the many benthic
systems studied {Gerlach et al. 1985).
What is known from studies worldwide,

however, suggests that small organisms can
be important. For example, Fenchel (1969)
showed that while macrofauna may be
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in biomass, the smaller ciliates
metabo-

dominant
may be dominant in terms of total
1ism,

The role of meiofauna in the benthos
is still being clarified. Considerable
research on meiofauna in other estuaries
has demonstrated the importance of its
role in benthic food webs{(Coull 1973;
Coull and Bell 1979; Reise 1979; Heip
1980; Bouwman et al. 1984). In the Dutch
Wadden Sea, for example, the meiofauna may
be more important than the macrofauna in
the trophic chain leading to demersal fish
production (Kuipers et al. 1981).

Quantitative knowledge of bacteria,
microfauna, and meiofauna in San Francisco
Bay is, however, nearly nonexistent. Some
bacterial processes in San Francisco Bay
sediments have been studied (Sections 4.2
and 4.4). But, other than several sfudies
of recent foraminiferan distributions in
San Francisco Bay (Arnal et al. 1980, and
the papers cited therein}), no literature
exists on the bay meiofauna. Their small
size and the absence of local specialists
on this group {other than for the
foraminifera) have contributed to the
paucity of published studies. An un-
published study of the abundance of
meiofauna in oxygenated surface sediments
of the eastern shore of South Bay near
Hayward showed the presence of more
than 2.5 x 106 nematode worms per square
meter, more than 5 x 105 harpacticoid
copepods per square meter, and fewer am-
phipods, polychaetes, ostracods, and
foraminiferans (E.B. Lyke, California
State University, Hayward; pers. comm.).
Other unpublished observations of
meiofaunal distributions at twe Tlocations
on  the western shore (Corte Madera and
Palo Alto; Figure 4) showed that ostracods
and nematodes predominate in muddy inter-
tidal sediments, while harpacticoids are
much less numerous (M.M. Pamatmat, un-
publ.).



2.2 BENTHIC MACROINVERTEBRATES

philippinarum (= Japes _iaponica), and
Ilyanassa obsoleta; the amphipods Ampelisca

abdita, Grandidierella _iaponica, and

2.2.1 Generalized Distributions and Corophium spp.; the polychaetes Streblospio
Relative Abundances of  Common  benedicti, Heteromastus filiformis,
Species Glycinde sp., and several species of

The distribution of species in the
oft-studied soft-bottom macrobenthic in-
vertebrate community of San Francisco Bay
{organisms retained on 0.5 or 1.0-mm
screens) appears 1o be most strongly in-
fiuenced by temporal wvariations in
salinity  (Nichols 1979; Nichols and
Thompson 1985b). Away from the marine en-
vironment of Central Bay, the benthos is
characterized by low diversity and
dominated numerically by a few species
(common to many U.S. estuaries) that are
tolerant of wide salinity variations
(Nichols and Thompson 1985a).

Suisun Bay is a brackish-water embay-
ment characterized by istands and shallow

sub-bays intersected by tide- and river-
scoured channels. It 1is inhabited by
fewer than 10 permanent macrobenthic

is inundated

species because the region
Species that

each winter by freshwater.

can survive there include the mollusks
Macoma balthica, Mya arenaria (and oc-
casionally the freshwater species
Corbicula fluminea when vriver inflow is
unusually high); the amphipods Corophium

stimpsoni and C. spiniceorne; and the an-
nelids Nereis succinea and Limnodrilus
hoffmeisteri (Filice 1958; Aldrich 1961;
Painter 1966; California Department of
Water Resources 1986). Occasionally,

during prolonged periods of low river flow
and increased salinity, the polychaete
Streblospio benedicti and the amphipod
Ampelisca abdita (identified until
recently as Ampelisca milleri, and in some
reports during the 1960°s as Photis
californica; Cariton 1979a,b) migrate
upstream to Suisun Bay (Nichols 1985b).
These Tlatter two species are normally
restricted to the parts of the bay west of

Carquinez Strait because of their in-
tolerance of freshwater.

West of Carquinez Strait, where
salinity seldom falls below 5 ppt,

diversity increases (Filice 1958; Nichols
1979). The macrobenthic community of the
broad, shallow subtidal expanses of San
Pablc Bay comprises, in addition to Macoma
balthica and Mya arenaria, the mollusks
Gemma gemma, Musculista senhousia, Tapes
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Polydora including P. ligni; and several
oligochaetes {Filice 1958; Hopkins 1986;
F.H. Nichols and J.K. Thompson, U.S.
Geological Survey, unpubl.). Some of these
species are "euryhaline opportunists"
(Grassle and Grassle 1974; Boesch 1977)
that are common in many U.S. estuaries.
Macoma balthica predominates in both
abundance and biomass in the macrobenthic
community of the broad shallow intertidal
reaches of northern San Pablo Bay. The
abundance of other species that are common
subtidally may be limited in shallow areas
by reduced salinities and heavy siltation

during winter and windwave scouring in
summer (Hopkins 1987).
The estuarine community typical of

San Pablo Bay grades into a marine com-
munity in the deeper and more saline
Central Bay adjacent to the City of San
Francisco. Here, strong tidal currents
create a highly dynamic bottom consisting
of large sand waves that reverse direction
on each tide (Rubin and McCulloch 1979).
The benthic community is composed largely
of species that are found in sand sedi-
ments along the outer coast (Storrs et al.
1965; Liu et al. 1975; Nichols 1979).
IsTands and other rock outcrops in Central
Bay are inhabited by hard-substrate or-
ganisms with marine affinities, as well as

by the cosmopolitan bay mussel Mytilus
edulis.
South of San Francisco, the species

found in San Pablo Bay are joined, in the
subtidal mud areas, by high densities of
the large tube-dwelling polychaete Asychis

elongata. In the intertidal and shallow
subtidal vreaches of South Bay, Gemma
gemma, Ampelisca abdita, and Streblospio
benedicti are the overwhelming numerical
dominants, although Tlarge numbers of in-
dividuals of other species occasionally
appear  (Nichols and Thompson 1985a).
White much less abundant than  Gemma,
Ampelisca, and Streblospio, the mollusks
Macoma  balthica, Mya arenaria, and
Ilyanassa obscleta often vrepresent the
bulk of benthic  invertebrate biomass

{Nichols 1979; Thompson and Nichols 1981}.
Where the bottom s covered with shell
deposits (Figure 9; remnants both of the



early Pacific oyster industry and the

an-

cient deposits of the native oyster,
Ostrea lurida; Hart 1966), dinvertebrates
associated with hard bottoms, such as

Crepidula spp., Urosalpinx cinerea, Mogula

manhattensis, Musculista senhousia, and
unidentified hydrozoans, cheilostome
bryozoans, and acontiate anemones, are
found. Tapes philippinarum is also common
in the shelly deposits.

2.2.2 Baywide Patterns

of Macro-

invertebrate Biomass

The only synoptic survey of macroin-
vertebrate biomass (sampled twice during
19735 Nichols 1979; Thompson and Nichols
1981) demonstrated (1) the major contribu-
tion of mollusks to total invertebrate
biomass everywhere in the bay, and (2) the
concentration of greatest total biomass in
South Bay (Table 1).

The principal contributors to biomass
throughout much of +the bay are the mol-
lusks Tapes philippinarum, Musculista

senhousia, Macoma balthica, Mya arenaria,
Gemma gemma, and Ilyanassa obsoleta. In
addition, the large tube-dwelling
polychaete Asychis elongata 1is a major
contributor to total biomass in the muddy
subtidal areas of South Bay (Nichols
1979} . Because  sampling during this
single baywide survey was conducted only
twice during one year, meaningful seasonal

INTRODUCED INVERTEBRATES

O0f all the common benthic species
listed above, only the polychaete Glycinde
sp. {a species belonging to the G.
armigera/polygnatha complex), and the
bivalve mollusks Macoma balthica and
Mytilus edulis are natives. The others
were accidentally or intentionally intro-
duced (Carlton 1979a,b). Moreover, there
is developing evidence from
electrophoretic studies that Macoma bal-
thica may also be introduced: they are
genetically much more similar to U.S.
east coast M. balthica than they are to
those collected from Coos Bay, Oregon
(B.W. Meehan, Virginia Institute of Marine
Science; pers. comm.). However, because
its native/introduced status has not been
formally resolved, we continue to refer in
this profile to M. balthica as a native
species.

2.3

The immigrants who flocked to the
west coast of the United States during the
Gold Rush of the late 1840’s and 1850°s
brought with them a taste for fresh
oysters, but did not care for the dark,
strong-tasting meat of the local oyster
Ostrea lurida. Live oysters were imported
to San Francisco by ship from Mexico, the
Pacific Northwest, and Japan. Shells of

the various species can still be found on
bay intertidal flats (Figure 11). With
the completion of the transcontinental

comparisons are not possible. railroad in 1869, large-scale shipment of
Tabie 1. Weight (g/0.1 m2) and percent (%) of total sample wet weight for Mollusca, Annelida, Arthropoda,
and all other phyla combined; data are averages of 4 to 13 stations in each region of the bay. Samples were
collected during January-February (winter) and during August (summer) 1873 (Thompson and Nichols 1981).
Mollusca Annelida Arthropoda Other Phyla Total
winter summer winter  summer winter summer winter summer winter summer
Location g (%) g (%) g (%) g (%) g (%) g (%) g (%) g (%) g g
Suisun Bay 1381 4(67) 3019y 117y <1(<1) <i({<1) <i(<1) 117 16 6
San Pablo Bay 36(90)  56(88) 2 (5) 1(2)  <i<D 2 (3 12 4 (&) 40 64
Central Bay £1(T0) 6C14y  7U12) 1331 12 2 (5 9157 21(50) 59 42
Upper South Bay  4566(85) 332(83) 64{12) 49012y 51 6 (2) 3 15 (4) 549 402
Lower South Bay  81(92) 191(%2) 6 (D) 8 (4)  <I(<h) 2 (1 1( 6 (3 a8 207
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Figure 11.
species on a South Bay mudflat.

Accumulated oyster sheils of assorted

mature eastern oysters, {rassostrea vir-

ginica, and, Tlater, seed oysters for
maturing on the mudfiats of coastal bays,
became possible. An average of 100 car-
loads of seed oysters were shipped each

year between 1875 and 1910. By the 1late
1890°s, oysters became California’s most
valuable fishery product (Barrett 1963).
The eastern oyster never became
naturalized in  San Francisco Bay
(transplanted adults failed to produce
sufficient young), but its large-scale in-
troduction contributed to one of the most
significant bay-wide ecological changes
recorded since. Species associated with
the oyster in its native habitat became
unintentional fellow travelers on the
transcontinental trip and subsequently es-
tablished themselves in San Francisco Bay
with phenomenal success. Carlton, in his
review (1979b) of species introductions in
the bay, commented that "A single oyster
shell may have upon it representatives of
10 or more invertebrate phyla, comprising
dozens of species, and these numbers can
be greatly increased when oysters are
packed together for shipment with as-
sociated clumps of mud and algae, and with
water pockets in empty valves wused as
cultch.” Biologists recorded the ap-
pearance of many of these exotic species
during the period of oyster importation
(Figure 12).  However, the enormous sig-
nificance of  species introductions,
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arenaria

including those associated with the oyster
industry as well as those attached to or
bored into ship hulls or contained in ship
ballast and subsequently released to the
bay, was not realized for nearly 100 years
{Carlton 1979a,b). In total, about 100
species of exotic estuarine/marine inver-
tebrates have become established. These
include the edible soft-shelled clam Mya
and the Japanese littleneck clam
Tapes philippinarum--the only two mollusk

species represented today in the bay sport
fisheries--and such pest species as the
shipworm Teredo navalis and the oyster
drill Urosalpinx cinerea. Now, nearly all
the common macroinvertebrate species
present on the inner shallows of the bay
are introduced (Nichols 1979; Nichols and
Thompson 1985a). Some of these species,
such as the amphipod Ampelisca abdita, are
abundant nearly everywhere in the bay
(Figure 13). The tidal freshwater water-
ways of the Tlower Sacramento and San
Joaquin Rivers and Delta, as well as of
California’s irrigation canals, contain
huge numbers of the introduced freshwater
c¢lam Corbicula fluminea.

Introduced invertebrates are evident
at the edge of the bay to even the most
casual observer. The bayward edges of the
Salicornia/Spartina marshes throughout the
bay are populated by the eastern ribbed
mussel  Geukensia demissa (= Ischadium
demissum, Modiolus demissus) (Figure 14),
and the slopes formed by ongoing erosion
of the marsh edge in many South Bay and
San Pablo Bay locations (Atwater et al.
1979; Carlton 1979b) are perforated with
(and ultimately destroyed by) the burrows
of the introduced isopod Sphaeroma guoyana
(Figure 15). At the base of these slopes
and in tidal channels the mudsnail
Ilyanassa obsoleta resides in great num-
bers. While it is typically found in
relatively small numbers on open South Bay
mudflats, Ilyanassa is occasionally ex-
tremely abundant (Figure 16). At the base
of riprap dikes and breakwalls, par-
ticularly where the sediments contain some
cobbles and sand, the Japanese littleneck
clam Tapes philippinarum is easily found
by clam diggers.

Total mollusk biomass is dominated by
introduced species in all regions of the
bay except Central Bay, where a variety of
native marine species predominate, and in
Suisun Bay, where Macoma balthica normally
predominates ({Figure 17; Thompson and
Nichols 1981). If, as mentioned above,
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Figure 12.  Cumulative number of introduced mollusks by date of discovery (adapted
from Nichols et al. 1986; derived from data in Cariton 1979b),

the bay’s mudflats to be effective sources
of colonizers  (Nichols and Thompson
1985a).

Macoma balthica proves to be another in-
troduced species, the percentages shown in
Figure 17 for native species in Suisun,
San Pablo, and South Bays would be greatly
diminished.

The success of the introduced species

Accidentally introduced species may may also be related to their flexible
have thrived in San Francisco Bay in part lifestyles. The introduced species are
because the bay, like other Pacific coast well known in estuaries of the eastern

estuaries, contained relatively few native colonizers

United States as opportunistic

species as compared with the estuaries on  of underexploited or disturbed habitats
the U.S. east coast (Jones 1940, Hedgpeth (Nichels and Thompson 1985a). They have
1968, Carlton 1979a,b). This was the short life spans, produce large numbers of
case, apparently, because of the geologic  young, are tolerant of a wide range of
youth and geographic isolation of west salinity, temperature, and substrate type,
coast estuaries (Figure 2): a diverse lo- and can be readily dispersed around the
cal  fauna had apparently not yet evolved bay by tide- and wind-driven currents.
prior to the introduction of species The large seasonal variations in river in-
(Hedgpeth 1968). The predominance of a  flow, with consequent variations in
single habitat type (soft mud) over wide salinity, contribute to an instability of
areas of the bay may also have restricted the benthic environment that enhances the
the number of species that were estab- success of the opportunists vrather than
Jished = there. Sources of potential longer lived "equilibrium" species (as in
colonizing species not commonly a part of McCall 1977). The same hardiness that
the soft-mud community may have been too  permitted the eastern species to survive

small or too far removed spatially from the 1long transcontinental train rides
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Figure 13. Distribution and abundance of Ampelisca abdita (= Ampelisca milleri = Photis
californica in earlier local studies; Carlton 1979a,b) (from Hopkins 1986).
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Figure 14. The introduced eastern ribbed mussel, Figure 16. An unusually high concentration of the
Geukensia demissa, at the edge of a Spartina foliosa introduced mudsnail /lyanassa obsoleta on a South
marsh in South Bay. Bay mudflat, November 1985,

Species

) Native
Introduced

12230 120 12200

Figure 17. Proportions of introduced and native
species relative to total biomass (wet weight) of
moliusks in major subareas of San Francisco Bay
(averages from four to seven stations per subarea,
Figure 15. Eroding edge of a San Francisco Bay  three samples per station). These proportions
marsh, perforated by burrows of the introduced  assume that Macoma balthica is a native species, an
isopod Sphaeroma quoyana. assumption that may be invalid; see text.
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probably insured their successful estab-
Tishment in San Francisco Bay.

We do not know how the introduced
species affected the native benthic com-
munity, but they may have altered the
distribution and survival of some of their

native counterparts. In one documented
case (Race 1982), the range of the native
hornsnail Cerithidea californica is
restricted mainly to marsh pannes (Figure
18) by competitive interaction with and
predation by the introduced mudsnail
ITyanassa obsoleta. It is likely that,
before Ilyanassa was introduced,

The salt-panne habitat of the native
hornsnail Cerithidea californica.

Figure 18.
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Cerithidea was found on the open mudfiats

of the bay. It is also possible that
before the introduction of Ampelisca ab-
dita, Macoma balthica was the most

abundant invertebrate of the bay’s inter-
tidal mudflats (Section 3.2.3). If so, it
may have provided the most important
source of nutrition for migratory
shorebirds.

2.4 PREDATORS ON THE BENTHOS

The importance of predation on the
bay’s clams and oysters has been recog-
nized since the early days of shellfish
harvesting in the bay (Bonnot 1932a, 1935;
Barrett  1963). The beds of oysters
{Ostrea lurida) imported from the State of
Washington during the 1850’s were fenced
with stakes to keep out predators, par-
ticularly rays (Barrett 1963). Bonnot
(1932a) noted that “"The stingrays and
flounders eat vast quantities of the
[soft-shell clam Mya arenaria]. The
stingrays will dig and eat the whole clam.
The flounders bite off their siphons." The
predators mentioned by Bonnot are probably
the bat ray Myliobatis californica and the

starry flounder Platichthys stellatus
which, with the leopard shark JIriakis
semifasciata, may be responsible for some

of the discernible feeding depressions on
mudflats {Figure 18). The practice of
shellfish bed fencing to prevent these

Figure 19. Feeding depressions (about 15 cm in
diameter), probably made by the bat ray (Myliobatis
californica), knownto feed on the mudfiats at high tide.



species and others from depleting the beds
continued throughout the period of oyster
growing and soft-shell clam harvesting
(Chapter 6). Native epibenthic 1inver-
tebrates such as the Dungeness crab (ancer
magister, the bay shrimp Crangon spp., the
shore crab Hemigrapsus oregonensis, and
the channeled whelk Busycotypus
canaliculatus are also important
predators, depending on Tlocation within
the bay and time of year.

Studies of bay fishes, crustaceans,
and birds (e.g., Heubach et al. 1963,
Ganssle 1966, Radtke 1966, Stevens 1966,
Boothe 1967, Thomas 1967, McKechnie and
Fenner 1971, Daniels and Moyle 1983 for
fishes; Russe 1975 for elasmobranchs;
Recher 1966 for birds; Wahle 1985 for
shrimp) often have included observations
of stomach contents. While not quantita-

tive, these studies show clearly that the
benthos is a major source of nutrition.
Use of such studies for purposes of deter-
mining precise feeding habits and rates is

limited, however, in that partly digested
stomach contents may not necessarily
provide a true picture of food selection.

Recher (1966), for example, showed from
shorebird gizzard contents that prey
selection was species specific (Table 2},
and that the large polychaete Nereis suc-
cinea was the apparent preferred food item
for many species. He noted, on the other
hand, that while clams represented only a
small percentage of stomach contents of
long-billed shorebird species, these birds
were routinely observed to extract clams
(Macoma balthica and Mya arenaria?) from

the mud. Small soft-bodied animals such
as Streblospio benedicti and  other
polychaetes would probably be overlooked

in analyses of stomach contents as well.

Table 2. Percent composition of food items occurring in the gizzards of shorebirds collected at Palo Alto (Recher

1966).
Bird species (with number of gizzards analyzed)
Black- Least Western Red-
Semipalmated bellied Sand- Sand- Backed Marbled

Invertebrates Plover Plover Avocet  Dowitcher piper piper Sandpiper Knot Godwit Willet
recovered 3 3 ("N 27 (38) (78) (466) 3 (9 (16)
Amphipod species - - 4.0 21.1 8.6 8.9
Gemma gemma 2.8 12.7 52.0 6.4 5.3 8.6 2.4 55.3 6.2 44 .6
Nereis succinea 94.5 16.4 16.0 71.4 5.3 8.6 706.0 44.0 76.0 4.6
Dstracod species 0.5 - 4.0 9.6 57.8 62.8 9.7 -
Ilvanassa obsoleta

<}74 inch 2.2 1.8 24.0 7.4 10.5 1.4 5.8 - 2.5 9.9

>1/4 inch 65.5 2.1 1.6 0.7 B.7 3.2
Geukensia démissa 0.8
Mya arenaria and Macoma

balthica - 3.6 - 3.1 1.6 5.6 3.8
Hemigrapsus. eregonensis 3.1
Average number- of

items per gizzard 137 55 25 Gk 38 35 121 159 185 132
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2.5 INVERTEBRATE FEEDING

2.5.1 Feeding Modes

There has been, to our knowledge,
only one study of invertebrate feeding in
the San Francisco Bay Estuary: Foe and
Knight’s (1985a, 1986) study of Corbicula
fluminea in the tidal freshwater region of
the estuary. Life histories and feeding
modes of the common invertebrates of San
Francisco Bay must, therefore, be inferred
from studies of these species in other
United States estuaries. Feeding modes
(the mechanism of food transport from the
environment into the organism; Fauchald
and Jumars 1979), while highly dependent
on the functional morphology of each
species, are also locally influenced by
substrate type as well as sources and
rates of food supply. Thus, our charac-
terization of the bay’s benthic
invertebrate feeding modes (Table 3) is
based on observations of Tlocal popula-
tions, habitat type, and potential sources
of food as well as on published studies of
the same species elsewhere.

It is apparent from Table 3 that,
with the exception of some polychaetes,
the common species of San Francisco Bay
macroinvertebrates are filter feeders or
surface deposit feeders (including surface
grazers). Moreover, the group of species
representing the bulk of  invertebrate
biomass--the bivalve mollusks--is composed

entirely of filter feeders, atthough
Macoma balthica is a surface deposit
feeder as well as a filter feeder (Hummel

feeding traces are nearly
sur-

1985): Macoma
always prominent on the bay mudflat
faces (Figure 20).

While definitive studies have not
been conducted, the most readily apparent
food sources for this abundance of filter
feeders and surface deposit feeders are
probably  phytoplankton and benthic
microalgae. Because the estuary is shal-
Tow and well mixed, phytoplankton in the
water column is directly available to fil-
ter feeders on the bottom. Cloern (1982)
concluded that the benthos limits the size
of phytoplankton blooms in South Bay.
Benthic grazing may also have been respon-
sible for the wunusually low levels of

Table 3. Reported feeding modes of common soft-bottom macroinvertebrates found in San Francisco Bay.

Surface Subsurface  Grazers,
Filter deposit deposit carnivores,
Species feeders feeders feeders omnivores References

Polychaeta Fauchald and Jumars 1979

Asychis elongata X "

Capitella sp. X X "

Heteromastus filiformis X X "

Glycinde sp. X "

Nereis succinea X "

Polydora spp. X X "
Crustacea

Ampelisca abdita X X Mills 1967

Corophium spp. X X Newell 1970

Sphaeroma quoyana X Rotramel 1972
Mollusca

Corbicula fluminea X Foe and Knight 1985a

Gemma gemma X Sellmer 1967

Ilvanassa obsoleta X Curtis and Hurd 1981

Geukensia demissa X Kuenzler 1961

Macoma balthica X X Hummel 1985

Musculista senhousia X Morton 1974

Mya arenaria X Newell 1970

Tapes philippinarum X Langton et al. 1977
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Figure 20. Macoma balthica teeding traces, with the
mudsnail llyanassa obsoleta for scale (photograph
coutrtesy of D.R. Hopkins).

phytoplankton 1in Suisun Bay during the
1976-77 drought (Nichols 1985b). Further,
because approximately 45% of the bay’s
surface area at high tide 1is covered by
less than 2 m of water, a depth equivalent
to the bay’s average photic depth, benthic
microalgae are also a potential major
source of food (Chapter 4).

A recent study of growth in Macoma
balthica (Thompson and Nichols in press)
shows that the timing and rate of growth
are related to the timing and magnitude of
blooms in either the phytoplankton or
phytobenthos or both (Section 3.1.2).
Most of the other benthic invertebrate
species found in high abundance, e.g.,
Ampelisca abdita, Streblospio benedicti,
and Gemma gemma, as well as the large mol-
lusks Mya arenaria, Geukensia demissa,
Mytilus edulis, Musculista senhousia, and
Tapes philippinarum, also directly consume
microalgae, either by filtering water or
selectively feeding at the sediment sur-
face. The mudsnail Ilyanassa obsoleta, a
surface grazer, is known to feed directly
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on benthic microalgae or sedimented
phytoplankton as well as on live animals
and carrion (Curtis and Hurd 1981).

River-borne organic detritus, decay-

ing vascular plants and associated
microbes and epiphytes washed from the
marshes, wastes from sewage-treatment
plants (Chapters 4 and 5), and microbes
and meiofauna living in bottom sediments

also contribute to the diet of filter and
deposit feeders (Section 4.2). As yet,
however, we have no understanding of their
quantities, rates of supply, or relative
importance to benthic feeding.

2.5.2 Benthic Food Web

There have been no studies of food
web interactions within the San Francisco
Bay benthos. Nonetheless, our knowledge
of the behavior of individual species
(suppiemented by studies in other
estuaries) is sufficient to describe a
probable food web of the shallow benthos
of the bay: microalgae growing both in the
shallow water column and on the sediment
surface (with considerable overlap between
the two  "communities"), mixed and
transported across the intertidal or shal-
low subtidal mudflats by wind- and tide-
induced currents, are directly available
to suspension or surface deposit feeding
invertebrates. Thus, there 1is an im-
mediate  transfer of food energy from
microalgae to invertebrates. The benthic
invertebrates are, in turn, eaten by such
large consumers as shorebirds, demersal
fishes, elasmobranchs, juvenile Dungeness
crabs in the northern reaches of the bay
(Section 3.3.3), and by human clam diggers
(Chapter 6). This simple, efficient food
web that T1inks microalgae directly with
clams without an intermediate pelagic con-
sumer  link--much  1ike that of an
aguaculture system--should be appropriate
for commercial shellfish growing (Chapter
6). Whether microbe-coated sediment par-
ticles are an equally or more important
source of nutrition for the wmudflat in-
habitants remains to be determined.



CHAPTER 3. MACROFAUNAL COMMUNITY DYNAMICS

Estuarine benthic species undergo
marked changes in abundance over a variety

of time scales ({Nichols 1985a). Most
changes are associated with
species-specific seasonal patterns of
recruitment, growth, and mortality. Other

equally important changes result from pre-
dictable or unpredictable changes in the
estuarine habitat that occur over time
scales ranging from tidal cycles to years
(e.g., responses to the seasonality of
river flow or predation, or to climatic
events and trends). A few changes reflect

historic events that permanently altered
communities, and still others represent
modern anthropogenic influences (Chapter
5).

3.1 SEASONAL PATTERNS IN THE BENTHIC
COMMUNITY

The results from benthic surveys that

include sampling at fixed sites through
time show that abundances of individual
species vary widely between seasons and

from year to year (e.g., Figure 21).

3.1.1 Abundance Changes

tittle is known about the mechanisms
that trigger reproductive activity or that
affect recruitment success in the bay’s
benthic species populations. Nonetheless,
some of the mechanisms contributing to
major abundance fluctuations have been
identified in quantitative surveys and in
studies of reproductive activity and life
history of several numerically prominent
species (Nichols and Thompson 1985a). MWe
know 1ittle about the natural history of
species other than these few.

Generally, macrobenthic invertebrates
at temperate and higher Tatitudes increase
in abundance in patterns associated with
the annual temperature cycle. In San
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Francisco Bay, the small and highly abun-
dant amphipod Ampelisca abdita
demonstrated year-to-year consistency,
over a 10-year period, in the timing of
abundance fluctuations, with peak abun-
dance occurring in October of most years
(Figure 22; Nichols and Thompson 1985a).
This consistency may reflect the fact that
this species has two generations each
year--a small overwintering generation
comprising Jjuveniles and subadults that
mature in spring, and a subsequent spring
generation that rapidly matures and
produces the summer-autumn generation.
The overwintering individuals come from
this Tatter generation (Mills 1967;
Kinnetic Laboratories, Inc. 1983; Nichols
and Thompson 1985a).

The timing of vrecruitment of the
northern temperate bivalve Macoma balthica
is also reasonably predictable. In San
Francisco Bay, recruitment occurs mostly
during two periods each year: in late
winter to early spring and again in Tlate
summer to early autumn (Nichols and
Thompson 1982), although the relative im-
portance of spring and autumn recruitment
varies from location to location within
the bay ({Thompson and Nichols unpubl.
data). In the absence of cold winters
(Macoma is more typically found at higher
Jatitudes), temperature may not be the
major stimulus for reproductive develop-
ment in San Francisco Bay. The timing of
food availability {associated with
phytoplankton and phytobenthos  blooms)
also may be an important factor in the
reproductive maturation cycle ({Thompson
unpubl. ms.).

Although the timing of Macoma abun-
dance peaks at one South Bay study site is
somewhat predictable, the maximum size of
the population during any year is not
(Nichols and Thompson 1985a): in some
years Macoma is extremely abundant, while
in others it is nearly absent (Figure 21}.
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Figure 21. Abundance of the macrofauna collected in core samples at three
stations on an intertidal mudflat at the Palo Alto study site (Figure 4), including
three numerically dominant species (Gemma, Streblospio, Ampelisca), the
species that accounts for the largest percentage of biomass (Macoma), and
three irruptive species (Mya, Corophium, Capitella) (from Nichols and
Thompson 1985a).
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Figure 22. Abundance (average =1 s.d., 1974-76) of three numerically dominant mudtflat species
over-a 10-year period (straight lines), and computed average annual cycies from least-squares
regression of the data (curvilinear lines) (from Nichols and Thompson 1385b).
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The targe year-to-year differences could
result from variable predation on adults
by  birds, rays, and fishes; variable
predation on planktonic larvae; variation
in the number of larvae in the water
column available for settling; variations
in the number of larvae that successfully
settle to the sediment surface; or in the
presence or absence of potentially inter-
fering species once they have settled
(Section 3.2).

Abundance fluctuations among other
common bay invertebrates seem much more
random. The timing of annual abundance
peaks of two numerically dominant species,

the clam Gemma gemma and the polychaete
Streblospio benedicti, is highly variable

from year to year (Figure 22; Nichols and

Thompson 1985a).

The climate of the San Francisco Bay
region, moderated by mild winters and by
the influx of colder, upwelled water from
offshore during the summer, maintains bay
water temperatures within a narrow range.
Such a temperature regime may permit
greatly increased reproductive flexibility
in some species. Gemma and Streblospio,
like Ampelisca, are brooders, but their
females remain veproductively active
during much of the year (Jones 1961;
Thompson  1982;  Nichols and Thompson
1985a). Additionally, strong water mixing
within and between embayments probably
contributes to bay-wide dispersal of
water-borne larvae, juveniles, and adults
of these small species. Thus, the poten-
tial for vrapid colonization of available
substrates throughout much of the year is
greatly enhanced (Nichols and Thompson
1985a). Successful recruitment, nonethe-
less, may depend on local conditions
(physical conditions at sediment surface,
presence of competitors or predators,
etc.) at the time of larval release.

A1l of these factors (temperature,
water column mixing, sediment character,
predation, species interference) together

undoubtedly contribute to extreme year-to-
year variability observed in the timing of
population increases, and render short-
term assessments of community structure
for the purpose of environmental quality
analysis (Chapter 5) relatively useless.

3.1.2 Seasonal Growth

Field and experimental
worldwide have shown that rate

studies
of growth
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in  benthic  invertebrates also varies
markedly with time. Many studies
{reviewed 1in Nichols and Thompson 1982)

have shown that the clam Macoma balthica
typically grows most rapidly during a
brief period in spring, typically in as-
sociation with a temperature-dependent
seasonal cycle of reproductive development
(de Wilde 1975) and the availability of
food (Beukema et al. 1977; Christensen and
Kanneworff 1985). Although Macoma in San
Francisco Bay grows to some degree
throughout the year, most of the growth in
South Bay populations takes place during a
brief period in spring (Figure 23) coinci-
dent with the spring phytoplankton and
benthic microalgal blooms (Nichols and
Thompson 1982, 1985b). Growth rates are
also higher in San Francisco Bay than in
any other location, worldwide, apparently
because of the warmer water temperature
(Nichols and Thompson 1982).

Growth in bay populations of the am-
phipod Ampelisca abdita, the clam Gemma
gemma, the isopod Sphaeroma guoyana, the
mussel Geukensia demissa, the snail
Cerithidea californica, and the freshwater
clam Corbicula fluminea is also strongly
focused 1in spring or summer (Schneider
1976; Langlois 1980; Race 1981; Thompson
1982; Kinnetic Laboratories, Inc. 1983;
Foe and Knight 1985a).
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Figure 23. Average length of individuals in two year
ciasses (recruited in 13879, 1980) of Macoma balthica
{from Nichols and Thompson 1985b).



A more recent study, in which growth
of Macoma balthica was examined experimen-
tally at four different locations in San
Francisco Bay, has confirmed the existence

of a strong 1link between maximum clam
growth and seasonal peaks in microalgal
biomass. Furthermore, the timing of

microalgal-biomass and clam-growth peaks
varied depending on Tocation within the
bay (Thompson and Nichols in press).

3.1.3 Seasonal Predation

The effects of predation by repre-
sentatives of other groups (e.g., birds,
fish, crabs, etc.) on seasonal distribu-
tion and abundance patterns have been
demonstrated experimentally in many
studies around the world (e.g., Peterson
and Peterson 1979; Baird et “al. 1985).
However, with the exception of Recher’s
(1966) study of shorebird distributions
and stomach contents at one intertidal
site in South Bay (Table 2), little quan-
titative information exists on the
distribution, abundance, and feeding be-
havior of Tlarge predators from which
seasonal estimates of predation Tlosses
could be made. Similarly, only one study
of invertebrate predators has been con-
ducted in San Francisco Bay. In that
study Race (1982) found that the intro-
duced snail Ilyanassa obsoleta
competitively displaced the native snail
Cerithidea californica from its preferred
summer habitat and preyed upon its eggs.

The distributions of some predators
are strongly seasonal and, as a result,
should contribute to seasonal patterns in
invertebrate abundance. As  examples,
migratory shorebirds that feed on many of
the common intertidal mudflat inver-
tebrates are more abundant during the
autumn and winter months (Recher 1966),
while the bat ray Myliobatis californica
is most prevalent during summer (Aplin
1967). A long-term baywide study of fish
distributions and stomach contents, now in
its sixth year (Armor and Herrgesell
1985}, should begin to provide pertinent
information on spatial and temporal pat-
terns of feeding on the benthos by fish
and elasmobranch predators and on species-
specific food preferences.

3.2 APERIODIC PATTERNS OF ABUNDANCE

The absence of predictable patterns
in the abundance of many benthic inver-
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tebrates of the bay and the vrapidity of
community changes suggest that stochastic
processes contribute markedly to observed
variability.

Effects of Environmental
Perturbations

3.2.1

of an intertidal
Seuth Bay (Section

The 10-year study
benthic community in
3.1.1) vrevealed rapid changes 1in in-
dividual species abundances (Figure 21)
that, with respect to our understanding of
species life histories, are largely unpre-
dictable. While the factors contributing
to these changes seldom are clearly under-
stood, periodic or aperiodic disturbances
of the environment are implicated (Nichols
and Thompson 1985a,b). As an example, the
annual decline in Ampelisca during autumn
and winter at any site is assumed to be

the result of natural autumn-winter mor-
tality following vreproduction. Several
data sets, however, suggest a connection

between observed rapid declines and inun-
dation by Tlow-salinity surface water and
the possibility of mass migration of
animals away from inundated sites to more
saline, deeper or down-estuary regions of
the bay (Nichols and Thompson 1985b).

Similarly, many of the most dramatic
between-year community changes may be at-
tributable to extreme deviations in the
physicochemical environment from long-term

norms that, in turn, may influence the
timing and success of recruitment of new
individuals to the community or the sur-

vival of individuals already established.
Interannual variations in river flow into
the estuary have a particularly strong ef-
fect. Extremely low river inflow from the
Sacramento-San Joaquin River system during
two successive winters (1976 and 1977)
resulted in steadily increasing salinity
and an increase in both species diversity
and abundance in Suisun Bay at the upper
end of the estuary (Figure 24). It is as-
sumed that Tarvae and Jjuveniles of
estuarine benthic species normally found
only downstream of Carquinez Strait
(Figure 4) were carried upstream to Suisun
Bay by gravitational circulation and tidal

currents. The temporarily enlarged ben-
thic community (Figure 25), comprising
several filter feeders, may have con-

tributed to the equally unusual decline in
phytoplankton biomass in Suisun Bay at the
same time (Nichols 1985b}. The return of
normal river flow and reduced salinity at
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species, and mean number of individuals at a shallow
site (Figure 4, site D7) in Suisun Bay (adapted from
Nichols 1985b); data from California Department of
Water Resources 1986.

the end of 1977 quickly eliminated these
transient species populations from Suisun
Bay (Figure 24).

At the opposite extreme, high river
inflow "events," such as occurred during
the winter and spring of 1982 and again in
1983, cause a rapid lowering of salinity
throughout the bay. Inundation by brack-
ish or freshwater during these events
resuited in a decline of abundance within
the intertidal benthic community and the
near-elimination of the amphipod Ampelisca
abdita (Figure 26). Two years passed fol-

towing the 1982 period of high river
inflow Dbefore Ampelisca regained its

numerical prominence (Nichols and Thompson
1985a). The Japanese littleneck clam
Tapes philippinarum also declined in 1982
and again in 1986 following unusually
heavy rainfall and runoff and the sub-
sequent  siltation of clam beds (7.0.
Moore, Jr., California Department of Fish
and Game; pers. comm.). Coincident with
the inundation by Tlow-salinity water
during the winter of 1982 was the deposi-

tion of fine terrigencus mud over the
intertidal mudflats throughout the bay
(and probably the subtidal as well) and

thick layers {up to 15 cm) of sand on top

25

MEAN ABUNDANCE /0.05m?

Mya arenaria

! 2900 ~~ 2200

Ampelisca abdita

'
'
\

!
i
t
i
i
'
1
]
]
i
1
i
1
3
i
;

)

e} i N i

Strehlaspio benedicti

400

200

N

1977

| f {

H A L
1975 1879 1981
Figure 25. Average abundance of numerically
abundant species at sites D6 (dashed line} and D7 in
Suisun Bay (Figure 4); data as in Figure 24 above
(adapted from Nicheols 1985b}; no data between late

1973 and late 1875 (stippled area}.



10000 -

5000 f\ JJ

Freshwater Inflow

m3s-1

e m x

Mo

- 200 1 Ampellsca abdita \» B //\/\ﬂ/\/
3 a\ l _\\/ \"\ L .
-g £ 0 ; F ‘ : - =
5.2 4() . Macoma baltluca C
P L(‘)

/\/\_,\ ,_\J 3 ) ) /L\/""\k*/ \‘\"/\ ) //_:v\\‘//,\/‘/

1974 1975 1976 1977 1978 1979 1980 1981 1982 1983

Figure 26. Average daily flow of freshwater into San Francisco Bay from the Sacramento and
San Joaquin Rivers (A) and abundance of two species at the Palo Alto intertidal mudflat study
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of the mudfiat at the mouths of Tlocal
streams. It is not clear, in any in-
stance, whether observed declines are

related more to vrapid sedimentation, to
reduced salinity, or to some other related
factor(s).

Episodes of unusually strong surface
sediment erosion can also affect abundance

by subjecting the small surface-dwelling
invertebrates to physical removal or
burial. As an extreme example, ap-

proximately 8 cm of sediment was removed
from a South Bay mudflat between observa-
tions separated by one month during fall
1974 (Nichols and Thompson 1985a). The
occasional accumulation and subsequent
decomposition of macroaligal mats can alsc
affect the benthic community. Again as an
extreme example, a thick accumulation of
the macroalga Polysiphonia covered the up-
per intertidal zone of a South Bay study
site during summer of 1975, smothering the
organisms in the sediments. Recolonization
of the site required weeks to years,
depending on the availability and motility
of colonizing individuals, and seemed to
involve migrating adults as well as
juveniles {Nichols and Thompson 1985a).

3.2.2 Importance of Benthic Species

Interactions

Other aperiodic changes may be
manifestations - of species interactions.
Some species common to the bay benthic
community, such as the clams Macoma bal-
thica and Mya arenaria and the po1ychaete
Capitells, display abundance patterns that
are . markedly discontinuous. with time
(Figure 21).  Capitella (commonly called

C. capitata, but  actually comprising an
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unknown number of sibling species; Grassle
and Grassle 1976; hereafter referred to as
Capitella spp.) appeared about & months
after the macroalgal accumulation-and-
decay event described above, but before
the normally resident species had become
fully reestablished. The Capitella group
contains species that are well known ex-
ploiters of organically enriched or
otherwise disturbed environments (Grassle
and  Grassle 1974, 1976; Nichols and
Thompson 1985a). The availability of
decaying organic matter, coupled with an
absence of competitors, may have con-
tributed to its temporary success.

Most other occasional species irrup-

tions, such as that of Mya arenaria in
1975 (Figure 21), are not understood, al-
though some explanations can  be
hypothesized. Several data sets, for ex-
ample, show that Macoma balthica,
sometimes absent for several years at a
time, becomes abundant only when its

larvae can settle in the relative absence
of the introduced amphipod Ampelisca ab-
dita (Figure 26). This finding suggests
that Macoma abundance may be controlled
locally by the presence of a large popula-
tion of Ampelisca either by direct
consumption of settling clam larvae or the
physical disruption of larval settlement
(Nichols and Thompson 1985a).

3.3 LONG-TERM TRENDS

The most pronounced change that has
affected the benthic community of San
Francisco Bay during the past 140 years
was the introduction of species {Sectien
2.3). However, because quantitative
studies of the benthos were not undertaken



until the 1850°s, well after the period of
most introductions, it is not possible to
compare pre- and post-introduction benthic
communities.

There is no indication from published
reports that there have been significant
long-term changes 1in benthic community
composition during the three decades since
quantitative studies began, although such
changes have undoubtedly occurred in the
immediate vicinity of waste outfalls (as a
result of changed salinity regime as well
as the effect of the waste flow itself;
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Chapter 5). The absence of observable
long-term changes at all other locations
may be due, 1in part, to inconsistencies
among the surveys in sampling location and
time of  year, sampling methodology,
species identification, data interpreta-
tion, and discontinuous sampling through
time within embayments (Nichols 1973).
Qualitatively, the same common species
names appear in all published species
lists for each area. Only consistent,
lTong-term, bay-wide monitoring will allow
us to detect the existence or lack of sig-
nificant trends.



CHAPTER 4. CYCLING OF MATTER IN THE BENTHOS

4.1 INTRODUCTION
Benthic biological processes are in-
volved in the production, supply,

transformation, and mineralization of or-
ganic matter in estuaries. To evaluate
the biological productivity of the benthic
community and its relation to fishery
yield, for example, we must have knowledge
of many processes that determine the fate
of organic matter as it cycles through the
ecosystem. Reproduction, recruitment,
growth, and mortality 1in benthic macro-
faunal populations (Chapter 3) are but a
few of many biological processes that con-
tribute to biogeochemical cycles. Primary
production, aerobic and anaerobic respira-
tion, chemosynthesis (= chemoautotrophy),
and fermentation -- processes associated
with algae, bacteria, fungi, protozoans,
and meiofauna -- also contribute to the
turnover of organic matter in sediments.
Other processes including sedimentation,
grazing, filter feeding, deposit feeding,
predation of benthic invertebrates by fish
and migratory birds, aerobic and anaerobic
mineralization of alt kinds of organic
matter, and transport of resuspended
material all contribute to the cycling of
organic matter befween the sediment and
water column. In this chapter we consider
some of the processes that govern the cy-
cling of matter in the benthos.

4.2 SOURCES OF ORGANIC MATTER

The major sources of organic matter
to the benthos are presumed to be the same

as to the estuary itself: (1) plant
material {afgae and vascular plants)
produced within the estuary, (2} Tliving
plant material and dead particulate

material {detritus) suspended in the river
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water and surface runoff that flow into
the estuary, (3) dissolved organic matter
from all sources, and (4) sewage from
waste-treatment plants.

4.2.1 Vascular Plants

The marshes of San Francisco Bay and
Delta, because of their greatly reduced
size following more than 130 years of
reclamation, are probably only a minor
source of organic matter for the nonmarsh
benthos of the bay. Atwater et al. (1979)
estimated that production of dry vascular
plant material in the bay’s tidal marshes
is about 1 x 105 tons per year. However,

the amount of organic matter washed into
the bay from those marshes may be only
about 5% of the amount produced by

phytoplankton in bay water (Atwater et al.
1979).

Eelgrass, Zostera marina, is also
found in San Francisco Bay, but is ap-
parently limited to the Central Bay region
where salinity is highest (U.S. Fish and
Wildlife Service and California Department
of Fish and Game 1979). Eelgrass beds
worldwide form complex habitats for as-
sociated fauna and flora and influence the
benthic community by stabilizing sediment,
providing substrate for epiphytes, produc-
ing organic matter, exporting detritus,
and attracting predators such as crabs,
shrimp, and skates {e.g., Phillips 1984).
The disappearance of eelgrass from an area
leads to extensive changes in sediment
grain size, water chemistry, circulation
patterns and turbulence, and species com-
position {Thayer et al. 1984} .
Nonetheless, scientific study of San
Francisco Bay eelgrass beds has been mini-
mal since the early studies by Setchell
{1929). Other than aerial observations of




their distribution {U.S. Fish and Wildlife
Service and California Department of Fish
and Game 1979), little is known about the
size of individual beds, total standing
stock, seasonal and long-term fluctua-
tions, eelgrass bed fauna, and the
quantitative contribution of eelgrass to
the organic matter budget of the estuary.
Recently, however, an eelgrass transplant
project used in mitigation for the loss of
a bed during a U.S. Army Corps of
Engineers seawall repair project (Fredette
unpubl.) has stimulated renewed interest
in  bay eelgrass beds both with respect to
mapping their distribution and studying
their ecology (S. Wyllie Echeverria,
California State University at San
Francisco; pers. comm.).

4.2.2 Benthic Macroalgae

There are, at present, 162 species of
macroalgae known to exist in San Francisco
Bay (Josselyn and West 1985). The most
widely distributed species are the green
algae Enteromorpha clathrata, E. intes-
tinalis, E. linza, Ulva angusta, Ulva
jactuca, Cladophora sericea, and two red
algae, Polysiphonia denudata and
Antithamnion kylinii. Macroalgae are most
commonly found growing in hard bottom
areas (rock outcrops, coarse sediments,

and human-made structures) in the central
and northern regions of the estuary
(Josselyn and West 1985). In  summer,

drifting macroalgae (detached from growing
surfaces) occasionally accumulate in thick
mats in the intertidal zone {(Nichols 1979;
Josselyn and West 1985). Their occurrence
is generally viewed, because of their
smelly decay, as a public nuisance rather
than as important production of organic
matter. Consequently, the main thrust of
research has been dictated by the desire
to control nuisance blooms that occur in
some years (Josselyn 1984; Josselyn and
West 1985). We do not know what triggers
these Tlocalized, episodic blooms of drift
macroalgae, nor do we know how much is

produced in situ and how much accumulates
by physical transport and mixing
processes.

Macroalgae are recognized as an im-
portant  source of the bay’s organic
matter, but their total contribution to

benthic primary production has not been
assessed. Thus, the importance of macro-
algae as a source of food for benthic
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organisms of the bay is also little under-

stood. The 1largely descriptive (Silva
1979; Josselyn and West 1985) and
physiotogical (Shellem and Josselyn 1982)

studies of the bay’s macroalgae need to be
supplemented by field measurements to ob-
tain the necessary spatial and temporal
estimates of natural production.

4.2.3 Phytoplankton

Phytoplankton abundances 1in the bay
are controlled largely by light
availability and vertical mixing processes
that result in a spring bloom in South Bay
and a summer bloom in Suisun Bay (Figure
27). Annual net production of
phytoplankton in the photic zone varies
from 95 to 150 g C/m2? and 1is highest in
South Bay where turbidity is lowest, al-

though biomass is highest in  the
entrapment or null zone of Suisun Bay
(Cloern et al. 1983; Cole and Cloern
1984). Results  from several studies

(Cloern 1982; Hammond et al. 1985) suggest
that much of the phytoplankton produced in
the water column settles to the bottom,
where it 1is consumed by a variety of or-
ganisms from bacteria to large clams and
worms.

Light and nutrients (from the rivers,
waste-treatment plants, and within-estuary
remineralization) are sufficient to sup-
port much larger blooms of phytoplankton
than are typically observed. Therefore,
we might expect the occurrence of nuisance

blooms of algae that could deplete the
oxygen supply 1in the water and Kkill
planktonic and benthic animals. The Tack

of such nuisance biocoms in San Francisco
Bay has been attributed, at least in part,
to benthic grazing (Section 2.5.1; Cloern
1982; Nichols et al. 1986).

The coastal ocean is also a source of

nutrients for San Francisco Bay, par-
ticularly during the summer upwelling
season (Conomos et al. 1985). But, to

what degree the coastal ocean is a source
of plankton-derived organic matter is un-

known, although neritic (coastal ocean)
diatoms are common in the central part of
the bay (Cloern et al. 1985). Wolff
(1977) showed that organic detritus from

the coastal sea was an important source of
food for the benthos of the Grevelingen
Estuary (The Netherlands) before it was
converted to a lake.
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Figure 27. Contours of near-surface phytoplankton biomass (measured as chlorophyll) in San
Francisco Bay on three occasions in 1980 (from Cloern et al. 1985).

4.2.4 Benthic Bacteria and Microalgae

The primary producers on estuarine
sediments (excluding marshes, macroalgae,
and seagrass beds) are photosynthetic bac-

teria, diatoms, and bluegreen algae
(cyanobacteria). Photosynthetic bacteria,
which  produce sulfur rather than the

easily measured oxygen, occur under condi-
tions of anoxia either in sediment or in
water, where both hydrogen sulfide and
light are present. These bacteria can be
a major primary producer in stratified
briny lakes and ponds which, because they
do not mix vertically, become anoxic at
some depth within the photic zone (Fenchel
and Blackburn 1979). Carpelan  (1957)
noted the presence of sulfur bacteria in
South Bay salt-evaporating ponds.
However, because the water in the salt
ponds is not discharged into the bay,
these bacteria are probably not a sig-
gificant source of organic matter for the
ay.

Little guantitative information s
available  about the contribution of
microalgae (diatoms} to the orgamic maifer
budget of the bay benthos. Recent studies
suggest, nonetheless, that benthic diatoms
growing on the sediment surface throughout

the bay, together with temporarily or per-

manently settied phytoplankton, may
represent the most readily available food
resource for bottom organisms in this
shallow estuary (Nichols and Thompson

1985a; see also Christensen and Kanneworff
1985 for a pertinent study elsewhere). A
1-year survey of the distribution of ben-
thic chlorophyll in bay sediments showed
highest levels of microalgal biomass {up
to 300 mg/m? chlorophyll a at some
stations} in the southernmost and north-
ernmost ends of the bay, and the Tlowest
Tevels {20 mg/m?) both 1in San Pablo
Bay (Figure 28} and in the deeper chan-
nels. Limited by 1light availability,
chlorophyll reaches higher concentrations
in dintertidal and shallow subtidal (less
than 5 m deep) sediments than 1in deep
water sediments {e.g., 170 mg/m versus 50
mg/m? in  Suisun Bay; Thompson et al.
1981).

Seasonal patterns in benthic plant
biomass varied from embayment to embayment
depending on light levels which are con-
trolled by the turbidity of inflowing
freshwater and the tide- and wind-induced
resuspension of surficial sediments
{Nichols and Thompson 1985b). For ex-
ample, maximum biomass in South Bay was
found in spring, approximately coincident
with the phytoplankton bloom. The timing
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Figure 28. Average chlorophyll concentration in
surface sediments at sites less than 5-m water depth;
data from same stations as sediment data shown in
Figure 10.

of the bloom coincided with the annual
peak in solar radiation at Tlow tide.
Increased suspended sediment concentra-
tions, coincident with peak wind
velocities in May and June and peak tidal
velocities in June and July at the time of
maximum solar irradiance (Figure 29), may
1imit benthic microalgal biomass during
late spring and summer.

Maximum benthic chlorophyll biomass
in Suisun Bay was not observed until Tate
October. The Suisun Bay benthic diatom
bloom consisted primarily of Thalassiosira
decipiens (R. Laws, Univ. North Carolina;
pers. comm.), the same species responsible
for the major phytoplankton bloom in
Suisun Bay during the previous month
(Cloern et al. 1985). This species has
high sinking rates (1.5 to 6 m per day;
Ball and Arthur 1981) and apparently
resides alternately in the water column

and in sediments depending on the degree
of water-column mixing (Cloern et al.
1985; Nichols and Thompson 1985b). The

d1atom cells apparently settle to the bot-
tom following the autumn plankton bloom
during a period of low river inflow and
reduced tidal current and wind velocities

(Figure 29a,b; Nichols and Thompson
1985a).
Elsewhere in the bay, the species

composition of benthic diatom communities
varied with salinity and water depth (Laws
1983, pers. comm.). Species diversity in-
creased with increasing salinity toward
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Figure 29. (A) Daily maximum ebb tidal velocity at the
Golden Gate, (B) average monthly wind velocity at San
Francisco International Airport located just south of
the city of San Francisco, and (C) average monthly
instantaneous irradiance at the time of low tide (from
Nichols and Thompson 1985h).

the deeper water of Central and South
Bays, where species tolerant of higher
salinity (e.g., Paralia sulcata and

Ditylum brightwellii) were found {Laws
1983). The highest d1vers1ty among ben-
thic diatom communities in San Francisco
Bay was found in the sediments of the
shallow margins of South Bay whereh there

is as-

is no major freshwater source
semblage was dominated by estuarine
benthic species (e.g., Nitzschia acuminata

and N. pusilla). Pre11m1nary analysis of
species distributions over one year showed
that species composition changes
seasonally, partly  because seasonal?y
varying winds and tides resuspend and mix
sedimentary material, and thus influence
the mix of benthic and planktonic forms
found in the benthic diatom assemblage
(Laws, unpubl.}.

4.2.5 Microalgal Production

Existing measurements of chlorophyil
concentration in surface sediments have
not been accompanied by - systematic
measuyrements of benthic primary produc-
tion, despite the results from many



studies worldwide {reviewed by Parsons et
al. 1984) that demenstrate the importance
of such measurements to an understanding
of net community production. The progres-
sive buildup of diatom mats on intertidal
flats of San Francisco Bay during late
winter and early spring is evidence of its
potential importance here as well.

Because of the shallowness and peri-
odic inflow and outflow of water, plankton
production over an intertidal zone may be
small relative to benthic production under
both clear water (Pamatmat 1968) and tur-
bid water (Hargrave et al. 1983).
Furthermore, since the phytoplankton
present in the water column can consist,
in part, of benthic diatoms that are
resuspended by waves and tidal currents,

the distinction between planktonic and
benthic primary production 1in a shallow
estuary can be an artificial one.

To properly assess the relative im-

portance of phytoplankton and benthic
microalgae in San Francisco Bay, where the
photic zone extends to the bottom in a
large but unknown fraction of the total
area, the measurements of primary produc-
tivity will have to be conducted from the
intertidal zone to the midbay channels
within each embayment. Understanding the
quantitative relation between natural
light and benthic primary production in
San Francisco Bay, where waves and tidal
currents repeatedly blur the boundary be-
tween benthos and water column, will be
critical to such investigations. One
broad question concerns the effects of
wind-generated sediment resuspension (a
daily occurrence in the summer) on
photosynthetic rates on the bottom as well
as in the water column. Light
transparency and the amount of Tlight
reaching the bottom are reduced during
periods of resuspension, tending to
diminish benthic production. The loss of
production on-the bottom may, however, be
compensated by the enhanced growth of
"benthic" diatoms while they are suspended
in the water column. If the diatoms grow

at least as fast in suspension as on the
bottom, and then settle to the bottom
during slack tides or windless perijods,

organic matter supply to the bottom is not
impaired by sediment resuspension and tur-
bidity. Even so, the relative importance
of the benthos and the piankton as grazers
would have to be evaluated.
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4.2.6 Other Sources of Organic Matter to
the Benthos

Other sources of organic matter that
are potentially important to the benthos,
but that are poorly studied to date, in-
clude dissolved organic matter and
detritus. The input rates and character
of dissolved organic matter entering the
bay are unknown. And, other than qualita-
tive descriptions of river-borne detritus
{e.g., Knight et al. 1980), information
about the amounts and role of detritus
(and its associated microbial community)
is also very Timited. Further, no
measurements of the supply of particulate
organics to the bottom, nor estimates of
the relative importance of the two major
sources of organic materials {internal and
external) have been made.

4.3 RATE OF ORGANIC MATTER SUPPLY

Below the photic zone, the benthos is
dependent on the supply of organic matter
from above, including settling plankton
and its remains, detritus transported in
rivers, surface runoff, sewage treatment
plant effiuents, and detritus mobilized by
storm waves and shore erosion from sur-
rounding marshes and tideflats, and
carried by tidal currents to the open bay.
The metabolic rate, energy flow, and
productivity of the benthic community, and
ultimately its capacity to sustain a
fishery, depends upon the rate at which
this organic matter is supplied (Hargrave
1973; Pamatmat 1977). Needless to say,
the rate of supply of organic matter to
the benthos of San fFrancisco Bay is un-
known.

While there may be interest in
measuring the rate of organic matter sup-
ply to the benthos, it cannot be measured
directly with existing methods {passive
collectors in the water column or on the
bottom) because of the predominance of
resuspension and horizontal advective
transport processes associated with river
discharge and tidal currents.
Furthermore, filter feeders such as clams
and mussels apparently actively remove
large quantities of phytoplankton from
within the water column. That 1is, they
are not necessarily passive collectors of
settied particies.

A combination of independent
measures may be useful in estimating total



benthic supply (i.e., summing the losses
of organic matter from the bottom -- ben-
thic metabolic oxidation, burial rate, and
rate of predation on benthos by demersal
fish, plus loss of organic matter with
sediments leaving San Francisco Bay).
Meanwhile, we can only guess at answers to
questions that involve the amount and fate
of organic matter entering the bay, such
as (1) the total biological productivity
of the benthos, (2) the capacity of the
bay organisms to decompose organic waste
from domestic sewage effluents, and (3)
whether the benthic community’s functions
have been impaired by po:lution.

Complex organic substances degrade as

they pass through the metabolic web
(Figure 30). While breaking down complex
molecules, microbes synthesize proteins,

polysaccharides, nucleic acids, and other
matter whose complexity is equal to or
greater than that of their substrate. The
microbes are ingested, digested, and meta-
bolized by selective and nonselective
deposit feeders (meiofauna and
macrofauna). Microbes and higher forms of
organisms are similar in metabolizing part
of their food into smaller molecules or

the mineral building blocks of organic
matter, and resynthesizing part into com-
plex molecules that make up their

respective biomass. Since decomposition

4.4 FATE OF ORGANIC MATTER IN SEDIMENTS is the breakdown of dead organic matter,
it is not a microbial process alone. The

Benthic energy flow and biogeochemi- ‘“"decomposer"  compartment in ecosystem

cal cycles are 1linked to the fate of models has no distinct functional reality
organic deposits 1in the bottom. Part of 1ike primary producer, chemoautotroph,
the settling organic matter is ingested sulfate reducer, etc. The benthic com-

directly by macrofauna, digested, and me- munity as a whole is a decomposer and

tabolized to carbon dioxide, water, and mineralizer of the organic matter avail-
dissolved nutrients such as nitrates and able in the system.

phosphates. The uneaten and undigested

fraction enters the detrital food web The natural rates of benthic
(Fenchel and Jorgensen 1977) where complex microbial processes in San Francisco Bay,
organic matter is further transformed and which must be known for quantitative
mineralized by a variety of metabolic modeling of the sediment organic matter
types of microorganisms. budget, have not been measured. Instead,
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Figure 30. Relations among aerobic processes in the oxic surface sediment layer
and anaerobic processes in the deeper anoxic layers. Acid fermentation
produces organic acids, hydrogen, and carbon dioxide, which are utilized in
different anaetobic respiratory processes, producing reduced inorganic
substances that are oxidized by chemoautotrophs.
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work on San Francisco Bay sediment
microbiology  has  been focused on
denitrifiers (Oremland et al. 1984; Miller
et al. 1986), sulfate reducers (Oremland
and Silverman 1973), and methanogens
(Oremland 1981; Oremland and Polcin 1982;
Oremland et al. 1982), with the following
objectives: (1) to examine the biogenic
origin of hydrocarbon gases in sediments
(Oremland 1981; Vogel et al. 1982); (2) to
clarify the interactions between sulfate
reducers and methanogens (Oremland and
Polcin 1982; Oremland et al. 1982); (3) to
show the anaerobic degradation of specific
organic  compounds (Smith and Oremland
1983); (4) to explain the occurrence of
methane in surface waters {Oremland 1979);
and (5) to identify the anaerobe’s natural

energy and carbon sources {(Oremland and
Silverman 1979). These studies
demonstrate the involvement of anaerobes

in various chemical transformations in the
bay and give us some of the necessary
knowledge for accurate modeling of sedi-
ment  processes. For example, some
methanogenic bacteria produce ethane,
methane, ethene, propene, propane, and
butane (Oremland 1981; Vogel et al. 1982).
Because these gases can bubble out of the
sediments (Oremland and Silverman 19879),
their Jlosses must be accounted for in an
accurate carbon budget.

4.5 SEDIMENT OXYGEN CONSUMPTION

The oxygen uptake by sediments has
commonly been measured because of its per-
ceived equivalence to benthic community
metabolism and energy flow (Teal and
Kanwisher 1961). The rate of oxygen up-
take has been found to be related to the
rate of organic matter supply, tempera-
ture, hydrostatic pressure, pH, tidal
cycle, diel cycle, oxygen tension, organic
pollution, organic matter content of sedi-
ments, bacterial count, and macrofaunal
irrigation of tubes and burrows. Some of
these factors are obviously interrelated
(Pamatmat 1977). The particular depend-
ence of benthic oxygen consumption on
phytoplankton production and subsequent
sedimentation of organic matter to the
bottom is now clear (Hargrave 1973).

The only published data for San
Francisco Bay (Hammond et al. 1985) come
from two sites in South Bay (Table 4).
Rates of oxygen consumption and carbon
dioxide production were higher at a shal-
Tow site (1.5-m water depth) than at a
deeper site (14-m depth). These results
suggest a higher vrate of organic matter
deposition at the shallow site. Overall,
the rates fluctuated seasonally by a fac-
tor of 1.5 around an average of 27 mmol

Table 4. Rates of benthic oxygen uptake and carbon dioxide production in South Bay (Hammond et al. 1985).

mmo ] Og/mg/d

mmol €0,/m /d

Date T9%  (+ std. error) (+ std. error) RQ(=C0,/0,)
Shallow station {1.5)
Feb 1980 12 13 Not measured
Jun 17 46 + 9 43 0.9
Nov 16 28 + 6 16 +3 0.6
Feb 1980 12 17 +5 14 +5 0.8
Annual average 30 7 24 + 8
Deep station {14 m)
Feb 1980 12 16 + 11 Not measured
Jun 17 22+ 8 33 + 1 1.5
Nov 17 11+ 2 16 £ 5 1.5
Feb 1981 12 i1+ 2 10 + 5 0.9
Annual average 16+ 7 20 + 4
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/m2/d, but the 1.5-m-deep location showed
a greater seasonal amplitude than the 14-m
site. The rates ranged from 11 mmol/m2/d
in the fall/winter at 14 m %o 46 mmol/m2/d
in the summer at 1.5 m. These values are
in the Tow to middle part of the range (14
to 95 mmol/m2/d) observed in a variety of
coastal marine systems {(Nixon 1981).

The ratio of moles CO, produced to
motes 0, consumed, known as the
respiratory quotient (RQ) in animal meta-
bolism, is a useful indicator of metabolic
activity. The aercbic oxidation of fats,
proteins, and carbohydrates results in a
value of 0.7, 0.85, and 1.0, respectively.
Thus a range of 0.7 to 1.0 suggesis that
organic matter of mixed composition is es-

sentially mineralized by aerobic
respiration. Values of RQ greater than 1
arise when anaerobic respiration

{denitrification, suifate reduction, etc.}
produces CO, in addition to that which is
produced by aerobic respiration at the
sediment surface. A value less than 0.7
signifies the uptake of oxygen by inor-
ganic chemical oxidation reactions without
a corresponding production of CO,, e.g.,
sulfide oxidation and ferrous-iron oxida-
tion. The foregoing interpretation does
not take into account the role of
chemoautotrophs, which utilize both oxygen
and carbon dioxide to produce organic mat-
ter (Pamatmat 1986). The ratio has been
used as an indication of aerobic-anaerobic
balance in benthic systems {Pamatmat 1984,

1986). Hammond et al. (1985) obtained
values between 0.6 and 1.5 at their two
sites in South Bay. The ratios at their

shallow site were less than 1.0, while the
14-m depth showed a range of 0.9 to 1.5.

Hammond et al. (1985) compared the
annual sediment oxygen uptake, or its
carbon equivalent, with the estimated an-
nual phytoplankton production and
concluded that benthic biological
processes altogether remineralize 70% to
90% of particulate organic carbon produced
by phytoplankton. These data support the
observation that grazing by benthic inver-
tebrates is a primary mechanism
controlling phytoplankten biooms in South
Bay (Cloern 1982). The oxygen-uptake,
phytoplankten-production comparison does
not include the contribution of benthic
primary production plus other forms of or-
ganic matter that enter the South Bay from
surface runoff, streams, effluents from
sewage treatment plants, and detritus from
surrounding marshes. It is important
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therefore to have an independent and pos-
sibly direct measure of organic matter
sedimentation to the bottom. However, be-
cause studies to provide direct
measurements of organic matter supply to
the benthos of San Francisco Bay have not
been undertaken, we must find other ways
to complete the benthic budget of organic
matter and improve our estimates of meta-
bolic losses in the sediment.

4.6 BENTHIC NUTRIENT REGENERATION IN SAN
FRANCISCO BAY

The biological productivity of San
Francisco Bay, as elsewhere ({see
Zeitzschel 1980), is controlled in part by
the interactions between the benthos and
the water column. As water depth in-
creases, benthic mineralization decreases
and metabolic oxidation by the plankton
increases, primarily because of the longer
residence time of organic particles in the
water column {Hargrave 1973). In shallow
estuaries such as San Francisco Bay,
however, the benthos plays a dominant
role. The controlling influence by the
benthos can be measured in terms of (1)
its rate of removal of organic matter from
the water column, (2) its rate of degrada-
tion of settled organic matter, and (3)
jts rate of release of primary nutrients
to the overlying water.

Hammond et al. (1985) used in situ
flux chambers at two stations to measure
changes in  concentrations of radon,
oxygen, ammonia, carbon dioxide, silica,
alkalinity,  nitrate plus nitrite, and
phosphate in the enclosed water (e.g.,
Table 4y, Pore-water profiles of

nutrients and radon were also determined.

Calculations of benthic fluxes from the
profiles were consistent with chamber
measurements and indicated that 0,, CO,

and nitrate-nitrite fluxes were the result
of reactions occurring in the top few cen-
timeters of sediment, while the fluxes of
NH,, Si0,, and alkalinity were driven by
reactions proceeding in the entire 20- fto
40-cm  sediment column. Seasonal and spa-
tial differences in fluxes showed the
effects of temperature, spring
phytoplankton blcom, and the irrigation of

burrows through respiratory activity or
tocomotion of infauna. The fluxes of
these dissolved wmaterials in  Scuth Bay
were similar to those measured in other

temperate estuaries with the same Jevel of
primary production. Smaller  seasonal



amplitudes in San Francisco Bay were at-

tributed to the relatively small seasonal
temperature range.
Mass balance calculations for South

Bay (Hammond et al. 1985) indicated that
about 65% of silica in the annual
phytoplankton primary production was
recycled by the benthos. The silica flux

could replenish the standing stock in the
water column in 17-34 days. Also, benthic
nitrification and denitrification were
shown to convert 55% of organic nitrogen
reaching the sediments into nitrogen gas.
Ammonia flux could replace standing stocks
in the water column in 2 - 6 days. All of
these figures demonstrate the quantitative
importance of the benthos in the
biogeochemical cycle of the estuary.

4.7 MODELS OF ORGANIC MATTER BUDGETS OF
ESTUARINE BENTHOS

OQur present comparisons of estuaries
are limited by too few known quantitative
relations. Hargrave’'s (1973) empirical
equation relating benthic oxygen uptake to

plankton primary production and mixed
Tayer depth,

sediment 0, uptake (1/m?/yr) = a(C/Zm)b,
where a and b are constants, C is net

annual primary production in g C/m2, and Z
is mixed-layer depth (the thickness of the
vertically mixed water layer), is a step
towards quantitative modeling of benthic
activity. For an estuary with diverse
sources of organic carbon, however,
Hargrave's model of benthic oxygen
consumption ignores many factors related
to total energy supply. For example,
predation is believed to be a significant
factor in Chesapeake Bay (Kemp and Boynton
1981) and may be in San Francisco Bay as
well. A model incorporating all such
factors is important.

A model combining all known factors
and properties and describing how they
quantitatively determine the ecology of
the benthos and San Francisco Bay as a
whole would be a valuable management tool.
Kremer and Nixon {1978) have set an ex-
ample for simulating the properties and
processes occurring in an estuary.

The sum of all the organic matter
coming from the various sources discussed
above, plus the amounts discharged by
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municipal sewage-treatment plants  and
carried by surface runoff directly into
the bay, make up the total input to the
bay. From this, the total amount metabo-
1ized in the water column and exported to
the open ocean must be subtracted to ob-
tain an estimate of the amount that
settles to the bottom. The organic matter
that reaches the bottom is dissipated by
benthic metabolism, removed and exported
by predation and sediment erosion, and
removed from the biogeochemical cycle by
burial.

A summary of the known sources and
sinks of organic matter follows.

Total bay input = Plankton primary
production

Macroalgal primary production

Benthic
production

microalgal primary

Eelgrass production

River-borne detritus
Marsh-derived detritus
Sewage-derived detritus
Surface-runoff-derived detritus

Dissolved organic matter from
all sources

Matter entering the bay from the
ocean

Benthic supply = total bay input
- Plankton metabolism

- Export to the ocean

At steady state, Benthic supply = Benthic
Tosses.
Benthic losses = Metabolic
oxidation by
community

+ Removal by migratory demersatl
predators

+ Export via erosion of sediment



+ Removal by burial
+ Loss of gametes and larvae
+ Loss of dissolved substances

Many terms of the organic matter
budget of the bay are unknown, including
the character and rates of organic matter
input to the benthos. Even in a study of
an estuarine system for which much more
detailed data on the partitioning of or-
ganic matter are available (e.g., Marshall
1970), it is still an exceedingly dif-
ficult task to translate those data into
an understanding of, for example, the ab-
solute yield of commercially exploitable
species. Better knowledge about the
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dynamic relation among the separate com-
ponents of the estuary (benthic versus
pelagic, 1iving versus nonliving) 1is es-
sential if we are to answer a broad range
of questions related to fisheries produc-
tion, effects of pollution, capacity of
the bay to decompose organic wastes, and
occurrence of nuisance blooms of macro-
algae. For the present, we have only
separate pieces of comparative information
from different estuaries. The existence
of data from other ecosystems and
knowledge of general principles derived
elsewhere, while helping us design re-
search plans for future studies of the
bay, do not provide the kind of specific
detail we need to predict important
ecosystem responses in San Francisco Bay.



CHAPTER 5. ANTHROPOGENIC INFLUENCES

The San Francisco Bay Estuary and its
drainage basin, 1like many estuarine sys-
tems throughout the world, have been
affected by human activity (Nichols et al.
1986). The bay area has been populated by
American Indians since at least the end of
the last glacial period, although most

remains of bay-area inhabitants prior to
5,000 years ago have presumably been
covered by the sea (Atwater 1979). Until

the arrival of European colonizers, an es-
timated 20,000 to 25,000 Indians lived in
several hundred small villages and depend-
ed on the bay for a large proportion of
their food (Bolton 1927; U.S. Fish and
Wildlife Service and California Department
of Fish and Game 1979).

Spanish soldiers and missionaries,
first discovering the bay in 1769, found a
vast complex of open-water bays and sur-
rounding fresh- and saltwater marshes with
plentiful game animals, birds, and fish.
The tidal marshes alone covered an es-
timated area of about 2,200 km2 (Gilbert
1917). This landscape changed as the cul-
ture changed, but particularly after the
discovery of gold in 1848 when California
was inundated with immigrants. Now, all
that remains of the aboriginal culture,
which had changed 1ittle with the passage
of milienia, are a few of the more than
400 shell middens (the debris of the
aboriginal diet consisting Jdargely of
shelifish) that were mapped about 1900
{Nelson 1909, 1910) (Figure 31). The rest
of the middens have long been buried or
eliminated by urban and  industrial
development.  Similariy, the estuary has
been changed by Tand reciamation, over-
fishing, and waste discharge within the
estuary; agricultural practices 1in the
Central Vailey {Federal Water Pollution
Control Administration 1967); hyvdraulic
gold mining 1in the mountains {Giibert
1817}; and management of vriver flow
{Nichols et al. 1986).
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Human influence on the bay ecosystem
is seen most clearly as change in the com-
position of the biotic community,
reduction or elimination of some of the
bay’s natural resources, and deterioration
in the aesthetic and recreational value of

+ Shell middens
o Marshes

1

Figure 31. Distribution of indian shell middens and
tidal marshes at about 1900. Most middens are now
covered by urban development (map adapted from
Nelson 1908).



The potential agents for un-
are physical alteration of

the estuary.
wanted change

the bay’s shoreline and bathymetry, over-
exploitation of its resources,
interference with the natural hydrologic
cycle, and disposal of human and in-

dustrial wastes and dredge spoils.

5.1 EARLY PHYSICAL AND BIOLOGICAL CHANGES
Rapid sedimentation of gold mining
debris caused unintentional shoaling of
the bay and its tributary streams and
rivers during the period of hydraulic min-
ing in the Sierra Nevada Mountains between
1851 and 1884. At its maximum use,
hydraulic mining turned over tens of mil-
Tions of cubic meters of gold-bearing
material annually (Gilbert 1917). The
mining residue, consisting of mud, sand,
gravel, cobbles, and boulders, washed from
the hillsides and choked the creeks and
rivers of the Sacramento and San Joaquin
Rivers. During succeeding decades, much
of the mud and sand was flushed out of the
rivers and into San Francisco Bay (Gilbert
1917; Atwater et al. 1979). By the end of
the 19th century, 1.0, 0.75, and 0.25 m of
sediment had been deposited in Suisun, San
Pablo, and Central Bays, respectively,
creating large shoal areas, vreducing the
water volume of the bays, and altering
circulation patterns (Gilbert 1917).

The shoreline of the bay was also
greatly altered. The area of the marshes
prior to 1850 was estimated at about 2,200
km2 (Gilbert 1917). Leveeing and filling

of the bay perimeter to create agricul-
tural, commercial, industrial and
residential land vreduced the area of the
unlteveed tidal marshes by about 95%
(Atwater et al. 1979; Josselyn 1983).
Some of the Tleveed regions ({primarily
agricultural Tland adjacent to Suisun and

San Pablo Bays and in the Delta, and salt

evaporation ponds in South Bay) retain
some wetland characteristics {"seasonal
wetlands"), and thus provide valuable

habitat for aguatic birds.

The Tloss of tidal wetlands meant the
elimination of much of the estuary’s vas-
cular plant primary production, &
potential source of food for benthic or-
ganisms throughout the bay. The Toss of
wetlands has also meant loss of migratory
shorebird habitat, and with it a Toss in
the number of waterfowl using the bay
{(Skinner 1962). However, quantifying any
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capacity of the bay to
produce harvestable protein, long after
the change occurred, is impossible. The
only possible benefits to the benthos of
San Francisco Bay resulting from the
nearly complete modification of the
shoreline are (1) the possible reduction
in shorebird predation because of the
presumed reduction in shorebird abundance
{through hunting pressure and loss of
habitat), and (2) the addition of new
habitat for some of the introduced species
such as the Japanese 1littleneck clam,
Tapes philippinarum, through the construc-
tion of levees and seawalls (McAllister
and Moore 1982).

change in the

Contamination of the bay by human and
industrial wastes was recognized as early
as 1900 (e.g., Nelson 1909; Skinner 1962).
As Tlate as the mid-1950°s, Tevels of
water-column oxygen concentration at or
near 0 mg/1 were common in South Bay
during summer (Pearson 1958; Storrs et al.
1966), with the result that few or no
animals were found in South Bay sloughs
(Brown and Caldwell Engineers 1954).

The effects of the introduction of
species on benthic community structure
were marked: the new species are now
clearly predominant in the community in
both abundance and biomass (Section 2.3).
We can only guess now at the nature of the
ensuing interactions and changes in func-
tional relations, overall biological
productivity, and community energetics
that occurred progressively as one intro-
duced species after another became
established.

INTERFERENCE WITH THE NATURAL
HYDROLOGIC CYCLE

5.2

Seasonal patterns of river flow and
total annual flow are major factors deter-
mining the bay’s salinity distribution and
patterns of circulation and mixing
(Walters et al. 1985). The salinity of
the bay fluctuates greatly from season to
season in response to the winter high-flow
and summer low-flow patfern (Section 1.3}
and between years in response to year-to-
year differences in rainfall and runoff
(wet versus dry years}. These fluctua-
tions in salinity and in other
physicochemical attributes of the bay
result directly in marked temporal changes
in all of the biclogical communities of
the estuary {Cloern and Nichols 1885}. 1In



winters and during wet years, most es-
tuarine benthic species are restricted to
the part of the bay west of Carquinez
Strait because of their intolerance of
freshwater. The degree of displacement
depends on the magnitude and duration of
the winter-spring freshet. In  summer,
when salinity 1increases, the estuarine
species recolonize the previously vacated
areas. Despite the typically Tlarge
seasonal and interannual variations in
species abundances and distributions, ben-
thic community composition over the long
term seems to have vremained stable
(Chapter 3}.

Against the background of naturally
varying river inflows, detection of the
effects of freshwater impoundment
(reducing the natural volume of river
inflow) on the bay’s benthos is difficult.
This is the case because there are no
Tong-term bay-wide data on species dis-
tributions and abundances that would allow

us to uncover direct associations with
river flow.

The occasion of the 1976-77
drought along the west coast of North

America offered a "worst-case" example of
the relation between reduced flows and

balances among the aquatic communities of
the bay. During the drought, inflow from
the Sacramento-San Joaquin River system

was greatly reduced and the typical summer
phytoplankton maximum in Suisun Bay was
absent despite greatly increased water
clarity (reduced suspended sediment load).

Perhaps as a consequence of the low
phytoplankton biomass, zooplankton,
shrimp, and larval striped bass in Suisun

Bay were also found at very low levels.
Cloern et al. {1983} suggested that the
typical  summer  phytoplankton maximum
during the period of extremely low summer
fiow {less than 100 m3/s) was moved
upstream into the deeper Sacramento River
where tight Timited growth.
Simultaneously, benthic species normaily
restricted to the more saline waters west
of Carquinez Strait migrated upstream into
Suisun Bay and established dense popula-
tions (Nichols 1985b). These populations
may have sufficiently grazed the
phytoplankton to  contribute to  the
declines of the pelagic consumers. From
this scenario, one can conclude  that
during any prolonged pericd of reduced
river flow, when Suisun Bay salinity
remains above zero during winter, the
dominant food web of Suisun Bay could
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shift from pelagic to benthic and, as a
result, affect the pelagic fishery yield
there. In contrast, during spring of
years with high river inflow, standing
stocks of phytoplankton, at least in South
Bay, are highest because the freshwater
surface layer that penetrates into South
Bay enhances water column stability that
favors a larger phytoplankton bloom
{Cloern et al. 1685).

The observed changes in the food web
of northern San Francisco Bay under
prolonged conditions of reduced river
flow, while the resuit of an extreme
natural event, are important in the con-
text of proposals to increase rates of
water diversion in the future (e.g., Meral
1982). The concern is that without some
limits on the rate and timing of interrup-
tions of the flow of freshwater to the
bay, changes in plant and animal com-
munities 1ike those seen during the 1976-
77 drought could occur during future dry
periods.  Such changes, if sustained,
might affect fishery resources. While our
present evidence for such a direct rela-
tion in San Francisco Bay is scanty, large
declines in fish catches in many other es-

tuaries have followed large-scale
impoundments of freshwater (Rozengurt and
Herz 1981).

Increased freshwater diversion may
also influence the chemical contamination
of the estuary. During the 1976-77

drought years, the bottom deposit of the
Tower Sacramento River changed from sand
to mud, and increased in o0il, grease, and

metal content (Siegfried et al. 1980).
There 1is evidence that the freshwater
flows from the Sacramento and San Joaquin

Rivers significantly affect the concentra-
tion of contaminants in sediments and
organisms elsewhere in San Francisco Bay:
the lowest concentrations of silver in
clams collected from South Bay were ob-
served during high-flow years {Figure 32).
Although the mechanisms are not yet clear,
contaminants are more rapidly assimilated
by or flushed from the bay during periods
of high river flow (Luoma et al. 1985).
Further, decreased river inflow to the bay
means that waste water becomes a larger
percentage of the total flow of water into
the bay (Russell et al. 1982).

Another
reduced river
decreased sediment
water transparency

typical consequence of
inflow to estuaries is
input and 1increased
{Krone 1979). This
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Figure 32. Relation between the winter maximum
concentration of silver (average and 95% confidence
limits) in Macoma balthica from the Palo Alto study
site (Figure 4) and the rate of freshwater inflow from
the Sacramento-San Joaquin River system during
December (from Luoma et al. 1985; silver
concentrations erroneously reported therein as
milligrams per gram).

could be an important issue if, during
periods of low river inflow, decreased
turbidity  favored nuisance blooms of
algae. As mentioned above, however,

phytoplankton declined during the 1976-77
drought period. Macroalgae, unaffected by
benthic filter feeding, might be expected
to proliferate as a result of increased
water clarity. Curiously, however, no un-
usual macroalgal blooms occurred during
the drought years. What 1is clear from
this observation is that while we may know
how individual estuarine properties (e.g.,

sediment Tload, salt balance, residence
time, nutrient load) will change in
response to changes in river inflow, we

find it difficult to predict ecosystem-
level conseguences.
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The long-term effect of further in-
creases in freshwater diversion on beninos
production is also unclear. An important
test of our understanding will be to
determine whether the same set of biologi-
cal conditions observed in northern San
Francisco Bay during the drought years
{(large  benthic invertebrate biomass,
reduced phytoplankton biomass), will recur
during the next drought period. The
theory raises other questions as well. If
the benthos becomes more prominent in
northern San Francisco Bay as a result of
increased salinity, will a benthic food
web replace the present planktonic food
web and result in the decline of pelagic
food species in that part of the estuary?
Answers to this and related questions are,
as yet, beyond our reach.

5.3 EFFECTS OF POLLUTION

Approximately 30 municipal and 40 in-
dustrial waste-treatment facilities and an
additional 100 smaller industrial plants
discharge treated waste into San Francisco
Bay, while more than 50 small TJocal
streams discharge untreated waste from ur-
ban runoff. Additional waste, largely
from agricultural regions, enters the bay
in the flows from the Sacramento and San
Joaquin Rivers (Nichols et al. 1986). The
bay annually receives 5,500 tons of oil
and grease and 438 tons of other pol-
lutants (372 tons of which are heavy
metals) from industrial and domestic
sewage-treatment plants (Citizens for a
Better Environment 1983).  Although the
data are extremely limited, the amounts of
heavy metals from river inflows and sur-
face runoff flowing untreated into the bay
are estimated to be twice as high as that
in treatment plant effluents (Russell et
al. 1982).

Most pollutants discharged into es-
tuaries end up in particulate form through
adsorption, complexation, and precipita-
tion. Incorporation of pollutants in
sediment deposits leads to concentrations
that are much higher than in the overlying
water (Neff et al. 1978). The possible
deleterious effects of contaminant-bearing
sediment on the benthos and organisms that
feed on the benthos are a major concern
{Risebrough et al. 1877}.

have been
Tocal and

California State agencies
studying ways of determining



regional effects of waste discharges into
San Francisco Bay (Johns and Bachman
1982). The substances of greatest concern
have been petroleum hydrocarbons and heavy
metals because samples of clams and mus-
sels from the bay have shown some of the
highest body burdens of these substances
in organisms sampled from coastal waters
nationwide (Luoma and Cloern 1982).

Past efforts to determine the effect
of waste contamination on the biota of the
bay have been 1limited Tlargely to local

studies of contaminant concentrations in
individual organisms (Risebrough et al.
1977; Luoma and Cloern 1982; Luoma et al.

1985). With the increasing public aware-
ness and concern about contamination and
its effects, greatly expanded programs are
being proposed. The State of California
has established the non-profit Aquatic
Habitat Institute to monitor and evaluate
the effects of poliutant discharge on San

Francisco Bay {California State Water
Resources Control Board 1982). The
National Oceanic and Atmospheric
Administration {NOAA} of the U.S.
Department of Commerce, as part of its
long-term  "National Status and Trends

Program," is collecting sediments and bot-
tom fish at three stations at each of four
sites in San Francisco Bay annually to
measure concentration of a variety of con-

taminants (National Oceanic and
Atmospheric Administration 1986).  This
program will be expanded to include col-

lections of bottom fish, sediments, and
bivalves between three and six times per
year for 2 years at a number of sites
throughout the bay to measure trace con-

taminant concentrations and to conduct
bicassay experiments (E.R. Long, National
Oceanic and Atmospheric Administration,

Seattle, WA; pers. comm.). Other agencies
are planning additional pollutant-related
studies {D.J. Baumgartner, u.s.
Environmental Protection Agency, Newport,
OR, pers. comm.; D.U. Palawski, U.S. Fish
and  Wildlife Service, Sacramento, CA,
pers. comm.; S.E. Anderson, San Francisco
Bay Regional Water Quality Control Board,
(akland, CA, pers. comm.).

5.3.1 Methods of Evaluation

Two approaches have been empioyed to
study the effect of poliution on benthic
organisms: the field survey and the
laboratory bicassay.
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Field population survey  approach.
The vresults of numerous surveys of bay
benthos during the past three decades,

designed to show the extent of changes to
the biota near waste outfalls and harbors,
have been of only limited use in defining
the effects of pollutant discharge on ben-
thic communities. Early studies (e.g.,
Filice 1959) demonstrated the depressive
effect of untreated industrial and domes-
tic waste on the distribution and
abundance of resident species. More
recently, some local effects of sewage
spills (Cloern and Oremiand 1983), oil
spills (Chan 1972, 1974), and poorly
treated industrial discharges (Luoma and
Cloern 1982), which cause local contamina-
tion of individual organisms and
occasionally the local elimination of
species populations, have been distin-
guished.  Further, nearly all recent
surveys in harbors and near outfalls also
report the prevalence of animals typical
of disturbed environments elsewhere, such
as opportunistic species of the polychaete

genus Capitella (e.g., Figure 33). There
are, however, no data that suggest a

progressive change in species composition
and relative abundance among species
during the past three decades even though
the amounts of wastes are presumed to have
steadily increased because of population
and industrial growth (Nichols 1973). It
is not clear whether this lack of per-
ceived change means that there has
actually been no effect from pollution,
that pollution-related change has gone un-
noticed, or that we are unable to
distinguish pollution-related change from
the sometimes opposing effects of natural
factors.

There is much evidence from studies
elsewhere that sediment contaminants may
affect reproduction, growth, or survival
of individuals. VYet such effects are al-
most never detected in quantitative
population surveys in_ San Francisco Bay
because the potentially important sources
of variation in population size among sam-

plings are numerous and difficult to
separate. It is impossible to detect, for
example, whether observed seasonal varia-

tions in the invertebrate populations on a
South Bay mudflat (Nichols and Thompson
1985a) are due to seasonal variations in
contaminant inputs from a nearby sewage
treatment piant (see Thompson et ai. 1984,

tuoma et al. 1985), to natural physical
disturbance of the sediment (e.g., wind-
wave erosion), to predation, or to



interspecific interactions. Thus the sig-
nificance of chronic, Tow-level
contamination to San Francisco Bay benthic

populations (as opposed to the individual
organisms or their tissues, in which ef-
fects can be seen) remains uncertain

(Nichols et al. 1986).
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site that is known to be nearly identical
except for the absence of a pollutant
source. In a typical example, samples

collected each season from Castro Cove (a
site contaminated with oil, chemical, and
domestic waste) were compared with samples
from Gallinas Cove and the Corte Madera

Ecological Reserve (Figure 4), sites with
similar physical characteristics, to
determine differences in community and
population indices (CHZ2M-Hi1l 1982).  As

might be expected, there were similarities

and differences in community structure
among the three sites. Some stations at
the contaminated Castro Cove site were

found to have fewer
abundance of Capitella spp., Streblospio
benedicti, and Polydora ligni; fewer
epibenthic crabs, shrimp, and fish; and
greater mortality and higher body burdens
of hydrocarbons in the marsh-dwelling mus-
sels than those from the control sites.
However, the results do not necessarily
represent the effects of pollution alone.
The large fluctuations in numerical abun-
dance of individual species from one
sampling date to another strongly suggest
the importance of other sources of varia-
tion. Differences between sites could
have resulted from differences {1)
sediment erosion, resuspension, and
deposition that would, in turn, affect
primary production and the food supply to
the benthos, as well as reproduction, lar-
val recruitment, and mortality; {2)
freshwater intrusion and residence time
over the mudflat and its possible effect
on reproduction and mortality of benthic
organisms; and (3) type, occurrence, and
magnitude of predation.

species; a greater

in

studies worldwide,
using the best avail-
able procedures and practices, have failed
to show unequivocal effects of chronic
nonlethal contamination of individuals (as
in Johansson et al. 1986) or benthic
populations because other factors are
cither overlooked, or cannot be controlled
under natural field conditions. Sublethal
effects on reproductive capacity,
reproductive success, growth, and behavior
can probably be conclusively demonstrated
only through rigorously controlled experi-
ments in which other factors that cause
similar effects in the field are con-
trolled or eliminated.

Numerous similar
although conducted

Tissue-contaminant survey appproach.
On the grounds that the pollutant content
of tissues indicates the incidence and
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relative concentrations of the substances
in their environment, mussels have been
used worldwide as "sentinel organisms" for
monitoring pollutants in coastal waters
(Goldberg et al. 1978; Stephenson et al.
1979; National Academy of Sciences 1980;

Goldberg 1986). However, the use of body
burdens as indicators of pollution and
stress to the organism is complicated by

many factors (Luoma et al. 1985). Tissue
burdens of silver in the clam Macoma bal-
thica, for example, are highly dynamic
(Figure 34), varying between seasons as
much as fiftyfold from the combined ef-

fects of (1) seasonally fluctuating metal
toad in surface runoff, (2) varying spa-
tial distribution of metals in the

sediment, (3) an interaction between metal
concentration and organism growth, and (4)
an effect of freshwater inflow on metal
bioavailability through its effect on
sediment-water chemistry or residence time
of water over the mudflat (Thomson-Becker
and Luoma 1985). Elevated tolerances to
trace metals have been observed in popula-
tions of Macoma balthica from metal-
contaminated locations in San Francisco
Bay (Luoma et al. 1983), implying the im-

portance of adaptive flexibility to the
survival of some populations. On the
other hand, studies near a South Bay

sewage outfall indicate that physiological
stress caused by trace metal contamination
occurs even in highly adaptable bivalves
during periods when metal availability is
highest (Johansson et al. 1986).

Body lesions, internal histopathologi-
cal abnormalities, and high incidence of
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Figure 34, Concentrations of silver in Macoma
balthica from the Palo Alto study site (from Luoma et
al. 1985).



parasites and diseases in striped bass
caught in San Francisco Bay may be indica-
tions of pollution effects on fish (Jung
et al. 1984). Although similar his-
topathological abnormalities have been
reported in benthic invertebrates in the
New York Bight sludge disposal sites
(Rosenfield 1976), similar afflictions of
benthic invertebrates from San Francisco
Bay have not been reported.

laboratory bioassay versus field sam-
pling approach. Bioassays are controlled
experiments in which test organisms, under
static or flow-through conditions, are
subjected to different levels of par-
ticular pollutants (e.g., Marine Bioassay
faboratories 1984). Because of
methodological constraints, the test con-
ditions are often unnatural for the
organisms (e.g., infaunal worms, clams,
and crustaceans held in water without
sediment or held in sediment that is un-
naturally clean and devoid of other
organisms), thus eliminating possibly im-
portant species interactions. Experiment
durations are usually too short (a few
days to a few weeks) to detect chronic ef-
fects on all 1ife stages. Moreover, tests
have been applied to only a few selected
species known to be amenable to laboratory
experimentation, but whose responses may
be quite different from those of resident
species. Finally, one substance alone may
not produce the same results as combina-
tions of substances, because of
synergistic or  antagonistic  effects.
Thus, it is not certain, even in carefully
designed studies {e.g., McIntyre 1977)
that observed sublethal or lethal effects
under bioassay conditions will also occur
in the field. For these reasons, most
studies of pollutant effects in  San
Francisco Bay have used the field approach
(Nichols 1973; CH2M Hill 19823} .

Recently, bioassays (exposure of four
test organisms in four separate procedures
to natural sediment from three test sites
in San Francisco Bay) were combined with
sediment chemistry measurements and in-
faunal community analyses ("sediment
quality triad"; Long and Chapman 1985;
Chapman et al. 1986) to test the efficacy
of such a program for use in the U.S.
Department of Commerce national
coastal/estuarine environmental monitoring
program (“National Status and  Trends
Program"; National Oceanic and Atmospheric
Administration  1986). Although the
specific  causes of faunal differences
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among the sites sampled within the estuary
were not clearly determined, the relative
importance of anthropogenic factors at
gach site (sediment  contamination,
deleterious effects of sediments on test
animals) could be inferred from the com-
bined triad results: a waterway adjacent
to the City of San Francisco was clearly
the most pollution-degraded site, an _open
water site in San Pablo Bay was the least
degraded, and an Oakland outer harbor site
was degraded to an intermediate degree.
Chapman et al. (1986) concluded that all
three measures (sediment chemistry, sedi-

ment bioassay, community analysis) are
"...necessary to determine the presence
and measure the degree of contamination

and of synoptically measured biological
effects at each station and site.”

Field bioassay. One variant of the
bioassay approach is derived from the fact
that organisms stressed by pollutants or
high temperatures typically show reduced
capacity for growth and reproduction
(Bayne et al. 1982). The approach in-
volves exposing test organisms in the
field to known environmental pollutants.
Subsequently, the total amount of ingested
energy and the fraction retained by the
organisms for somatic growth and gamete
production ( = scope for growth [SFG];
Warren and Davis 1967) is measured in the
laboratory. This combined approach has
been used in San Francisco Bay focusing on
pollution gradients (using mussels, Martin

et al. 1984), or thermal stress gradients
at power plant effluent sites (using
clams, Foe and Knight 1985b).

In principle, the rationale behind

SFG has merit, but the methods used in San
Francisco Bay studies (the laboratory
measurements of respiration and ingestion
and the statistical calculations of SFG)
can be criticized for the Tlack of
pollutant-body-burden data that could be
correlated with pollutants actually
present in the field and, thus, the Jack
of evidence that differences in SFG were

indeed caused by pollutants or stress.
(Unfortunately, even when body burdens of
pollutants are known, one ijs still not

sure whether observed increases in body

burdens of pollutants and demonstrated
Towering in SFG are related.) Another
source of concern is that the transplanta-
fion of test organisms to and from
polluted or nonpolluted sites itself had
an effect on SF& (e.g., in the case of
mussels, from Tomales Bay outside San



Francisco Bay to San Francisco Bay; Martin
et al. 1984). Finally, if the results of
SFG experiments were indeed valid for the
test organisms, it deces not necessarily
follow that the vresults apply to other

species in the benthic community. Some
species thrive 1in polluted harbors, per-
haps through genetic plasticity (Luoma

1977) and/or through constant recruitment
from outside the affected area.

5.3.2 Sewage-Induced Nutrient Enrichment

An important consideration in the
management of estuaries is the degree to
which they are affected by eutrophication
and the often-associated decrease in
bottom-water oxygen content. In many es-
tuaries, elevated nutrient inputs from
sewage-treatment plants and runoff result
in nuisance blooms of phytoplankton and
macroalgae (e.g., Wilkinson 1963; Sawyer
1965; Soulsby et al. 1978). Widespread
macroalgal blooms have occurred in San
Francisco Bay {Section 4.2.2) and, in the
one instance when benthic samples were
being collected simultaneously, caused
mass mortality of infauna by cutting off
oxygen supply to the sediment (Section
3.2.1). However, a relation between en-
hanced macroalgal production and sewage-
derived nutrient enrichment of the bay has
not been demonstrated.

Waste nutrient-stimulated
plankton blooms that deplete dissolved
oxygen, while important in many Tlocations
{e.g. Chesapeake Bay; Officer et al.
1984), also do not occur in San Francisco

phyto-

Bay despite high rates of waste-derived
nutrient dinputs (37 x 103 tons/yr
nitrogen, 13 x 10® tons/yr phosphorus;
Russell et al. 1982). Nutrient Tevels in
South Bay are high each summer, par-
ticularly because wastewater from
treatment plants 1is the major source of
freshwater during  summer and water
residence  time is high (Conomos et al.
1979). There have been no overt signs of

eutrophication, however. One difference
between San Francisco and Chesapeake Bays
is the greater phytoplankton production in
the latter (Peterson et al. 1985}, leading
to higher rates of bottom-water and sedi-
ment oxygen uptake {range of 8 to 106 mmol

0,/ m2/ d in Chesapeake Bay [ Kemp and
Boynton 19811, versus 11 te 46 in San
Francisco Bay [Hammond et al. 1985]). The
greater depth and water column stability

of Chesapeake Bay are also major factors
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contributing to  summer pottom-water

anoxia.

Although accidental discharges of raw

sewage occasionally cause Tocal occur-
rences of oxygen depletion in  San
Francisco Bay {e.g., Cloern and Oremland
1983), the bay is generally well

oxygenated throughout the year due to its
shallow depth, and wind- and tide-induced
mixing that keeps the water in close equi-
librium with the atmosphere (Chapter 1;
Hartman and Hammond 1985). Further, ben-
thic grazing may significantly control the
size of phytoplankton populations (Section
2.5.1), thus preventing the accumulation
of critically large biochemical oxygen
demand (Nichols et al. 1986). C(loern et
al. (1985) have shown that the most in-
tense blooms are concentrated in the
shallow areas of both the northern and
southern ends of San Francisco Bay, where
active grazing within the photic zone by
the shallow-water benthos would be ex-
pected to be most intense. The limiting
effect of wind-generated turbidity and
vertical mixing upon the amount of avail-
able light for photosynthesis may also be
a_factor in preventing large phytoplankton
blooms (Cole and Cloern 1984).

5.3.3 Effect of Pollution on Benthic
Community Metabolism

The size of microbial and faunal

populations in sediments and the activity

of the total community as measured in
terms of sediment oxygen uptake generally
increase as the supply of organic matter
to the bottom increases. Polluted waters
with high organic loading show relatively
high rates of oxygen consumption (Stein
and Denison 1966; Pamatmat et al. 1973;
Smith et al. 1974). On the other hand,
the presence in sediments of noxious
chemicals that affect respiration should
be reflected by low benthic community me-
tabol1ism. Nonetheless, even grossly
polluted areas such as the New York Bight
sludge disposal site show high rates of
oxygen uptake (Thomas et al. 1976}, un-
doubtedly due to the amount of organic
material being deposited there.

We do not know if the pollutants in
San Francisco Bay sediments inhibit ben-
thic community metabolism. A possible way
of detecting such an effect indirectly
might be to compare the San Francisce Bay
data of Hammond et al. (1985) and Cole and



Cloern {1984) with Hargrave’s {1973} em-
pirical equation vrelating benthic oxygen
consumption to plankton primary production
and mixed layer depth (Section 4.7). The
oxygen uptake at the deeper station of
Hammond et al. (1985}, where annual net
primary production is 150 ¢ carbon/m2
(Cole and Cloern 1984) and the entire 14-m
deep water column is well mixed, is
predicted by the equation to be 120 Titers
0,/m2/yr. By comparison, the annual
average rate of benthic oxygen consumption

calculated from actual measurements was
130 1liters 0,/m2. It would seem, there-
fore, that San Francisco Bay does not

differ from the other ecosystems in regard
to the relation between benthic metabolism
and plankton primary production. Such a
comparison is tenuous, however, because we
cannot rule out the possibilities that (1)
Hargrave’s (1973) equation may have in-
cluded results from ecosystems affected by
pollution, and {2) that any inhibitory ef-
fect by pollutants on San Francisco Bay
benthic community metabolism is masked by
an enhancing effect resulting from the un-
measured supply of organic matter
represented by detritus derived from such
sources as sewage, wetlands, and benthic
microalgal production.

5.4 SEDIMENT BUDGET AND DREDGING

quantities of mud
Francisco

Fach year, Tlarge
and sand are carried 1into San
Bay from the drainage basin. This
material has historically represented a
nuisance in the maintenance of navigable
channels and harbors. On the other hand,
there are concerns about the effects of
the removal and deposition of the dredged
material on the bay’s living resources.

5.4.1 Estimates of the Sediment Budget

Although annual suspended sediment
input to San Francisco Bay varies with the
rate of inflow from the two major rivers,
a long-term average is estimated at 8 x
106 m3 (Krone 1879). Estimates of the
fraction of this total that is discharged
to the ocean vary widely (4%, Gilbert
1917; 6%, Conomos and Peterson 1977; 50%,
Krone 1979}, demonstrating how 1ittle we
understand the bay’s sediment  budget.
Typically, much of the winter sediment
load in the Sacramento-S5an Joaquin Rivers
settles out in San Pablo Bay. In summer,
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wind waves and tidal currents erode the
previously deposited sediment and
redistribute it over a wider area of
northern San Francisco Bay. In South Bay
the shallow reaches seem to be experienc-
ing net erosion, while the deeper channels

are filling (Fuller 1982).

A total of about 7.6 x 106 m® of
sediment is dredged annually to maintain
navigation channels 1in San Francisco Bay
(Sustar 1982). Thus, the average total
amount of sediment dredged from the bay
each year is about equal to the average
annual sediment input estimated by Krone
(1979). Such an equality suggests that,
to the degree that new sediment enfering
the bay is deposited outside these chan-
nels (i.e., on the shallow shoals),
dredged material is sediment that is
simply moving {(by means of tidal, gravita-
tional, and wind-driven water circulation)
from one place in the bay to another.
Because disposal of most of the dredged
sediment occurs at three open water sites
within the bay (one site at the western
end of Carquinez Strait, one near the
southwestern end of San Pablo Bay, and one
near Alcatraz Island in Central Bay; Fong
et al. 1982), it 1is also probable that
some of this recirculating sediment in-
cludes sediment that has been dredged
before.

5.4.2 Effects of Dredging on the Benthos

The environmental effects of dredging
and disposal of dredged sediments have
been widely reviewed {(0’Neal and Sceva
1971; Morton 1S77; U.S. Army Corps of
Engineers 1977; DiSalvo 1978; Hirsch et
al. 1878). The Corps of Engineers has
developed procedures for assessing the
possible impacts of proposed new dredging
in San Francisco Bay {Fong et al. 1982}.

A typical scenario for dredging and
its impacts 1is as follows. During the
course of dredging as well as the sub-
sequent dumping, the water becomes turbid
with resuspended silt and clay, and dis-
solved oxygen is consumed (JBF Scientific
Corporation 1975; U.S. Army Corps of
Engineers 1976), although the effects are
usually greater during disposal than
guring dredging {U.S. Army Corps of
Engineers 1976). The formation of a thick
suspension of dredged sediments called
fluid mud smothers some species but not



The
short-

and Boesch 1877}.
resutting turbidity is vrelatively
Tived and probably no worse than the
natural turbidity caused by winter river
discharge, wind waves, and tidal currents.
Laboratory studies of the effect of sedi-
ment suspensions on mussels, clams, worms,
and crustaceans (Peddicord et al. 1975)
show that the mud-dwelling invertebrates
would not be harmed by field suspensions
noted during actual dredging operations in
the bay (U.S. Army Corps of Engineers
1976). The depression of dissolved oxygen
concentration is small and brief, probably
because the bulk of the sediment rapidly
sinks to the bottom before all the reduced
substances can be oxidized. Advection and
mixing quickly restore equilibrium condi-
tions.

others (Diaz

The dredged bottom, as well as the
dumped deposit, are usually recolonized
rapidly (McCauley et al. 1977). Moreover,

the areas of dredging and deposition at
any one time are small fractions of the
total area of the estuary. Thus, the in-
flux of organisms from the surrounding
undisturbed areas can be rapid.
Additionally, benthic communities normally
subject to wave scour, high turbidity, and
sediment redeposition rapidly recover from
dredging and sediment disposal because the
residents are rapidly reproducing oppor-
tunistic species with ‘short life cycles
{(Oliver et al. 1977). Because many of the
species in  San Francisco Bay vemain
reproductively active for much of the year
{Section 3.1.1), they can quickly colonize
a newly exposed sediment surface. As a
result, San Francisco Bay benthos can be
expected to be as resilient as that in
other estuaries (Boesch et al. 1976).

5.4.3 Effects of Contaminated Dredged

Sediments on Organisms

Resuspension of sediment, enriched
relative to the overlying water, with a
targe variety of substances including
waste chemicals, could cause harm not only
to benthos, but to plankton as well.
However, resuspension of sediment deposits
can remove as well as liberate substances,
depending  upon pH, oxidation-reduction
Tevel, relative concentrations in sediment
and water, and ion-exchange capacity --
factors that influence chemical processes
such as acid-base balance, precipitation-
dissolution, compliex formation, oxidation-
reduction, and adsorption reactions {Lee
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1970). Sorption and release of substances
depend on complex dynamics involving (1)
diffusion of dons within sediment, (2)
reactions in interstitial water, (3) humic
binding forces, (4) organic/inorganic cow-
plexes, (5) nutrient mobilization, (6)
reactions at the sediment-water interface,
(7) mobility of cations from the sediment,

and (8) water-sediment exchange reactions
(Lu and Chen 1977).
San Francisco Bay sediments subject

to dredging are contaminated with 0il and
grease discharged by refineries and other

industrial plants (Citizens for a Better
Environment 1983) and from urban vrunoff
(Stenstrom et al. 1984). These con-
taminants include numerous natural and
petroleum-derived hydrocarbons; fats, oil,
and waxes of both natural and
anthropogenic origin; fat-soluble

materials such as the polynuclear aromatic
compounds DDT and PCB; and elemental sul-
fur. Such substances differ in
biodegradability as well as short- and
long-term toxicity. Determining the ef-
fects of contaminated dredge spoils is
usually difficult,

Shuba et al. (1978) concluded from an
extensive study of highly contaminated
sediments from Puget Sound, lLong Island

Sound, New York Harbor, James River, and
Mississippi River, that toxicity of con-
taminated sediments to test organisms in
the Ttaboratory does not positively indi-
cate the same toxicity in the field.
Hughes et al. (1978), in a comparative
study of benthic and epibenthic species
population density and community composi-
tion at a dredge disposal site and a
control site in Elliott Bay, Puget Sound,
Washington, found that differences between
sites could not be attributed to dredge
spoils alone because many other factors
(e.g., species migrations) were not con-
sidered in the sampling design.

In  Tlaboratory studies, mussels,
clams, crabs, and snails from San
Francisco Bay showed only minor uptake
from sediment contaminated with oil and
grease (DiSalvo et al, 1977). Anderlini
et al. (1975}, in an effort to measure the
biological uptake of sediment contaminants
(primarily heavy metals) suspected of
being mobilized during dredging and dis-
posal, compared body burdens of
transplanted mussels and sediment macro-
fauna in dredge and disposal sites and in
control sites. The organisms showed only



small changes in average metal concentra-

tions.

In summary, studies to date of the
biological effects of dredging and dredge
spoil dispesal and the toxicity of con-
taminants in the dredged material in San
Francisco Bay, as elsewhere, have shown
the following: (1) measured damage is ap-
parently T1limited in duration and area
affected; (2) while toxicants in sediments
are accumulated by infauna and other or-
ganisms, and these substances cause stress
and behavioral changes during biocassay ex-
periments, there 1is no clear evidence to
date that populations and communities have
been  adversely affected (e.g., that
recovery is not complete); and (3) because
different species show different effects
from the same concentrations of toxicants,
the only realistic experiments that apply
to a specific estuary are those 1involving
resident species and their responses to
poliutants occurring there.

5.4.4 Effects of Channel Dredging on Salt
Intrusion

San Francisco Bay, like other shallow
estuaries where shipping is an dimportant
activity, requires maintenance dredging of
midbay channels and harbors to counteract
the constant deposition of sediment,
Increasing ship size often necessitates
further deepening of channels.

Channel deepening has important im-
plications for circulation and mixing of
bay waters in the northern reach between
San Pablo Bay and the Delta. In par-
ticular, channel deepening in northern San
Francisco Bay enhances upstream saltwater
intrusion, thereby exacerbating the ef-
fects of reduced river inflow. Case
histories of channel dredging to allow
passage of deep-draft vessels (e.g.,
Rotterdam Harbor, van der Burgh 1968) and
modeling studies (e.g., Festa and Hansen
1976) have demonstrated that increases in
channel depth by a few meters can enhance
gravitational circulation and increase by

many kilometers the upstream extent of
saltwater intrusion (Figure 35).
Increased saltwater intrusion has obvious

consequences for agriculture in the west-
ern area of the Delta by threatening
freshwater supplies and contaminating the

soil with salts. Such changes eventually
result in Tlong-term land-use changes
(Hackney and Yalverton, in press).
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Figure 35. Relation between the depth of the

river-estuary channel and the extent of landward
i_ntrusion of saltwater (0.05%000) under constant flow,
from model results (adapted from Festa and Hansen
1976).

Increased saltwater intrusion also Tleads

to altered species distributions that can
have important secondary effects on the
bay ecosystem. Hill and Kofoid (1927)

recognized that it was the combination of
channel deepening and Jlow river flows
during the periods of 1913-14 and 1919-20
that led to the spread of saline bottom
water in northern San Francisco Bay; this,
in turn, permitted the upstream migration
of the introduced marine wood-boring ship-
worm Teredo navalis. The invasion of this
pest species caused rapid and widespread
destruction of the wood pilings in bridges
and piers in the northern bay and Delta.
Increased saltwater intrusion alseo
encouraged the upstream migration of es-
tuarine benthic filter feeders into Suisun
Bay during the 1976-77 drought, which
resulted in a temporary shift from a
primarily pelagic food web supporting im-
portant fisheries such as the striped
bass, to a benthic food web of Jesser
economic  significance (Sections 3.2.1,
5.2).

Although it is not possible to
separate the effects of river flow reduc-
tions and channel deepening on saltwater
intrusion, the results from studies eise-
where  suggest that the Tlatter effect
cannot be ignored in discussions of the
gstuary’s salt balance.



CHAPTER 6. SHELLFISHERIES

The shell middens that dotted the
shoreline of San Francisco Bay until the
beginning of the present century (Figure
31) provided visible evidence of the im-
portance of shellfish to the aboriginal
inhabitants of the bay area before the ar-
rival of Spanish soldiers and missionaries
(Nelson 1909). Composed largely of the
bay mussel, Mytilus edulis, and the bent-
nosed clam, Macoma nasuta, in the northern
part of the bay, and the native oyster
Ostrea lurida 1in the southern part, the
shell middens were the residences, refuse
heaps, and burial grounds of a culture de-
pendent to a Tlarge degree on local
shelifish. Large-scale  harvesting of
shellfish by the post-Gold Rush settlers
continued into the early years of the
present century until the shellfish beds

became fouled by human and industrial
wastes. Today there is hope that
shellfisheries will once again become

prominent in San Francisco Bay.

6.1 EARLY HISTORY OF BAY SHELLFISHERIES

6.1.1 Qysters

J. E. Skinner, in his review of
history of San Francisco Bay’'s fish
wildlife resources (1962), pointed
that the bay “undoubtedly possesses the
greatest potential of any area in the
State [California] for shellfish culture.”
Te the immigrants of the 1850’s, the broad
expanses of intertidal and shallow sub-

the
and
out

tidal mudflats seemed ideal for shellfish
growing. Unfortunately, the native
species were, for the most part, not
favored: "Native oysters [QOstrea Jurida],

with their small size, rather dark meat,
and strong, coppery flavor, did not appeal
to easterners accustomed to the larger,
whiter, and wmilder oysters”™ (Barrett
1963). Thus, although the native oyster
was commercially harvested in San
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Francisco Bay, no attempt was made to cul-
tivate it there (Bonnot 1935, Barrett
1963). The same species was imported by
ship from Shoalwater Bay, Washington (now
Willapa Bay), beginning in 1850, because

it was successfully cultured there. This
enterprise, known as the "Shoalwater
Trade," provided most of the oysters for

San Francisco until the Tate 1860’s, al-
though oysters from other Pacific coast
Tocations, e.g., Mazatlan oysters from
Mexico, were also imported during this
period.

With the completion of the
tinental railroad in 1869
opportunity for growing oysters
Francisco Bay on a large scale.
troduction of the eastern
Crassostrea virginica {Section 2.3},
created an industry that, by the 1890°s,
became the most important fishery 1in
California. At its peak in 1899 the in-
dustry produced nearly 3 x 106 1b of meat
per year {Skinner 1962; Barrett 1963).
Because the eastern oyster never
reproduced in commercial numbers in the
bay, the industry depended on the con-
tinuous import of eastern seed oysters.
Despite this obstacle, San Francisco Bay
remained the Pacific coast center of east-
ern oyster growing for many years.

transcon-
came the
in San
The in-
oysters,

Most of the oyster beds were Tlocated
in the shallows of South Bay (Figure 36);
the Tow salinity and the high rates of
siltation in winter (particularly during
the period of hydraulic mining; Gilbert
1917) apparently precluded good oyster
growth and survival in the northern part
of the bay. The beds were fenced with
closely spaced stakes to keep out
predators (Barrett 1963}.

The first signs of problems in the
bay’s oyster industry appeared about 1900,
as the oysters grew more slowly, became
thin and watery, and often were unfit for
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Figure 36. Location of former oyster beds (Barrett 1963).

sale (Bonnot 1935). Observers at the time
(NeTson 1909) attributed the deterioration
of the oysters to the untreated human and
industrial wastes being discharged into
the bay. By 1910, seed oysters were no
longer being imported from the East coast,
and by 1935 the oyster industry in San
Francisco Bay had collapsed (Bonnot 1935;
Skinner 1962). Bonnot concliuded that
"Portions of San Francisco Bay are free
from sewage but great areas are con-
taminated and must be avoided. In clean
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areas where native oysters develop to com-
mercial size, some effort may be made to
improve natural conditions but no great
amount of time or energy should be spent
in San Francisco Bay until sanitary condi-
tions improve" (Bonnot 1935}.

While the 1ive native oyster fell
into disfavor, its shells did not. The
ancient deposits of shell material and as-
sociated mud provided a ready source of
the materials wused to make cement



silica, aluminum,
as well as Tlivestock and
poultry feed (Hart 1966). Between 1924
and 1966, large-scale dredging of the
shell deposits, Tlargely located in South
Bay (Figure 9), vremoved an estimated
30 x 105 tons of shells (Hart 1966). The
practice continues to the present a
smalier scale.

{calcium, magnesium,

iron, etc.)

on

6.1.2 Clams _and Mussels

The shell deposits in the Indian mid-
dens around the bay suggest that the bay
mussel, Mytilus edulis, was abundant
enough in the earlier centuries (Nelson
1910) that as much as one-third of the
harvest was carried upstream to the vil-
lages of the Sacramento-San Joaquin River
Delta (Cook 1946). In the upper, more
recent layers of the shell middens, the
bent-nose clam, Macoma nasuta, becomes
prominent. Whether the gradual shift from
Mytilus to Macoma resulfed from a change
in their relative abundance or a change in
aboriginal food preference is not known.

The Gold Rush immigrants did not con-
sider these native species worthy of
targe-scale commercial exploitation within
the bay. Nonetheless, the bent-nosed
clam, dug in large numbers in South Bay by
Chinese shrimp fishermen, was common in
the San Francisco markets in the decades
following the Gold Rush (Fisher 1916).
The bay mussel, Mytilus edulis, also con-
tributed significantly to the total
mollusk Tlandings from the bay in the late
1800°s (Skinner 1962). The accidental in-
troduction of the eastern soft-shell clam,
Mya arenaria, sometime between 1869 and
1874 (Carlton 1979a), led to its gradual
replacement of native species in  the
marketplace (Fisher 1916) and contributed
to a greatly expanded mollusk fishery.
Fencing of the clambeds to prevent preda-

tion by vrays and flounders greatly
enhanced the soft-shell c¢lam harvest
(Bonnot 1932aj. At the peak of this
fishery in the 1880°s and 1890’s, between

I and 3 miliion 1b of Mya meat were har-
vested annually (Skinner 1962). The
harvest gradually declined thereafter: be-
tween 1916 and 1935 it ranged from 100,000
to 300,000 b per year, then fell off
rapidly. By 1949 the catch was negli-
gible, and records were not kept
thereafter {(Skinner 1962).

The decline in the clam fishery was
attributed to dincreasing lYabor costs to
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harvest the clams and the pollution or
filling of clam beds {Bonnot 1932a;
Skinner 1962; Wooster 1968a). Bonnot
(1932a) noted that some of the clam beds

were "abandoned due to industrial wastes
which are dumped into the bay." During
that same year (1932) the California State
Board of Public Health established a per-
manent quarantine on clams in  San
Francisco Bay "by reason of sewage pollu-
tion . . and consequential danger of
typhoid fever and gastro-enteritis”
{excerpt from Minutes of May 28, 1932).
The general quarantine was later rescinded
{1934) and replaced with a quarantine that
covered only a few specific polluted loca-
tions within the bay. In 1945  the
original quarantine was put 1into the
California Department of Public Health ad-
ministrative code {apparently in ignorance
of the 1934 rescission); in 1953, at the
request of a clamming company that wished
to dredge for clams in the middlie of the

bay, the codified quarantine was itself
rescinded (Jones and Stokes Associates,
Inc. 1977). Today, no general quarantine

of shellfish is in effect.

The Japanese littleneck clam, Tapes
philippinarum, accidentally introduced to
the west coast of North America with
Japanese oysters sometime in the 1930’s
and 1940°s, was discovered in San
Francisco Bay 1in 1946 (Carlton 1979a).
This species thrived and became the focus
of sport harvesting that continues to the
present.

6.1.3 Crabs

At the time of the Gold Rush, the
market or Dungeness crab, Cancer magister,
was incidentally collected from San
Francisco Bay 1in fish nets. In  the
1860’s, crabs caught in the bay were
marketed in San Francisco ({Dahlstrom and
Wild  1983). The bay’s crab fishery

declined thereafter because the crabs were
small and abundance was too low to support
the fishery; by 1880 the fishery was
forced offshore (Dahlstrom and Wild 1983).
The offshore fishery remained an important
industry until 1960 when a precipitous and
permanent decline occurred. The decline
is variously attributed to a change in
ocean climate {i.e., increased water tem-
perature an intensified currents).
predation by hatchery-reared silver salmon
Oncorhynchus kisutch, and pollution (Wild
and Tasto 1983). Some juveniles still use
the bay as a nursery and feeding ground.




6.1.4 Shrimp

Bay shrimp, Crangon franciscorum, (.
nigricauda, and C. nigromaculata, were
first exploited by Italian seine fishermen
in 1869. These fishermen were soon put
out of business by Chinese shrimp fisher-
men employing ancient Chinese techniques
that included use of fine-meshed nets
(Bonnot 1932b; Skinner 1962). The larger

specimens were sold in local markets, but
the bulk of the catch was dried and
shipped to China (Bonnot 1932b). The loss
of many Jjuveniles of commercial fish
species in the Chinese shrimp nets
resulted in the imposition of <closed
seasons, vrestrictions of the industry to

Timited areas of the bay, and Tlimitations
on the amount exported (Bonnot 1932b).
Despite the limitations, the catch in 1929
exceeded 3 x 106 1b, then declined owing
to a lack of suitable markets. The
fishery was revived on a small scale in
1965 to supply bait for sportfishermen
(Smith and Kato 1979).

6.2 PRESENT STATUS OF BAY SHELLFISHERIES

6.2.1 Sport Harvesting of Mollusks

Despite the possibility of contamina-
tion from wastes (particularly during
winter when urban runoff increases and
sewage treatment plants occasionally
overfiow) and the lack of official
authorization, sport harvesting of
shellfish from the bay’s intertidal beds
continues (McAllister and Moore 1982).
The primary focus of sport clamming in the
bay is the Japanese littleneck clam, Tapes
philippinarum, although Mya arenaria,
Mytilus edulis, and a variety of much less
common species are taken as well. While

Tapes is collected primarily as food, a
large percentage 1is wused as bait by
fishermen.

In 1967, Wooster (1968a,b) conducted

the only known baywide survey of inter-
tidal shellfish beds. He identified the
major beds, including five native oyster
beds, and determined the abundance of in-
dividual species in each. He estimated a
total abundance of 21 x 10¢ adult Mya,
Tapes, and other assorted species in beds
baywide, an abundance sufficient to sup-
port 2 x 10 person-days of recreational
shellfishing per year.
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Recent surveys of the most promising
of the bay’s shellfish beds (Sutton 1978;
Sutton and Jefferson Assoc. Inc. 1981;

McAllister and Moore 1982) demonstrate the
great potential for shellfish harvesting
in the bay as well as the present impor-
tance of this source of food to some bay
area residents. Large numbers of Tapes
and occasionally Mya are found in discrete

intertidal beds, particularly along the
eastern and western margins of central
South Bay in the narrow band of rock,
cobble, and broken concrete riprap along
the base of dikes, piers, and breakwaters
(Figure 37). In  other words, an
“introduced" habitat, in areas that

formerly were marshes or open mudflats,
provides the appropriate substrate for the
introduced mollusk species that constitute
the bay’s only clam fishery. Much less is
known about subtidal shellfish popula-
tions, although various sampling efforts
have shown that South Bay contains Tapes
populations that might be commercially ex-
ploited (McAllister and Moore 1982).

6.2.2 Commercial Harvesting of Crustaceans

Although there is no longer a Cancer
magister crab fishery in the bay, two

Figure 37. Breakwater of boulders, broken concrete,
and cobbie that provides habitat and refuge for Tapes
philippinarum and Mya arenaria.



crustacean fisheries
bait shrimp and

other commercial
operate in the bay: the
brine shrimp fisheries. The bay shrimp,
Crangon franciscorum, €. nigricauda, and
€. nigromaculata, are commercially fished
with beam trawls, primarily in Suisun and
San Pablo Bays and the extreme south end
of South Bay, to provide bait for striped
bass and sturgeon sport fishing (Frey
1971; Smith and Kate 1979). The small
size of these shrimp apparently Timits
their usefulness as food for human con-
sumption.

The brine shrimp, Artemia salina, 1is
abundant in the shallow diked ponds bor-
dering South Bay where salt is produced by
solar evaporation. This species thrives

under the hypersaline conditions of the
salt ponds, and 250 to 375 tons are har-
vested per year to provide food for
aquarium  fish (Bay Conservation and
Development Commission 1986). In addi-
tion, brine shrimp eggs from the salt

ponds are shipped worldwide to be hatched
and used as fish food and for use in
laboratory research.

6.3 THE FUTURE OF BAY MOLLUSK FISHERIES

6.3.1 Oysters

Although oysters have not been grown
commercially in the bay for many years,
recent field tests by the California
Department of Fish and Game (McAliister
and Moore 1982) and by the Morgan Oyster
Company (unpubl.)} have shown that oysters
suspended above the bottom on racks would
grow well enough to permit the rees-
tablishment of an oyster industry (Bay
Conservation and Development Commission
1986). The major obstacles to commercial
oyster growing in the bay seem to be (1)
developing a sufficiently large market for
bay oysters to return the investment re-
guired to cover land acquisition and
operational costs, and (2) meeting health
standards with regard to tissue contamina-
tion. Oysters grown commercially in the
bay would require depuration--holding the
oysters in a controlled clean-water en-

54

vironment until contaminants are reduced
to acceptable Tevels, Such  holding
facilities are common worldwide wherever
oysters are grown adjacent to urban areas
{Jones and Stokes Assoc., Inc. 1977).
6.3.2 Clams

Commercial harvesting of clams from
bay mudflats is apparently inhibited by
high Tabor costs associated with digging.

Moreover, the
beds

Timited size of existing
would preclude large-scale harvest-
ing. Sport harvesting is expected to
continue despite the lack of official
authorization (McAllister and Moore 1982).

Recommendations  for enhancing the
sport shellfishery for Tapes philippinarum
include planting of hatchery-produced seed
clams and enlarging the clam habitat by
covering potentially suitable intertidal

mudflats with an appropriate mix of

cobble, gravel, and shell materials

(McAllister and Moore 1982).

6.3.3 The Threat of Pollution
Contamination of bay water, bottom

sediments, and organisms by wastes remains
the major concern preventing official ap-
proval of shellfish harvesting. Great
strides have been made during the past 20

years in resolving many water quality
problems. The operation of modern sewage
treatment facilities around the bay has
Ted to the near elimination of incidences

of low dissolved oxygen, and the reduction
of coliform (human waste) bacteria to very

low levels in most locations during most
of the year. Occasional treatment plant
malfunctions do, however, sometimes cause
contamination of some shellfish  beds.

Contamination with viruses and with trace
organic and inorganic materials in in-

dustrial wastes persists and represents a
potential threat to people who regularly
eat bay shellfish (Jones and Stokes
Assoc., Inc. 1977). Therefore, the
California Department of Health Services
does not officially permit shellfishing
except under occasionally authorized,
strictly controlled conditions as re-

quested by local governments.



CHAPTER 7. MANAGING BENTHIC RESOURCES

7.1 INTRODUCTION

We have described in this profile the
soft-bottom benthic environment in San
Francisco Bay and have defined, where pos-

sible, the important features and
processes that 1ink the benthos with the
rest of the estuarine ecosystem and with

humans. It is clear that the benthos is
an important component of the estuary and
is a resource that has measurable economic
The soft-bottom habitats of es-
tuaries are places where both Tiving and
nonliving organic matter accumulates
(Chapter 4) and subsequently becomes food
for diverse bottom-living primary con-
sumers from bacteria to clams (Chapter 2).
The inconspicuous clams, worms, and small
crustaceans 1iving in the mud at the bot-
tom of the bay are a major source of food
for abundant and diverse predators (fish,
sharks, rays, shrimps, crabs, and
shorebirds) during at least some part of
the predators’ lives (Chapter 3). Humans
have also exploited the productive bottom
of the bay by harvesting both the primary
consumers (clams, oysters) and secondary
consumers (fish). The potential for
renewed mollusk fisheries 1in the future
(Chapter 6) has stimulated renewed inter-
est in the bay’s protection and management

value.

(e.g., McAllister and Moore 1982; Bay
Conservation and Development Commission
1986). We have also used macroinver-
tebrates, because of their generally

sessile Tifestyle, as measures of the de-
gree to which the estuary shows evidence
of human alteration (Chapter 5). In
short, the value of the benthos to an es-
tuarine ecosystem is much greater than its
direct monetary value.

Concerns about the present condition
of the estuary and about the potential for
further change and possible deterioration
its aesthetic and economic values need

in
to be translated into good management
policies and practices. However, because

of the divergent uses of and conflicting
demands on the bay, decisions are dif-
ficult. Use of the bay as a site for
waste disposal conflicts with the use of
the bay as a source of food (fish, clams).
Use of former wetlands for garbage dumps
and commercial developments conflicts with
aesthetic and recreational values and
eliminates wildlife habitat. In order %o
develop appropriate policies and practices
that can resolve such conflicts, it will
be necessary, first, to educate managers
and users (the public) about the vrecrea-
tional, economic, and aesthetic values of
the estuary. Second, it will be necessary
to overcome the obstacles (limitations of
scientific understanding, threats posed by
human activities, the lack of clear
management policies and objectives, and
the Tlimited financial support for scien-
tists, educators, and resource managers)
that prevent us from protecting and en-
hancing bay resources and maximizing the
human benefits obtained from them.

7.2 PUBLIC PERCEPTIONS, USES, AND CONCERNS

Cities bordering the bay have his-
torically located their refuse dumps near
the perimeter of the bay. Additional

debris collects at the edge of the bay by
tide and wind action. As a resuit, a
visitor approaching the bay finds a dis-

turbed, often unattractive sight at most
points of access. Broken bottles {a few
dating to the previous century and thus

providing modern archeclogical treasures
for bottle collectors), cans, refuse from
fishing and pleasure boats, and automobile
tires (Figure 38} Tlitter the shore. In
particular, that portion of the mud bottom
of the bay visible at Tow tide (about 15%
of the surface area of the bay, much of
which s muddy and difficult to walk on,
and thus freguented by only a small number
of clamdiggers) has been viewed as an
eyesore and a smelly nuisance to be filled



Figure 38. A typical bay view (photograph courtesy of
D.R. Hopkins).

and  put to a more "useful" purpose.
Fortunately, within the past two decades
that attitude has been changing {(e.g., Bay
Conservation and Development Commission
1983).

Although most of the Tand above high
water is still fenced private or public
fand, ongoing efforts to develop bayfront

trails and parks are greatly expanding
public access. Additionally, a growing
number of public educational facilities

lTocated around the shore of the bay fea-
ture displays and training programs about
the natural history of the bay and sur-
rounding area {for location maps of these
facilities, see Bay Conservation  and
Development Commission and Institute for
Human Environment 1981). These facilities
are increasing public awareness of the
bay, its various habitats, and bietic com-
munities,

There is public concern that fish and
shetlfish, although still abundant in the
bay, may not be safe to eat. Furthermore,
there s corcern that continued disposal
of wastes as well as increased diversion
of freshwater away from the estuary may
lead to unwanted changes or declines in
the bay’s biota. Dealing with these con-
cerns effectively requires that policy
makers and the public have an appropriate
level of scientific understanding.
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7.3 SCIENTIFIC BASIS FOR MANAGEMENT

7.3.1 Present Knowledge

In the preceding six chapters we have

summarized the results of several decades
of benthic research and monitoring. In
summary, we have a good general under-

standing of many qualitative aspects of
benthic ecology. We know how individual
benthic species are distributed around the
bay, we have some idea of their general
ecology, and we presume that we know what
they eat and who eats them {Chapters 2 and
3). We know that the benthos mineralizes
organic waste, consumes microalgae perhaps
to the extent that it controls nuisance
growth, returns  essential nutritive
materials to the water column, and
provides a major source of food for fish
and aquatic birds. We also know that the
benthos is sensitive to human activities
such as waste disposal practices (Chapter
5). With this background, we can draw
tentative, qualitative conclusions about
probable relations {or lack of relations)
between human activities and changes in
the benthic environment.

It s apparent in nearly every chap-
ter of this profile, however, that there
are major gaps in our understanding. Our
knowledge of the benthos is limited
largely to macrofauna (we know almost
nothing about the micro- and meiofauna of
San Franciscoe Bay). Moreover, detailed
understanding of the macrofauna itself is
tacking in many areas. We have very
Tittle quantitative understanding of many
of the physical, chemical, and biclogical
processes that determine the nature of the
benthic community at any site. In par-
ticular, we have only qualitative
understanding of the importance of physi-
cal processes (e.g.. freshwater inflow,
water circulation and mixing, patterns of
temperature and salinity variations) to
ghserved variations in the distribution
and abundance of benthic macrofaunal
animals. Achieving quantitative under-
standing is critical if we are tlo
correctly anticipate the effects on the
benthic environment of, for example,
proposed development project alternatives.

We know little about the pathways and
rates of organic matter inputs to the ben-
thos and about what or how fast the
animals eat. We also have little specific



knowledge of the rate of predation by
other invertebrates, fish, or birds on
benthic species, and of the importance of

predation relative to other sources of in-
vertebrate mortality. We do not know how
critical the abundance of benthic inver-
tebrates is to consumer populations such
as fish. We do not know to what degree
contaminants affect benthic populations or
the consumers of those populations.
Finally, we do not know if the benthos of
the bay is changing with time as a result
of increasing human influence.

these kinds of informa-
rational management

Nonetheless,
tion are critical to

of important benthic resources and of the
estuarine system as a whole. Knowledge
gained from other estuaries helps us to
gain insight into San Francisco Bay

processes and problems, but again, only in
a qualitative sense. Management of an in-
dividual estuary such as San Francisco Bay

requires quantitative understanding
developed in that estuary.
7.3.2 Hindrances to  Increased Under-

standing

The Timitations of our knowledge of
benthic processes, 1ike most other es-
tuarine processes of the bay, stem largely
from an historic reluctance to invest sig-

nificant financial and human resources
toward their study. This reluctance
derives, in turn, from (1) the Tlack of

public appreciation that the estuary, like
any natural resource, vrequires careful
management to insure continuing benefits,
and (2) the lack of substantial commercial
fisheries that would focus attention on
and financial investment in the estuary’s
living resources.

Among the specific factors that con-
tribute to our lack of scientific
understanding of the bay’s benthic ecology
are the following. First, there have been
very few in-depth studies of the factors
that regulate reproduction, growth, feed-
ing, and mortality. Such studies would,
for example, allow us to distinguish be-
tween the factors (e.qg., physical
disturbances, habitat character, b197991-
cal interactions, food avai]ab111§y,
predation) that affect abundances and dis-
tributions of benthic species. Such
knowledge is necessary if we wish, for ex-
ample, to distinguish the effects of
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pollutant Toadings on shellfish growth,
reproduction, and survival, or to enhance
the productivity of bay shellfish.

The lack of in-depth studies is, in
large part, a reflection of institutional

priorities. Most governmental agencies
that are concerned with the bay and its
resources are not established to conduct
basic  research. They are, rather,
resource management or regulatory in na-
ture. The  Tocal institutions that

strongly support basic research are few,
and of these, the two largest (Stanford
University and the University of
California at Berkeley) have historically
not been active in bay studies: with a few

exceptions their aquatic scientists have
not used San Francisco Bay as a primary
study area (Hedgpeth 1979). A direct

result is the lack of in-depth doctoral
studies that are so important to the ad-
vancement of knowledge in any local area.
Scientists affiliated with other 1local
academic and research institutions who
could address some of the unanswered ques-
tions have difficulty finding the
necessary financial support for such
studies.

Second, there is a lack of long-term,
bay-wide monitoring that would provide
quantitative evidence that the bay’s ben-
thic community is (or 1is not) changing

over time. This is the case because few
governmental agencies and academic in-
stitutions have been able to maintain

consistent, on-going bay programs of any
kind.  The only two long-term benthic
studies are limited to a single region of
the bay (California Department of Water
Resources 1986) and a single site (Nichols
and Thompson 1985a). The first is a re-
quired monitoring program conducted by the
California Department of Water Resources
as part of its permit to divert water from
the Sacramento-San Joaquin river system
for drrigation. This program has con-
sisted of semiannual benthic sampling at
11 stations in Suisun Bay and Delta be-

tween 1975 and 1979, and monthly sampiing
at 5 stations in the same area since 1980
{see California Department of Water

Resources [1986] for the most recent an-
nual data report). The second study is a
research investigation of the factors that
contribute to short- and long-term change
in the benthic community at three stations

on one intertidal mudflat in South Bay
(Chapter 3; Nichols and Thompson 1985a}.
The new Aguatic Habitat Institute



(California State Water Resources Control
Board 1982; Section 5.3), in its effort to
monitor and evaluate the effects of pol-
lutant discharge on San Francisco Bay, has
bequn bimonthly benthic sampling at eight
stations to distinguish among the factors
that contribute to Tong-term change in the
communities sampled. The National Oceanic
and Atmospheric  Administration  (NOAA)
recently has begun annual bottom sampling
in San Francisco Bay as part of its Tlong-
term "National Status and Trends Program"
(National Oceanic and Atmospheric
Administration 1986). Other pollutant ef-
fects monitoring programs are evolving
(Section 5.3).

Third, no agency or institution has
committed sufficient resources to com-
prehensively  address such critical
questions as the role of waste contamina-
tion in declines of specific species
populations, although early studies

demonstrate that contaminants in bay fish
are at toxic Tlevels (Jung et al. 1984;
Benville et al. 1985; R. B. Spies,
University of California, pers. comm.),
and that some bay clams show signs of
physiological stress during periods of
high trace-metal availability (Section
5.3.1; Johansson et al. 1986).

Fourth, the results of many of the
publicly funded studies of the bay, if
distributed at all, appear (generally
without outside peer review) in limited-
distribution agency or institution reports

("grey Tliterature”). These reports, for
the most part, cannot be found 1in com-
puterized bibliographic data  bases.

Knowledge of these reports, for people not
on agency distribution Tlists or who are
new to the area, is largely obtained by
word of mouth. Many of these studies are,
moreover, mandated monitoring studies with
very Timited spatial and  temporal
coverage, with no obvious objectives other

than to collect data, and often with
peorly conceived sampling strategies and
1imited data analysis. Nonetheless, the
reports from these studies are often the

only source of information about the biocl-
ngy of specific areas of the bay, or about

the Tlevels of specific contaminants or
their effects on bay organisms. The fact
that we have made reference to more than

40 nonserialized "grey Viterature" publi-
cations, and other unpublished reports, in
the preparation of  this profile s
evidence of this problem.
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There 1s no easy way to overcome the
institutional obstacles to increasing the
scientific base  that underlies our
knowledge of San Francisco Bay. A greater
appreciation of the value of the bay’s

natural resources and the recognition that

these resources require further study,
protection, and enhancement are both
necessary if these resources are 1o

benefit bay area inhabitants.

7.4 NEEDS FOR RESEARCH AND MANAGEMENT

Given the early successes for
shellfish growing in San Francisco Bay and
the apparent continuing potential for com-

mercial and recreational shellfishing
(Chapter 6), obvious objectives for the
development and management of  this

resource would include both enhancing ex-
isting shellfish beds and protecting them
from contamination. We need to determine

the specific sources and Tevels of con-
tamination that affect known shellfish
beds. This would involve careful studies

of the composition and fates of chemical
wastes emanating from both point (known
effluent discharge sites) and nonpoint
{streams and other sources of untreated

runoff) sources of contamination to deter-
mine what effects these materials have on
nearby populations. We also need to
designate those areas with the greatest
potential for shellfish growing, then en-
hance these areas by improving the
substrate, seeding the beds ({as in
McAllister and Moore 1982), and improving
public access. Shellfish bed enhancement
would also include placing tight controls
on the waste discharge sites that might
affect these beds under a typical range of
hydrodynamic conditions.

Protection and enhancement of
shellfish beds alone does not benefit the
benthos at large. Because the benthos is

critical to the estuarine ecosystem as a
natural biological control on waste-
derived eutrophication and as a direct
source of food for wmost fish (e.g.,
striped bass, sturgeon, flounder) and
large crustacean species (e.g., crab,
shrimp) throughout the bay, and for birds
in shallow water, we must direct research
toward understanding these 1links more
fully.

There is sufficient evidence from San
Francisco Bay studies to suggest that bay



affected by human

are being
et al. 1986}.

populations
activities  (Nichols
Therefore, delays imptementing the
studies necessary to prove or disprove
cause and effect only delay further the
implementation of meaningful corrective
actions. In particular, we require in-
depth studies that focus on well-defined
problems (e.g., how much and by what
mechanisms the contamination of small
clams near waste outfalls affects the
resident fish or bird species that feed
upon them) in which the questions that are
asked can be answered through field and
laboratory investigations.

in
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Other issues requiring detailed study
include (1) the role of the sediment (with
its associated microbial community) in
determining the of water column
constituents (e.qg., nutrients, waste
contaminants); (2) the rates of sediment
transport and deposition in various parts
of the bay, how these rates are affected
by dredging (both removal and disposal),
and how these rates affect benthic species

Tevels

distributions and abundances; and (3) the
relative importances of river-borne
detritus, sediment microbes, microalgae,

and meiofauna as food for invertebrate
species in various parts of the bay.
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