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Executive Summary

This raport evaluates the possible relationships that may exist among
dredged material disposal at the Alcatraz disposal site, turbidity in Central San
Francisco Bay, and potential impacts of turbidity on the biota of Central Bay. The
specific objectives of the report wers:

L. To assembie data on ambient turbidity levels in Central Bay;

2. To review the data on effects of turbidity and suspended solids on

Bay crganisms;

3. To identity any relationships between turbidity, suspended solids
and the tisheries of the Bay, especially the striped bass sport
fishery;

4, To evaluate the contribution of dredging and dredged material
disposal to turbidity in the Bay and

5. To describe any predictive relationships betwaen turbidity
increases from dredged material disposal and sport and
commercial species in the Bay.

San Francisco Bay is a broad, shallow estuary composed of distinct sub-
embayments; the majority of freshwater and ssdiment input oceurs in the
Northern Reach. Suspended sediment concentrations and turbidity vary
throughout the system depending upon freshwater inflow, tidal currents, wind
velocity and other factors. In ganeral turbidity is greatest in the Northern Reach,
in the vicinity of the null zone. The location of the null zone may change
depending upon freshwater discharge from the Sacramento-San Joaquin
Delta. Turbidity gensrally declines downstream of the null zone:; however,
resuspension of deposited sediments by wind-driven wave action and currents
may cause periodically high concentrations of suspendad solids and increased
turbidity in Suisun and San Pablo Bays. Suspended solids concentrations in
Central Bay are generally laast of all the sub-embayments, ranging from about
10 to 80 mg L-1. Suspended solids in the null zone can reach valuss as high as

600 mg L1, however, concentrations of from 50 to 200 mg L1 are more
commarn,

Numerous studies have been carried out to measure turbidity or,
alternatively, suspended sedimants or secchi disk watar transparency, in
Central Bay. These studies show a wide range of variability associated with -
Iocation, tidal currents, season, the presence or absence of dredged material
disposal at the Alcatraz site, or the presence of sand-mining cperations in
Central Bay. Short-term, intensive sampling of suspended solids showed a
range of values greater than 50% of the mean. Quarterly or annual sampling in
Central Bay shows that suspended solids there remain lower than
concentrations in South Bay, or in the Northern Reach, Monthly measurement of
Secchi disk depth at Central Bay stations has shown an annual pattern of
raduced transparency during winter months, followsd by a gradual increase in
transparency from summer inta fall. The annual pattern of secchi disk
transparency after 1985 was substantially different from that recorded between
1980 and 1985; overall transparency was reduced, and the ssasanal
progression of increasing transparency from summer through fall was



apparently disrupted. There are insufficient cata from other sources to relate
secchi disk transparency patterns to changas in suspended solids
concentration, of 1o engineering activities such as sand-mining, or dredged
material disposal activity, Estimates of turbidity due to high-freguency dredged
material disposal showad that increases (e.g. 6 to 7 mg L1 T58) could oceur;
whether such increases could result in a 25% decrease in surface water
transparency cannct be determined. The calculatad estimates of turbidity that
might arige from frequent disposal are equivalent fo the range of variation that
might be expected due to ambient factors.

Particulate matier may affect estuarine bicta in a number of different
ways, including burial, cavering in “turbidity flows,"” and particle-mediated effects
an phytoplankton, zooplankton, benthos and fish. Cther potential effects of
suspended particulate matter on the bicta include indirect gffects such as the
modification of substrate or changes in behavior, feeding, and repraduction. A
substantial number of studies have been camried out o defermine the direct and
indirect impacts of increased suspendsd sediment concentrations an a variety
of estuarine biota, including species that inhabit the San Francisco Estuary.

Phytoplankton and zooplanktan were affected directly by particies
suspanded in the water. The effect of suspanded particles on phytoplankton is
directly related to light panetration into the water and the potential raduction of
the photic zone in turbid conditions. Zooplankton, on the other hand, wera
affected by the concentrations of particles, presumably dus 10 interference with
normal pracesses of particle fittration and feeding. An estuarine copepod
Eurytemora affinis responded to high suspended particle concentrations by
reduced filtration; however, the critical factor for reduced filtration was
concentration, since identical concentrations of mineral solids and natural food
(phytopiankton } caused the same response.

Early life-history stages of fishes and invertebrates wers, with one
exception, tolerant of rather high concentrations of suspended solids. Only the
American oyster (Crassostrea virginica) was affected (i ncreased propottion of
abnorma! development in larvae) at concantrations similar to those that might
occur in natural estuarnine systems. Other species (Ostrea edulis, Mercenaria
mercenaria) tolerated concentrations of mineral solids and natural silt much
greaier than those that might persist as the result of dredged material gisposal
activities.

Studies of fish eggs and larvae show that these forms are tolerant 1o
rather high concentrations of suspended particles and mineral solids. Indeed,
estuarine formsa that have been tested, including white perch and striped bass
normally spawn and develop in the zenes of highest turbidity. Under such
conditions It is not surprising that suspended solids concentrations gensrated
by dredged material disposal operations have no effect.

Benthic organisms tolerated very high concantrations of suspended

salids with litle or no effact. A variety of mussels, clams and oysters survived
suspended particle concentrations many times higher than those that occur in

Vi



the vicinity of disposal operations. Howaver, it has been shown that there is a
critical interaction among suspanded sclids, temperature and dissolved oxygen
concentrations.

Adult fishes generally tolerate exposure to high concentrations of
suspendad solids quite well. Studies of the sffects of suspended solids on
fishes show that mortality is related the shape, concentration, and hardness of
the particles concerned, and that the primary cause of death is interruption of
gas exchangs across the surface of the gill. Studies of sublethal effects of
suspended particles show that respiratory gas exchange impairment may begin
to appear after long exposure to concentrations of mineral solids above about
500 mg L-1, and that compensatory mechanism, such as increased red bload
call counts, could overcome the effects of reduced gas exchange at the gill, In
general, fishes exposed to suspensions of natural silts and clays were less
severaly effected than those exposed to minaral solids such as kaalin,
bantonite, montmorillonite or silicon dioxide.

Some species of estuarine fishes showed a preference for habitats with
particular turbidity levels. However, studies of feeding success, prey recognition
and food selectivity suggest that turbidity is a minor factor. Fish like striped bass
larvae can dsetect and acquire pray in highly turbid conditions as well as in claar
water. Such results demonstrate that fishes are well-adapted to survival and
feeding in environmenis characterized by variable visibility and turbidity. This is
particulanty true for sstuarine species, whose environment is affected by
saasonal, daily, and tidal changes, all of which may cause changes in the
concentration of suspendad solids.

Disposal of dredged materiaf at the Alcatraz site has not baen studied in
a manner that could allow conclusions to be drawn regarding whether the
apparent decrease in surface water transparency in Central Bay is directly
relatad to disposal, or if disposal is related in any way to the caichability of sport
fish in the sub-embayment. Laboratory studies show that low-level increases in
turbidity should have no effect on the presence, distribution or feeding abilitiss
of estuarine and marine species that occupy central bay. Field studies at
Alcatraz show that fishes may disperse in response to disppsal events, but that
thay return within one hour or twe; the implication is that fish scheols move only
& short distance in response to disposal events in Central Bay.

IT dredge material disposal is to contlnue at the Alcatraz site, and if
fisheries are to ba protected, then thera will exist the nasd to establish a
comprenensive manitoring program at the disposal site, and throughout the
Gentral Bay. The monitoring program will require the resources of government
agencies and fisharmen, and should be designed to collact data on turbidity
and suspended patticle concentrations throughout Cantral Bay, the long-term
and leng-range transport of suspended solids from disposal operations and
other activities that resuspend sedimants, including sand-mining, shipping,
tides, winds, etc. Furthermaere, the monitoring program must be designed such
that all appropriate fish- and fisheries-related phenomena are measured,
including distribution and movement of forage fishes and sport fish, shart-term
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and long-term movements of fishes In responss to disposal events, and the
direct relationships of spor fish catch io turbidity and the presence or absence

of dredged material disposal.
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EVALUATION OF TURBIDITY AND TURBIDITY-RELATED
EFFECTS ON THE BIOTA OF THE SAN FRANCISCO
BAY-DELTA ESTUARY

. Introduction

1. The environmental impacts of dredging and dredged material disposal on the
San Francisco Estuary (the Estuary) have been a matter of discussion for
more than a decade. Stating the problem simply, dredging and dredged
material disposal are necessary to maintain navigation as a beneficial use of
the Estuary {San Francisco Bay Reglonal Water Quality Control Board
[SFBRWQCB], 1986). However, dredging-related activities may conflict with
othier beneficial uses of the Estuary such as preservation of rare and
endangered species, fish spawning and migration. commercial or sport
fishing, and shellfish harvesting (Table 1). A recent review of this subject has
been published by Gunther ot af (1990). Of particular concern has been the
question of whether disposal of dredged matarial at the Alcatraz disposal sile
has caused an increase in the turbidity of waters in Central San Francisco
Bay, and whether this increased turbidity has had a negative impact on sport
fishing success in Central Bay.

2. Sport fishing success in the San Francisco Estuary has declined over time,
especially for striped bass (Morone saxatilis; McKechnie and Miller, 1971; _
Stevens, 1980, California Department of Fish and Game [DFG], 1889 and
unpublished data). Sport fish catchas, including striped bass, show a decline
beginning in the 1960s (Chadwick, 1962; McKechnie and Millar, 1971) and
continuing through the 1970s (DFG, 1989). Recent data (DFG, unpublished)
show that the total sport fish and stripad bass catch in Central Bay dsclined
drastically between 1985 and 1986 (Brown, 1983; E. Fullerton, National
Marine Fisheries Servics, La Jolla, CA, persenal communication: R. Tasto,
DFG, personal communication). Some improvemant of sport fish catch
occurred in 1889 and 1930 (D, Lollock, DFG, perscnal communication),
apparently coincident with a reduction of dredged material disposal activity at
the Alcatraz site.

3. Measurements of water transparency (Secchi disk measurements) in Central
San Francisco Bay have been collected In conjunction with trawl sampling
since at least 1980 (DFG, unpublished data). These data show a substantial
decrease in Secchi disk transparancy of Central Bay watars. It has been
suggestad that this apparent decrease in transparency is related d rectly to
dredged matarial disposal activities at the Alcatraz disposal site in Central
Bay (see San Francisco Bay Regional Water Quality Cantrol Board
[SFBRWQCS], 1989; DFG, 1989; Gunther et al., 1990).

4. The inference has been drawn that the dacline in recreational fish cateh in
Central Bay is related to decreased water transparency {increased turbidity).
1t has been hypothesized that the effects of increased turbidity on the sport
fishary is either direct (i.e., the fish are harmed by the turbidity, or are
purposefully avoiding more turbid waters) or indirsct (i.8., more turbid waters

Turbidity Etfects on San Francisca Estuary Organisms
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Tahie 1. Beneficial uses of the San Francisco Bay-Delta Estuary designatea
by the State Water Resources Control Board (irom SFBRWQCB, 1986)

Agricultural Watar Supply?
Industrial Service Supply
Industrial Process Supply?
Groundwater Recharga’
Navigation
Water Contact Recreation
Non-water Contact Racreation
QOcean Commercial and Span Fishing
Witdlifs Habitat
Preservation of Rare and Endangerad Species
Fish Migration
Fish Spawning?
Shelifish Harvestingt
Estuarine Habitat

Footnotes:

1. Delta only

2. Central Bay and Delta only

3. Potential beneficial use for South Bay and Lower Bay
4. Excluding Delta, Suisun Bay and Carquinez Strait

Turbidity Efiects on San Francisco Esiuary Organisms
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are avoided by forage fish and, in the absenca of torage, desirable spont
fishes are present in lower numbars). Neither of thase hypotheses have been
lested using data collected specifically for the purpase of determining
whether dredged material disposal at Aleatraz is the cause of reduced sport
fishary catch in Centra! Bay.

. This report has been prepared in order to avaluate the relationship, if any,
that may exist batween dredged matarial disposal at the Aleatraz disposal
site, dacreased water transparency {increased turbidity) in Central San
Francisco Bay, and possible impacts on the biota of the Cantral Bay, The
specific objectives of this evaluation are to:

* Assemble data on ambient turbidity at principal locations in the Bay
urider differant seasonal and climactic conditions.

» Prepare a review of informaticn concerning the ralationships between
turbidity and organisms of San Francisco Bay.

* Identify refationships between turbidity and imporant sport and
commercial fisheries of the Bay, including feeding habits, catchability
and heaith of striped bass.

* Evaluate the contribution of dredging and dredged material disposal to
overall turbidity in the various ambayments of San Francisco Bay.

* Identify, describe and evaluate known or predicted relationships
between incremental increases in turbidity associated with dredging
and dredged rmaterial disposal and sport and commarcial specias in
the Bay.

Turbidity Etecis on San Francisco Estuary Organisms
Page 3.



Il. Characteristics of the San Francisco Estuary

A. Physical Characteristics

6.

The San Francisco Estuary {(Figure 1a, 1b) was created by tectonic
processes when crustal subsidence associated with the San Andreas and
other faults formed the depression that is now the Estuary (Atwater, 1979).
Wagner {1978) and Atwater (1878) suggest that the Estuary has gona
through no fewer than three cycles of submergence and emergence over
time. The existing San Francisco Estuary was formed about 10,000 years
ago, at the end of the Wisconsin glaciation, when malting of the ice caps
causad a rise in sea level and seawater entered the system.

Tha San Francisco Estuary ranks third among U.S. estuaries in terms of
freshwater inflow (Tabie 2; Conomos et af., 1985). Average inflow tc the
system {600 cubic metars per second; m? s-1) is about ane-thirtieth that cf
the Mississippi (Schubel and Hirschberg, 1982). Freshwater flow to the
Estuary varies seasonally, with most of the freshwater entering the Bay
guring the winter and early spring months (Table 3; Peterson et af,, 1865).

The San Francisco Estuary comprises two distinct portions, the Northern
reach and South Bay ((Figure 1a; Davis, 1982). The Northem reach and the
South Bay are connected hydraulicelly; however they differ in that the
Northern raach (Suisun Bay, San Pablo Bay and Central Bay; Figure 1a}
receives the vast majority of freshwatar input to the system (>80%), whereas
the South Bay receives less than 10% of the freshwater inflow. Freshwater
infiow o the South Bay is insufficient to drive the estuarine circulation that is
gssential to the functioning of a "typical” estuarine system (Davis, 1982).
Pritchard (1967) would have classified South Bay as an Tinvarse estuary,”
i.e., a system in which evaporation exceeds input from runoff plus
precipitation. This simple classification is made difficult by seasonally
variable patterns of flow and water circulation in the Estuary. During periods
of high freshwater inflow from the Sacramento San Joaguin Delta low
salinity water from the Narthern reach penstrates South Bay causing
stratification and gravitational circulation {Conomaos et al, 1983).

In its present configuration the San Francisco Bay is bread and very
shallow. While the Estuary has the largest surface area of any coastal
embayment on the West coast of North America (1240 km?2), the average
depth of the Bay is 6.1 m, and median depth is only 2 m at mean lower low
water (MLLW: Conomos ef af, 1985; Table 4). The broad shallows of the
Bay ars cut by namow channels that are typically 10 to 20 m in depth. The
major channeis (e.g., Carquinez Strait and the Golden Gate) are scoured by
tida! currents; the depth of many other deep channels (~10 m) in the Bay is
maintained by occasional dredging {Conomos &t al.,, 1985). The Bay-wice
tidal range is large compared to the average depth of the system. As a
result, the amount of seawater entering the Bay with each tidat cycle {the
tidal prism) is large, about 24% of the Bay volume {Conomos, 1873).

Turbidity Effacts on San Francisco Estuary Organisms
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Figure 1a. The San Francisco Estuary, from the Sacramento-San Joaquin Delia
t¢ the Pacific Ocean. Broken lines divide the Estuary into "Blocks™ designated by
tha Depaertment of Fish and Game for the evaluation of fisheries data.
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Figure 1b. Detailed map of the Gentral Bay (DFG Block 488) and portions of
South Bay (DFG Block 489)
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Table 2. Comparison of the San Francisco Bay drainage basin area, estuary
surtace area and freshwater inflow with other North American estuaries. From
Conomes st af. (1985).

Basin area Surface area Inflow
103 km? km?2 e 5°1
San Francisco Bay 153 1,240 800
Columbia River B71 380 5,500
Fraser River 203 - 2,700
Delaware Bay a3 g3 550
Chesapsake Bay 166 11,400 1,600

Table 3. Hydrological statistics for the Sacramento-San Joaquin River Basin.
From Peterson et al. (1985)

Property Value
Area 153,000 km?2
Historical mean-annual flow 1,070 m& g1
Presant mean-annual flow 600 ma g-1
Peak flows of Sacramento River floods
January 1807 21,000 m3 -1
March 1, 1940 12,000 m3 s-1

Turtidity Eftects on San Francisco Estuary Organisms
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10. Krone (1979) estimated that 80% to anss of the sediment entering San
Francisco Bay comes from erosion in the drainage basins of tha
Sacramenta and San Joaquin rivers. The suspended sediment ioad
discharged to the Bay from the Delia was estimated by Conomos and
Peterson {1977) at 4.0 X 108 metric tons per year; approximately 80% of
that load is discharged during winter months. The total suspended sediment
load to the Bay is not large compared to the major rivers of the warld. Itis
about 50 times smaller than the sediment discharge of the Mississippi and
40 times less than the Red River (Schubel and Hirschberg, 1982).

11. The physical structura of San Francisco Estuary has been affected
substantially by human activities. Gilbert (1917; citad in Krone, 1979)
estimated that 1.2 X 109 cubic yards (yd3) of sediment were deposited in
the Estuary as the result of hydraulic mining for gold in the Siarra Nevada.
The sediments from hydraulic mining created huge deposits in Suisun and
San Pablo bays. According to Krone (1979}, hydraulic mining debris
decreased water depths throughout the Northern reach of the sysiem, and
all but obliterated Valiejo Bay at Martinez. Other human impacts on the
physical structure of the Estuary include dredging and dredged matarial

disposal, diking and drainage in the Delta for agricultural purposes, wetland

drainage, diking to form salt evaporation pongds {primarily in the South Bay)
and extensive shoreline development (Davis, 1982).

B. Biological Characteristics

12 The San Francisco Estuary supports a rich and diverse fauna comprising
not anly native species, but also more than 100 axotic species introduced
during the past 140 years (Skinner, 1962; Carlton, 1979, Armor and
Herrgesell, 1985). According to Smith and Kato (1979) the San Francisco
Estuary supports over 100 species of fish, 70 bivalves and 30 decapod
crustaceans. Major fisheries exist, or have axisted, in the Bay ragion for
chinook salmon {Oncorhynchus tshawytscha), white sturgeon {Acipenser
fransmontanus), striped bass, American shad (Alosa sapidissima), Pacific
herring (Clupea harengus pallasi), Bay shrimp {Crangon franciscorum,
oysters (Crassostrea virginica and C. gigas }, soft-shell clams {Mya
arenara) and blue mussels (Mytilus edulis). There are active commercial
fisheries in the Bay for Bay shrimp and Pacific herring; minor commercial
fisherios exist for surfperches, sharks and rockfish.

13. The biota of the Estuary are distributed in a pattern typical of estuaries. That
is, the numbers of species tends 1o decline as one moves away from the
atabla conditions of frashwater at the head and marine waters at the mawth
(Remans and Schlieper, 1971). Biomass among estuarine populations
tends to be distributed among a relatively few species that can folerate the
stressful, changing environment, but includes some predominanily oceanic
species such as Dungeness crab {Cancer magister), English sole
(Parophrys vefuius), and other species.

Turbidity Eftects on San Francisco Estuary Organisms
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Table 4. Geostatistics of San Francisco Bay. From Conomos ef at. (1985)

Statistic Value
Area (MLLW) 1.04 x 109 m2
including mudflats 1.24 x 10% m2
Volume 6.66 x 10¢ mJ
Tidel prism 1.59 x 10¥ m3
Average depth 6.1m
Median depth 2m
River discharge (annual} 209 x 109 m3
Delta outflow 19.0x 109 m3
All other streams 1.9 x 109 m3

Turbidity Effects on San Francisco Estuary Organisms
Page 9.




14. Benthic species diversity in San Francisco Bay is groatest in the vicinity of

the Golden Gate, where conditions of temperatura and salinity remain most
constant (Nichols, 1979). As one moves away from the marine infiuence,
through Central Bay and into San Pable and Suisun bays, species diversity
decreases. This is due in part to the large interannual varations in salinity
that occur in the Northem reach, as well as 1o rapid and large movements of
suHicial sediments that ocour on a seasonai and interannua! basis (Nichols,
1879: Nichols and Thompson, 1985). Tha numbers of species in South Bay
is intermediate between that of the marine waters at the Golden Gate and
the Northern reach. Nichols (1879} attributes this to the more stable salinity
ragima of South Bay waters.

15. Fishes undertake broad-scale movements in the Estuary. The major

16.

anadromous fish species (striped bass, white sturgeon, chinook salmon}
occupy the entire Northarn reach of the Estuary as they move from matine
or Central Bay waters into riverine environments for spawning (Skinner,
1962). The young of anadromous species occupy freshwater and estuarine
habitats for varying pericds of time as they move from the spawning
grounds through nurseries and back to marine waters.

Estuarine species are distributed throughout the systam, and their
movements correspand in large part 1o the seasonal and interannual
patterns of salinity and density-driven flows in the Estuary {Herrgesell &t al.,
1983; Armor and Hermrgesell, 1985). Most of the estuarine species studied
showed no responss to freshwater outflow from the Delta. Those species
that did show a response showed a "wet response,” in that their abundance
in catches increased during periods of high freshwater flow (Armor and
Herrgesell, 1985). Armor and Herrgesel! (1885) noted that several spacies
of marine and estuarine fish showed a tendency to move upstream in the
Estuary during periods of high Delta outflow, They speculated that fhis
apparantly anomalous response may have been due to upstream transport
of organisms in bottem {landward-moving) currents when the Northern
reach of the Estuary wasg highly stratified.

17. The only invettebrate fishary in the Bay, the Bay shrimp, shows a seagonal

cycle of abundance (Skinner, 1962; DFG, 1987). The Bay is primarily &
nursery area for young shrimp; ovigerous females and larvae in most years
are located offshore. The seasonal cycle of shrimp abundance is related to
the transport of juveniles into the system with intruding salt water from the
acean (Hatfield, 1985). Studies conducted between 1980 and 1982
suggest strongly that Bay shrimp distribution is controiled by the salinity
regimas that accompany different levels of autflow from the Dalta.

18. The distribution and abundance of the major benthic populations in the

Estuary ars controlled by such factors as salinity, freshwater discharge from
the Delta, substrate changes and interspecies interactions (Nichols, 1978,
Nichols and Thempson, 1885; Nichols at al., 1988). Many of the more
abundant benthic biota in the Estuary are introduced spscies (g.9., Mya,
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Gemma, Corbicula, Potamocorbula, Ampelisca: Carlton, 1979; DWR, 1987),
or may be newly introduced strains of species that are, or were, native to the
Estuary (e.g., Macoma balthica: Carlton, 1979). In the Northern reach
benthic species distributions are seasonally variable, controlled in large
part by the length of time that low salinity water Is present at a given
location. In South Bay, banthic poepulations fluctuate in response to
intarspecies interactions, substrate modification (due to metegrolegical
events) and predation {Nichols and Thampson, 1985). Existing populations
of the newly-introduced clam, Potamocorbula amurensis, may be

harvesting a large fraction of the phytoplankton biomass in the Northarn
reach (Nichols et al, 1990; Carlton et al, 1990}, During periods of low Delta
autfiow, when the South Bay is well-mixed, benthic populations of Gemma
gemma and Macomna may harvest the phytoplankton biomass and eliminate
phytoplankton blooms.

C. The Striped Bass Fishery

19. Once the foremost fishing center of the West Coast, the San Francisco
Estuary now supports commercial fisheries only for Pacific herring and Bay
shrimp (Smith and Kate, 19728) and minor hook-and-line fisharies for
surfperch, sharks and rockfish (DFG, unpublished). The major commercial
fisheties of the past have succumbed to a number of negative influences
including pollution, construction of dams, water diversion, and averfishing,
Prohibitions on commercial fighing for striped bass and saimon ware
intended to protect the populations for the sport fisheries. Commetcial
fishing prohibitions were imposed on sturgeon in 1917: on striped bass in
1935; and on both chinwok salmon and American shad in 1957 (Smith and
Kato, 1978). Recreational fisheries for these species still exist in the
Estuary.

20. The stripad bass fishery in the San Francisco Estuary has been in decline
since the 1960s {McKechnie and Miller, 1971; DFG, 1987,1989; DFG,
unpublished data). Many reasons have been proposed to explain the
dacline of the striped bass in San Francisco Bay and the Sacramento-San
Joaquin river system. Those reasons cited most cften are entrainment of
young by water projects, local agriculture and industry, reductions in food
supply, water pollution (causing toxicity ameng larvas and juveniles, as well
as the "annual die-off" in the Carquinez Straits; Kohthorst, 1873, 1975),
limited supply of eggs from a reduced population of adults, and ovarfishing
(OFG, 1987). Stevens (1977, 1980; Stevens ot al.,1989: see also DFG,
1989) nas suggested that the primary factor causing decreased stripad
bass abundance in the Estuary is water diversion. Other authors (e.g..
Brown, 1887) have offered an alternative hypothesis: i.e., that striped bass
numbers are in decline because sensitive early life history stages are
affected by toxic chemicals in the vicinity of nursery areas in the brackish
watars of the Sacramento and the San Joaguin rivers, the Western Delta
and the Northern reach of the Estuaty.

Turbidity Effacts on San Francisco Estuary Organisme
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21, Whatevar the reason for the decline in the overall population of striped bass,
the sport fishery has suiferad. wvcKechnie and Milier (1871) noted that
between 1960 and 1968 the biomass of striped bass caught per angler day
in the partyboat fishery in Central Bay, San Pablo Bay and Suisun Bay
remained relatively constant; however, the size of individual fish declined.
Such data may suggest an alteration in the age-distribution of the striped
bass population in the Estuary, and could be interpreted as a signofa
decline in the numbers of striped bass. Later evaluations of partyboat
striped bass catch suggested that the numbers of fish were declining, &
hypothesis supported by estimates of declining numbers of spawning adults
in the population, and reductions in the "striped bass index."

22, Striped bass catch in the Estuary has declined precipitously in recent years.
Historically the majority of siriped bass taken in the sport fishery came from
the San Pablo Bay-Carquinez Straits region (DFG Blocks "301" and "308,"
respectively; Chadwick, 1962; McKechnie and Miller, 1971; Figure 1a).
Relatively few fish were taken in Central Bay (Block 488) or in the Dalta
(Block 303). Catches in Central Bay increased dramatically in the mid- 1o
late-1950s (Chadwick, 1962; Figure 2). This increase in catch could have
been dua as much to new fishing techniques as to any increase in the
abundance of striped bass. In the mid-1850s fishermen began to use deep-
trolling techniques in search of striped bass in Central Bay and., in the
1960s fisherman began fo attract stripers to bait by chumming. These
changes in fishing techniques caused & ramarkable increase in the
numbers of fish caught from Central Bay, note in Figure 2 the very low
numbers of striped bass taken in Blocks 301, 303, and 308 when landings
were high in Central Bay.

23. Sport fish catch is often expressed as catch-per-unit-efiort {CPUE), or the
number of fish caught divided by the number of “angler-hours.” Total GPUE
from the 1970s and 1980s was relatively constant in San Pablo Bay (Block
301}, but varied by about a factor of five in Block 488 {Central Bay; Figure
3). Total CPUE was |sast in Block 488 in 1878 (about 0.25 fish per angler
hour) and 1986 (about 0.15 fish per angler haur). The highest total catch
accurred in 1881, when CPUE was in excess of 0.8 fish per angler hour.
During the same time period there was avidence of a continued dacling in
the catchable adult striped bass population (SFBRWQGCS, 1989, Figure 3}.
CPUE for striped bass declined in San Pabic Bay (Block 301) from 1975
through 1987. In Central Bay {Biock 488) CPUE was highest in 1975 - 1977
(Figure 3). After 1877, CPUE declined (0.1 fish per angler hour in 1978} and
remained low thergafter(< 0.1 fish per angler hour), until 1987 when catch
was slightly higher than in the previous six yaars, but still, weil below the
catch of 1975 through 1977 (Figure 3). Whereas total catch and striped
bass catch {as CPUE) show some parallels in San Pablo Bay, total catch
and striped bass catch in Ceniral Bay varied independently; indeed, the
best year for total catch in Central Bay (as CPUE] 1981) was among the
lowest for striped bass (Figure 3). While CPUE data may not be & true
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Figure 2. Total catch of striped bass in the San Francisco Estuary, 1938
through 1968. Statistics given for Central Bay, Carquinez Strait, San Pablo
Bay and the Delta. Data from various sources cited in the text.

Total Catch
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Figure 3. Catch per unit effort for striped bass and all other sport fishes in
two sectors of San Francisco Bay, Block 301 {San Pable Bay) and Block
488 {Central Bay}. Data from SFBRWQCBE (1988).
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indicator of population trends (e.g., low CPUE may prompt fewer tishermen
1o parntake in fishing, and may thus result in higher CPUE)}, the constant, low
yield of bass in the 1970s and 1980s is strang evidaence that a low - and
possibly declining - stock was available to fishermen.

24. The argument has been made that the reduced catch of sportfish, includi ng
striped bass, in the Central Bay (Biock 488) is related to dredged material
disposal at the designated Alcatraz disposa! site (Figure 1b). Mors
spacifically, it has bean hypothesized that either the increased fraquency
and voluma of dredged material disposal or disposal in a slurried state has
caused an incraase in turbidity throughout Central Bay. This increass in
turbidity may be the cause for the reduced catch of sportfish in Cantral Bay,
due either to the direct impact of turbidity on fish or due to somse change in
the Central Bay environment that leads o sport fish being presant in
reduced numbers and/or inaccessible to the fishery. As an example, the
alleged increased turbidity in Central Bay might lead to avoidance of
Central Bay waters by forage fish. In the absence of forage, sport fish may
move to other portions of the Bay to feed, and may not be availabls to
partyboat anglers.

3. The alternative to this argument is that the reduced catch of striped bass and
other species in Central Bay waters is not a matter of fish being present and
not calchable; rather, tha raduced catch in Central Bay may be a reflection
of reduced numbers of fish, especially striped bass, in Central Bay. More
likely, it is a reflection of reduced numbers of adult striped bass throughout
the San Francisco Estuary (CDF&G, 1989: Stevens et al., 1988}, Under
circumstances whaere adult fish are presant in limited - perhaps critical -
numbers, CPUE would be expected 1o decline to very low levels in all
portions of the Estuary.

26. The remainder of this report will evaluate the question of the potentiai effects
of turbidity on the caichability of sport fish in general, and striped bass in
particular, in Central San Francisco Bay. The report will pregent data on the
ambient concentrations of suspended particulate matter throughout the
Estuary, the sources of particulate material in theg system (particulardy
dredging and dredged material disposal), the relationships of key aquatic
biota in the San Francisco Estuary to turbidity in the envirpnmant, and the
possible relationship between catchability of fish in the Estuary and
measured increases in turbidity.
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Ill. Turbldity in San Francisco Estuary
A. Turbidity Defined

27, *Turbidity" is an inexact term that Picketing (1978) described as
"_.qualitative and relative, to be used in much the same mannel as warmth."
Perhaps the most widespread misuse of the term turbidity is as a measure
of the concentration in water of suspended sedimant (Pickering, 1976).
Stern and Stickle (1978) noted the projiferation of definitions of turbidity and
recammended use of the definition proposed by the Amarican Public Health
Association (APHA, 1976}

"jturbidity is]...an expression of the oplical propany of a sample that
causes light to be scattered and absorbed rather than transmitted in
straight lines through the sample.”
APHA (1976) qualifies the definition with the statemant that:
» ..attempis to carrelate turbidity with weight concentrations of
suspendsd matter are impractical because ihe size, shape, and
refractive index of the particulate materials are important optically but
bear little direct relationship to the concentration and specific gravity of
the suspended matter.™

28 Duchrow and Everhart {1971) attemptad to establish a relationship betwsen
turbidity and particle concentration for trout streams. They concluded that
there were too many variable factors to allow & turbidity measuremeant 1o be
convertad to a corresponding suspended sediment concentration.
However, disagreement exists; for example, in their text Ecology of Inland
Waters and Estuaries, Reid and Wood (1976) provided a definition of
turbidity that relates light penetration directly to suspended solids:

" Jturbidity] is the term used to describe the degree of opagueness
produced in the water by suspended particulate matter.”

29. Attempis to quantify turbidity have led to a proliferation of methods,
instruments, standards and units of measure (Picketing, 1976). The different
instruments usad to measure turbidity measure various optical properties of
water; .., percent light scatiering at a paricular angle, percent
transmission over a specific path length and extinction length. Units of
measure used in studies of turbidity in San Francisco Bay include:

. Sacchi Disk transparency depth: the point at which a black and white
disk of specifisd diameter disappears from sight in the water column;

« Formazin Turbidity Units (FTU): the amount of light passing through &
suspension calibrated using a suspension of formazin;

» Nephelometric Turbidity Units (NTU): the amount of light scattered at
a0° when the turbidimeter is calibrated with formazin. (We caution the
reader that nephelometry in the Estuary has used vastly ditferent
measurement systems, and not all "NTUs" representing turbidlity in Bay
samples are the same},

30. It is common practice to calibrate any instrument to be used for furbidity
measurement with a uniform particle suspension such as formazin, titanium
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31.

32,

dioxide or polystyrens spheres. The data are exprassed as NTU or FTU:
formazin is the preferred calibration standard. Austin &f a (1974) noted that
calibrations of turbidity as a concentration (mg L= or othar mass-volume
relationships)} are not denved from direct optical msasurements; calibration
of turbidimeter readout to concentration units must come from calibration
techniquas that generate a transfer function for the instrument. Thea transfer
function cannot ba attained with a single-point calibration,

In this report we shall attempt, wherever possible, to express turbidity data
from San Francisco Bay as a concentration of suspended particulate matter
{(mg suspended particulale matter or total suspended solids [TSS] per liter
of water; mg L-*). However, in many instances concentration data are not
available, and the data are limited to "turbidity” expressed as NTU or FTL.
In such instances we must follow Pickering's (1976) caution that it is almost
impossible to convert from one measure {e.g., turbidity as FTU or NTL) to
the other (suspended particulate matter or suspendsd sediment).

Some data sets from the Estuary provide large quantities of high-quality
data that tempt one to make the extrapolation from turbidity to TSS. Some
studies have measured both turbidity and TSS, or TSS and Sacchi disk
depth. For example, in their studies of the entrapment zone Arthur and Ball
(1978) measured TSS gravimetrically and turbidity as NTU. Their data
showed close agreement between turbidity and suspended particulate data
In the same sample. The State of California Department of Water Resources
Water Quality Surveillance data from 1983, 1984 and 1985 (DWR, 1984,
1985, 1986) provide turbidity, suspended solids and Secchi disk data from
the same samples. Regression of turbidity on suspended solids data for
three of the DWR stations (stations D4 in tha Sacramento River, D9 in
Honker Bay and D41 at Point Pinole in San Pabla Bay} gave axcellent
coefficients of determination (from 64.0 to 80.2% of the variation axplained
at a given station (Figures 4 to 6). However, inspection of the equations
shows that the regression for turbidity on TSS from station D41 had a slope
(0.87) nearly twice that for samples from the Sagramento River and from
Honker Bay (slopes = 0.47 and 0.50, respectively). These differences in
slope could easily be due to the factors noted by APHA {1576) as
uncontrollable in establishing turbidity-TSS relationships; i.5., particle size,
particle shape, mineral composition of the particles, etc.

B. Sources of Turbidily in the San Francisco Bay-Delta Estuary

33. The major source of suspended sediments to San Francisco Bay waters is

discharga from the Sacramento and San Joaquin rivers. As described by
Arthur and Ball (1978, 1979), interactions between density flows, riverine
dischargs, particle fiecculation, wind, tidal currents and other factors
combing to create an entrapment zone and cause a "turbidity maximum® in
the northern reach of the Estuary, usually coinciding with salinities of from 1
to & parts per thousand. The entrapment zone is also a zone of paricle
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Figure 4. Relationship of turbidity {as NTU) to suspended particulate matter (as
mg L1} in DWR water quality data ccliected at station D4 (Sacramento River)
from 1983 through 1885, Data from California Department of Water Resources,

1984, 1985, 1886.
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Figure 5. Relationship of turbidity (as NTU) to suspendad particulate matter (as
mg L1} in DWR water quality data collected at station D9 (Honker Bay) from
1883 throligh 1985. Data from California Department of Water Resources, 1984,
1985, 1986.
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Figure 6. Relationship of turbidity {as NTU) to suspended particulate matter (as
mg L-1) in DWR water quality data collected at station D41 (Point Pinole) from

1983 through 1885. Data from California Depariment of Water Resources, 1284,
1985, 1986.
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Cigure 6. Relationship of turbidity (as NTU) to suspended particulate matier {as

mg L-1) in DWR water quality data coliacted at station D41 (Point Pincle) from

1883 through 1885. Data from California Departme nt of Water Aesources, 1984,
1985, 1386.
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flocculation and rapid sedimentation, usually leading to reduced
suspended sediment ioads downstream. The suspended solids in the
antrapment zona include mineral solids, detritus, phytopfankton and
zooplankton {Arthur and Ball, 1978, 1979).

34. Deposited sediments are also a source of suspendad sediments in the Bay-
Delta system. Sediments depusited on the broad, shaliow reaches of the
Bay can easily be resuspended during the periedic strong winds of summer
and during winter storms {Arthur and Ball, 1979; Krone, 1979). Various
studias of sediments, sedimentation and the benthic caommunity have
shown that the sedimentary deposits in the Bay are highly dynamic, often
undergoing rapid and large changes of sediment scouring and redeposition
(Krone, 1879; Thomson-Becker and Luoma, 1985: Nichols and Thomson,
1383; F. Andersen, Romberg Centsr, Tiburon, CAunpublishad data, 1990).

35. Othar sources of suspended matter in Bay waters include wastewater
discharges, urban runoff, and a variety of engineering activitias (shoreline-
based construction, sand-mining, dredging, dredged material disposal, elc.;
USCOE-SFD, 1976; Krone, 1979; Conomas, 1979). Suspended particulate
mattar coniributions from wastewater discharges, urban/nenurban runoff,
and shoreline-based construction are not known at this time. The
contribution of dredging and dredged material disposal to TSS
concentrations in the Estuary will be discussed below.

C. Ambient Concentrations of Suspended Solids in the Estuary

36. Suspended particulate matter in the San Francisco Estuary is much more
than just "suspended sediment.” It comes from a variety of sources,
including "undifferentiated matarial from the rivers, ogean, sewage effluents,
[material} resuspended from the bottom and [that] produced in sity by
biclogical processes™ (Conomos at al 1383). Suspended particulates may
comprise mineral solids from erosion and surface runoff, detritus from the
death and decay of organic matter in the Estuary and its watershed, and
minute living organisms such as the phytoplankton and zooplankton. In this
section of the report we shall provide an overview of suspendsd particulate
matter concantration, turbidity measurements, and estimates of
transparency made using Secchi disk measurements. These data come
primarily from reports and papers prepared by participants in the
Interagency Ecological Studies Group, especially the California Depantment
of Fish and Game, the California Department of Water Resources, the U.S
Bureau of Reclamation and the U.S. Geological Survey.

37. Turbidity in San Francisco Bay and the Estuary shows interannual, annual,
seasonal and daily variations that are supserimposad upon turbidity
gradients caused by riverine inputs. TSS ars generally high in the vicinity of
the Deita and in Grizzly Bay (Figure 7; Conomos et af, 1985), but increase
ta a maximum in the null zone. The null zone, or area of no-net motion
{Pritchard, 1967), is that portion of the Estuary where landward and
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seaward density-driven currents have an equal and opposite gffect. The
mixing that occurs between deeper waters and surface waters in the null
zone results in a cycling and concentration of particulate matter that may
include suspended mineral solids, detritus, phytoplankton, and zooplankton
(the "urbidity maximum,” or the "antrapment zone™ Figure 8: Arthur and
Bali, 1978, 1979).

38. A high degree of variability is parhaps the mast notabls feature of
suspended solids and turbidity data in the Estuary. Ambiant suspended
particle concentrations in the northern part of the Estuary may reach
concentrations greater than 600 mg L1 in the entrapment zone (Figure 9:
Arthur and Ball, 1978). Much lower values ara more commaon, however,
Mean TSS values for Suisun and San Pablo bays for the period 1960
through 1966 ware 45 and 65 mg L-1, respectively {US Army Corps of
Engineers, San Francisco District [USCOE-SFD], 1976). For the period
1570 through 1975 TSS values averaged 82 mg L*! in Suisun Bay and 77
mg L1 in San Pablo Bay (USCOE-SFD, 1976). Data were also available for
water transparency (i.e., Secchi disk depths). For the period 1960 through
1964, mean Secchi disk readings for Suisun and San Pablo bays were 27
and 49 centimeters (cm), respectively. For 1970 through 1975, the mean
Secchi disk depth for Suisun Bay was 23 cm (USCOE-SFD, 1976},

38 The LS. Bureau of Reclamation (USBR) measured TSS as well as turbidity
and Secchi disk depth at sites in the Sacramento and San Joaquin rivers,
the Western Delta and Suisun and San Pablo bays for nearly twenty ysars.
Mean TSS concentrations in Suisun Bay during periods of higher river fiow
(November through May) were 58 mg L-1. The same data for San Pabio
Bay showed mean TSS values of 30 mg L-1, For the dry portion of the year
(May to October) the average TSS in was 74 mg L-! in Suisun Bay and 39
mg L 1 in San Pablo Bay (USBR, 1987).

40. DWR water quality surveillance daia showed substantial within-year and
between-year variation for TSS data taken in 1983, 1984 and 1985. TSS
concentrations were highest during high Delta outfiow in 1983 {March and
April} betwesn the Sacramento River and Suisun Bay. TSS concentrations
in the Sacramento River in March and April, 1983, were 116 mg L-1.
Downstream, in San Pablo Bay (station D471 at Point Pinole), TSS
concentrations in March and April, 1983, were 40 and 23 mg L1,
respectively. During the period of low Delta outflow in 1983 TSS
concentrations in the Sacramento River and at Point Pinole declined to jess
than 15 mg L-1.

41, Suspended particulate matter concentrations generally decreass
downstream of the entrapment zone, toward the Centra| Bay (that portion of
San Francisco Bay between the Richmend-San Ratael Bridge and the
Cakiand Bay Bridgs; see Figure 1). Figures 7a through 7d show the general
pattern of turbidity in the Estuary for measurements made in 1980
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{Conomos et al, 1985). In a "typical” winter high flow period (March, 1980)
TSS was greatest in San Pablo Bay (120 to 140 mg L-1) and declined to
less than 60 mg L1 in Cantral Bay. Typical summer TS5 was greatast in
Suisun Bay (maximum above 80 mg L-1) and declined ta less than

20 mg L-1 in Central Bay (Conomos et gl 1985).

42. Data included in the USCOE-SFD report on dredge disposal in San
Francisco Bay showed that TSS in Central Bay averaged 18 mg L-1 from
1960 through 1964, and 36 mg L-? from 1970 through 1975 (USCOE-SFD,
1976). Of the four sites evaiuated, seasonal variation in turbidity was least
in Central Bay. We hasten to point out that these data were averaged over
five-ta-six years, and do not give an adeguate representation of the
variability of TSS concentrations that might occur within shoner sampling
pericds at a singte location.

43. The US Geological Survey (USGS) has maintained manitoring programe 10
measure physical and chemical characteristics of San Francisco Bay
waters for more than 20 years. The USGS data include measurements of
turbidity as well as occasional measurements of TSS. USGS turbidity data
are reported as NTU, as measured an a Turner Model 10 nephelomster.
Typical turbidity in Central Bay (USGS stations 16, 17, 18, 19, 20, 21) may
range from 0.13 to about 0.44 NTU in Central Bay, compared to values of
greater than 2.0 in San Pablo and Suisun Bays (USGS, 1979, 1988, 1988).
For reference purposes, Turner model 10 turbidity measurements of 0.29 ofi
Tiburon {September, 1984) carrasponded ta gravimetric TS5 data from the
same sample of 11.5 mg L; turbidity of 1.96 NTU in Suisun Bay
corresponded to TSS of 96.4 mg L-1. By comparison, USBR turbidity
measurements in Suisun Bay showed that mean FTUs of 39 and 38
correspanded 1o suspended solid coneentrations of 58 and 74 mg 121,
respectively (USBR, 1987).

44. 11SGS (1989) reported turbidity and TSS data for the whole of the San
Francisco Estuary for the year 1980. TSS concentrations at the Golden
Gate in January 1980 were low, ranging from slightly over 2 mg L™ to 5.5
mg L-!. Concentrations increased to betwean 15 and 20 mg L-1 in March,
1980, with a high value of 38.7 mg L-1. Throughout the remainder of 1880,
T8S at the Golden Gate varied from sampling date to sampling date, but
never exceeded the highest value recorded (39.7 mg L-1) on 19 March. The
peak in TSS concentrations in Central Bay occurred in March, 1880, when
cancentrations maasurad at all stations were in axcess of 20 mg L-1. TSS at
USGS station 15 (near the Richmond-San Rafael Bridge; ses Figure 1) was
1325 mg L 1 on 18 March, 1880,

45, USGS (1989} also measured TSS in water samples from South Bay in
1980. With the exception of samples taken in June, 1380, TSS in South Bay
sampies were no greater than in Central Bay samples, and significantly less
than in samples from San Pablo Bay. June samples from several stations in
the South Bay had a range of TSS of from 4.2 mg L' to 798.5 mg L-1.

Turbidily Effacts on San Francisco Estuary Organisms
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D. Turbidity at the Alcatraz Disposal Site

46. Winzler and Kelfly {1985) measured TSS in Central San Francisce Bay at
the Alcatraz disposal site during July of 1985. Their samples were taken at
depths of 4, 7, and 11 m below the surface, and were analyzed for TSS by
gravimetry. During the 12 hours of the study T3S at the Alcatraz site ranged
from a high of 56 mg L1 ta a low of 9 mg L-}. With few exceptions, TSS
concentrations were greatest in the samples taken from 11 m, and laast in
the samples taken at 4 m. Mean T3S for samples taken at Alcatraz during
the study was 19.3 mg L 1. Depth-integrated TSS concentrations ware
calculated from the Winzier and Kelly data in ordar to compare them with
Hauck et al. (1990; balow)}. Average TSS concentrations from the thrae
depths ranged from 10 mg L to 37 mg L-. The overall site average for the
12-hr pericd was 19.5 mg L°1.

47. Tha TSS concentrations measured at Alcatraz by Winzier and Kally {1885)
wara similar to those measured by SAIC {1987a, 1987b) in 1986, and {o
those maasured by Hauck ef al {1990} in 1988. SAIC measured TSS at
Alcatraz in conjunction with studies of dredged material disposal. Their
background TSS concentrations ranged from 9 mg L1190 17 mg L' in
samplas taken during the latter part of the summer of 1986.

48. Gome of the most comprehensive measurements of turbidity in Central Bay
werg made by the US Army Engineers, Waterways Experiment Station
{Hauck et af, 1980). These measurements were made in the summear of
1988, and included TSS averaged over depth and tidse, as well as replicate
samples at individual points. None of the samples were taken during
disposai operations, or in a mannar that would allow one to evaluate the
effects of disposal on Central Bay turbidity. Transect data averaged over
depth and time showed that TSS in Central Bay ranged from 28 mg L™ off
Berkeley to about 15 to 17 mg L~ near the Goldan Gate (Figure 10; Hauck
&t al, 1990). Single point samples showed TSS concentrations in Central
Bay ranging from 26 mg L1 in mid-channel off Tiburon and 24 mg L just
west of Treasura Istand, to 10 mg L1 in mid-channel east of Angal Island
(Figure 11). The time-averaged data from Winzler and Kally (1985; see
above) gave & TSG concentration at Alcatraz of 185 mg L-1. TSS
concentrations measured by Hauck et af {1390) vared widely; standard
deviations were, in most cases, equal to more than 50% of the mean. The
vanability in the data is reflective of the strong influence that tide, wind, and
depth of water may have on turbidity in the Bay system {Krone, 1979;
Conomos et al, 1885; MEC, 1990a, 1990b).

428, Ogden Beeman and Associates (1989) measured turbidity at the Alcatraz
disposal site at various times from April, 1888 through August, 1989, Thair
measurements were made in order 1o evaluate dredged material disposal
activity. Transects taken across the designated disposal area at Alcatraz
prior 1o dumping operations showed substantial variation in turbidity (as
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NTU; Ogden Bgeman and Associates, 1988), ranging from low values of 2.5
to 3.0 NTU {September, 1988) to a high of 16. The lowest overall
background turbidity at Alcatraz was recorded in September, 1988 (mean =
5.8 NTU}, while the highest was measured on 18 August, 19488 (11.3 NTU}.

50. Turbidity was measured at the Alcatraz site in September, 1888 by Johnson
Offshore Services (1989). While the numetica! values of the turbidity
measurements from that study are still subject to clarification {our analysis
suggests a systematic bias. We have concluded that the TSS values in the
raport should be multiplied by a factor of 0.1 §, the trands In turbidity
measured at Aloatraz are of interast. Corrected suspended soiids
concentrations from Johnson Offshore Services (1989, corrected by a factor
of 0.1} showed that turbidity patterns at Alcatraz vary substantially with tidal
phase and tidal current flow. In general, corrected TSS were low {(about 10
to 20 mg L-1) at slack water on the higher high tide (Figure 12). TS5
increased on the ebb tide and attained corrected TSS concentrations
between 30 and 45 mg L-1. Occasional peaks of TSS were recorded by the
in-place nephsalometers and, in all cases, ceincided with a flooding tide;
TSS concentrations in thess instances reachad corrected values as high as
78 mg L1 (Figure 12).

51. Backgraund TSS concentrations trom the vicinity of Alcatraz in Central Bay
were measurad in May, 1990 (MEC, 1980a.). TSS measured at a depth of 3
m wete 6 mg L-1, and increased to 14 mg L1 &t 6.1 m, and 22 mg L1 at
g 15 m. TSS concentrations in bottom waters at Alcatraz were 14 mg L.

52 In a separate study of turbidity and suspended particulate matter at Angel
Island and in Raccoon Strait (Figure 1), MEC {1990b} measured
background TSS concentrations at depths of from 1.5 mto 15 m. During
ebb tides in May, 1990, TSS concentrations were 40.6 and 69.7 mg [k,
However, when samples were taken on ebb tides during June, 1990, TSS
concentrations averaged 13.6 and 8.7 mg L1 Interestingly, the 185
maxima measured during abb tides was not at the bottom; rather,
concentrations were either uniform {as on 17 May), or the highest TSS
occurred at or near the surface (T3S at 1.5 m on 22 May = 121 mg L-1).
Meoan TSS concentrations during flooding fides were between 13.6 and
176 mg L-1. MEC (1990b) also measured Secchi disk depth in the vicinity
ot Angel Island in May and June, 1990. Background Sacchi disk depths
ranged from 106 cm to 152 cm.

53. As noted previously, Secchi disk data are not a measure of turbidity or
suspended solids concentration, per se. Rather, they are a measure of the
transparency of water. Therefore, Secchi disk depth measuremants may be
influenced by a number of factors that do not influence direct measuremants
of suspended particulate load or turbidity (e.g., dissolved pigments in the
water. surface conditions, quality of the observer, Raid and Wood, 1876;
MEC, 1990b)
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54. Secchi disk data for Suisun Bay (USBR, 1987) varied widely, with indlvidual

o5,

26

ol

58.

59,

measuremaents ranging from less than 10 cm to more than 140 cm,
depending upon season, Dalta outflow, water yaar, tima of day, weather,
wind, and other factors {Figure 13; see also Arthur and Ball, 1978, 1979). In
the Northern reach, Secchi disk depths were generally least in the
entrapment zone (Arthur and Ball, 1979), and were considarably higher
both upstream and downstream of that point. Average Secchi disk depth
measured in Suisun Bay (1968 through 1287) was 34 cm from November {o
April, and 38 cm from May to October (USBR, 1887). Average Secchi disk
depth in San Pable Bay was 53 cm beilwesn November and April {1971 to
1987), and 75 ¢m from May through October (USBR, 1987).

The Calitornia Department of Water Resources (DWR) meaasured water
quality at a number of Stations throughout the northern reach of the Estuary.
Secchi disk data fram those studies shows the wide variation expectad
betwesn and amony stations, depending upon time of day, weather
conditions, water flow, etc. (DWR, 1984, 1985,1986). At DWR station D4 (at
the mouth of the Sacramento River), Secchi disk depths ranged from 19 cm
to 82 cm in 1983. The lowest readings ({least light penetration) wara
measured between January and April (19 to 28 cm), whereas the highest
rpadings (44 to 82 ¢m) oceutred between May and Novembar.

Secchi disk depths measured at the same station in 1984 showed higher
overall transparency (range of menthly readings from 28 to 76 cm}, but less
of a difference in transparency between the periods of high and low Delta
outflow. Transparency between January and April ranged from 38 to 76 cm,
while the range from May through December was from 36 to 51 cm.

Average Secchi disk depth in 1985 was greater than that measured in 1983
and 1684 (DWR, 1985}, Secchi disk depths varied from a low 0f 34 cm
(May, 1988) to a high of 70 cm (December, 1985). Transparency during the
period of high runoff (40 to 64 em; January through April) had a range that
was similar to the range of measuremants taken over the remainder of the
year (34 to 70 cm; May through December).

Simmilar patterns were seen for Secchi disk depths measured at DWR station
D7, located at a shallow-water station subject 1o sediment resuspension
fram wind-driven wave action in Grizzly Bay. Transparsncy was limited. In
1983, Secchi disk depths ranged from 18 to 43 ¢m. in 1984 and 1865
measured transparency in Gnzzly Bay was similar (DWR, 19684,1985,1988),
ranging between 20 and 50 cm in 1984, and 24 and 72 cm in 1885,

DWR Sacchi disk depths for station D41 {Point Pincle) showed a high
degree of transparency. \n 1983 Secchi disk readings at D41 ranged from
28 cm to a high of 136 cm {August; DWR, 1884). During the perod of low
Delta outflow {May through October, 1983), had Secchi disk depths of from
50 cm to 136 om (mean=98 cm). Secchi disk depths for 1984 and 1985
were greater than in 1983 (DWR, 1985, 1986). In 1984 values ranged from
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60.

B81.

62.

63.

64.

60 cm (December) to a high of 144 cm, During 1985, values ranged from a
low of 72 om (January) to 168 cm in April (DWR, 1986).

Secchi disk depths for Central Bay averaged 48 cm from 1960 through
1964, and 130 cm from 1970 through 1975 (USCOE-SFD, 1976). Recent
samplas (MEC, 1990b) showed that Secchi disk depths at several stations
near Angel Island rangsd trom 120 to 150 cm.

California Dept. of Fish and Game (DFG) measurad Secchi disk depths on a
menthly basis from 1980 through 1988 in conjunction with fisheries
sampling in Central Bay. DFG data show some interesting patterns (Figure
14), First, the month-to-month and year-to-year Secchi disk transparency
data were highly variable; they are prubably determined, at least in par, by
the tide stage and meteorological conditions prevailing at the sample site &t
the time of sampling (Figure 14).

Second, the Secchi disk depths from DFG sampling shows a general
annual trend; that s, lower Secchi disk depths typically occur in the early
months of the year (January t6 March), followed by increasing depths
through the summer and into the fall. This pattern is particularly noticeable
for the years 1960 and 1981 (Figure 14}.

Third, the plot of DFG Secchi disk depths for the years following 1885 show
an apparent decline in water transparency, as well as a change in the
annual pattern of water transparency. During the manths of January through
June, overall water transparency in 1986, 1987 and 1988 appears 10 be
lower than in previous years . For 1986, 1987 and 1988, transparency
during August and September was substantially lower than in all previgus
years. During the fall {October through December) transparency was, again,
somewhat recuced from most previous years, and substantially lower than
in 1980 and 1981,

The most noticeabla trend in the DFG Secchl disk data is that the valuas
from 1986, 1987 and 1988 remained low throughout the year, only once
exceading 100 cm. This is contrary to almost all the previous years, in which
there occurred a seasonal patiern in which water transparency increased
from the lows of January to March, to high values (mostly above 100 cm) in
the fall ang early winter months.

E. Turbidity Due to Sand Miming Operaitons

65. As part of the study of sand-mining operations at Angel Island, MEC (19500}

measured TSS concentrations in the plume adjacent to the sand barge,
TSS concentrations inside and outside the barge plume differed
substantially. Samples taken at a fixed, 4 m depth showed that TSS was
increased inside the plume in nearly all cases. Most TSS concentrations
inside the barge plume were greater than those outside the plume by a
factor of 1.5 to 2.0. When samples were taken while drifting with the barge
plume, it was noted that TSS concentrations increased measurably above
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Figure 14. Secchi disk transparency in Central Bay waters measured manthly
from 1880 through 1988. The vertical axis is In centimeters. Data from California
Department of Fish and Game,
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background values, but decreased to background concentrations within a
relatively short distance (500 to 800 m).

F. Turbidity Due to Dredging Activity

66. Contributions of TSS from dredging activities differs with the natura of the

material being dredged and the dredging equipment (Barnard, 1978}
Vellinga (1989} summarized TSS generated by difterent typas of dredging
activities (Figure 15). The greatest TSS concentrations were generated by
suction dredges (hopper dredges) with overfiow, whereas the lowest TSS
occurred when a "grab crane” (clamshell) dradge was used. Herbich st al
(1989) performed similar evaluations {Figura 16). Concentrations of TSS in
the lower water column near open clamshel! dredging oparations ranged
from 100 mg L 245 m downcurrent from the dredge to almost 300 mg L-1
60 m downstream. Herbich of af (1988) showad that the use of a closed
clamshell reduced resuspension dramatically (Figure 186), the highest TES
measured 60 m from the dredge site was less than 100 mg L.

67. Studies conducted in San Francisco Bay showed that hopper dredge

activity generated TSS concentrations as high as 2500 mg L1 in the lowar
watar column, at the draghead. Lower water column TSE concentrations
ware less than 500 mg L'} 100 m down current from the dredge site
(USCOE-SFD, 1876). Clamshell dredging in Oakland Harbor was also
monitored {USCOE-SFD, 1876). Whan no overflow was allowed from the
barge, TSS in the lower water column 50 m away from the dredge site was
less than 300 mg L1 (9 m depth). Surface and mid-depth TSS
concentrations increased to between 50 and 80 mg L1 at 50 m, and
declined 1o about 20 mg L-1 400 m away from the dredging operation
(USCOE-SFD, 1976}, These data are similar to that seen in other studies
(Barnard, 1978; Tramontaneo and Bohlen, 1984).

68. Whan dredged material is disposed at unconfined aqualic sites some loss of

69.

tinsly divided material at the peint of release in inevitable. Losses oceur
during passage through the water column, upon impact with the bottom,

and as a result of scouring of the bottom by currents {Gordon, 1974).
Typically, only & small amount of disposed dredged material - usually fine
fractions - remains in the water column for any period of time, and the plume
usualiy dispersas rapidly (Gordon, 1974, Tavolaro, 1984). Dredged matarial
disposal in the San Francisco Estuary differs in at |east one important
respect from disposal in other areas; that is that the pxisting disposal sites in
the San Francisco Bay are dispersive sites. That is, It is assumed that
dredged material disposad at these sites will Decoma resuspe nded in the
water column, will be transported away, and eventuaily removed from the
Bay through the Golden Gate.

Gunther et al (1990) provided a review of dradged material disposal in the
Estuary up to 1986. Their review is summarized here. USCOE-SFD (1978)
monitorad turbidity plumes during dredged matsrial disposal at the Alcatraz
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and Carquinez disposal sites. Vertical profiles of TSS wera {aken at stations
50, 100 and 400 m down-current from the sites of disposal. Maximum
turbidity cccurred in bottom waters close to both disposal sites {Figure 17).
Surface waters were less turbid than bottom waters, and TSS usually
returned to background concentrations throughout the water column 10 o
15 minutes after disposal (USCOE-SFD, 1976). Special studies at the
Carquinez Strait disposal site showed that TSS at the mud-water interface
100 m downcurrent of the disposal barge reached 9,000 mg L-1; these
concentrations decreased to backgraund levels after 25 minutes. The
spacial study at the Carquinez site alsoc showed that very high TSS
concentrations could be attained {20,600 mg L-1; "turbidity currents") at the
mud-water interface, and that elevated TSS could occur as far as 1400 m
down-current from the barge. The existence of these very high
concentrations rarely lasted longer than 10 minutes {USCOE-SFD, 1978).

70. Seience Applications International Corperation {SAIC) monitcred disposal
of dredged material at the Alcatraz disposal site. SAIC (1887a, 1987h)
tracked the TSS plume from 11 dispesal events on six different days, TSS
data were astimated from acoustic backscattering data. The pluma of
disposed material moved with tidal currents; disposal of dredged material at
slack water resulted in plumes that showed little lateral movement. Digposal
at ebb and flood resulted in plumes that migrated in the direction of the tide
at rates up ta 140 cm sec™!, Background TSS values during the study were
from 9 1o 17 mg L1. Flumes of disposed material were trackad until they
dissipated, which was usually in about 10 to 15 minutes. In that time, TSS in
the lower water column ranged from about 44 mg L-1to 165 mg L-1. in ons
instance TSS of 80 mg L 1 persisted for as long as 20 minutes after
disposal.

71. Gunther ot al. (1990) analyzed the SAIC (1987 ta determine whether the
fraquency of disposal activity at the Alcatraz site had an effact upon residual
turbidity in the waters of Central Bay and . They found that, in most
instances, the interval betwasn disposal events at the Alcatraz site was
great encugh to allow turbidity to decrease to background concentrations.
However, under circumstances of high disposal frequencies (up to 40
disposal events per day; Figure 18} it is possible that turbidities in Central
Bay could increase slightly. Gunther of af,. (1990} recommended that special
studies be camied out to detsrmina the persistence and patterns of

suspended sediment increases in Central Bay during pericds of high
disposal frequency.

72, Ogden Beeman Associates (1988, 198%9) measured turbidity at the Alcatraz
site before, during, and after dredged material disposal. The study was
carried out from spring, 1988 through August, 1989. The samples taken
were depth composites, taken from 0.3 m below the surface, at mid-clepth
(approximately 6.m} and 0.3 m from the bottem. Four sites were sampled;
one at the center of the disposal site and at one site, each, to the NW, SW
and SE, on the perimeter of the site. The highest turbidity measured was 94
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Figure 17. Suspended sglids measured at three depths in the water column
downstream from a dredged material disposal operation in San Francisco Bay,
at the Alcatraz disposa! site. From Gunther et al. {1980).
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(NTU) on 15 June, 1988, during disposal of maintenance dredged materia
fram the Port of Richmond. Turbidities on the perimeter of the disposal site
on that date ranged fram 7.6 to 2.8 NTU. Ogden Beeman {1988,1989)
measured turbidity at Alcatraz during another disposal event on 3 August.
Turbidity at the center of the site during disposal was 9.3 NTU, whils values
on the perimeter ranged from 8.4 to 12.0. With the exception of the value of
894 NTU measured on 15 June, 1889, turbidifies at the Alcatraz site were
low-to-intermediate, ranging from very low values (2.510 3.0 NTU) on 22
September 1988, to a uniform value of 15 af all stations sampled on 20
Juty, 1889. As with cther studies of turbidity in the Central Bay, these data
point out the variable natura of turbidity in the area.

73, Johnson Offshore Services Group (1288) monitored turbidity at and near the
Alcatraz disposal site in September, 1988. Turbidity was menitared using
nephelometers fixed in place on a transect across the disposal site at a
depth of about 5 m. The nephelomsters were in place between 1
September and 17 September 1988. The monitoring period covered a time
period that included numerous disposal events at the Alcatraz site.

74. Johnson Offshore Sarvices (1988) reperted that the nephelometers were
calibrated with formazin, and that water sampies were taken for gravimetnc
analysis of TSS. However, the TSE concentrations reported, whather as
nephelometric turbidity units {NTU) or TSS, disagree with all other data
reported from Central Bay, in general, and the Alcatraz disposal site, in
particular. It was not possible to verify the Johnsan Offshore data, since
documentation of calibrations was not included in the repot, and the raw
nephelometry data were not mads available for analysis {F. Johnson,
personal communication}. It would appear that the Johnson Offshore {1388)
data suttar from a systematic error. TSS concentrations are reporied as
ranging from about 100 mg L-1 to almost 800 mg L1 (Johnson Offshore,
1888; Figure 12}, while data from all othar sources available to us report
TSS goncentrations of from slightly less than 10 mg L1 to a maximum of
198 mg L1 in Central Bay (see sections above and below). Ogden Beeman
Associates {1889} sampled turbidity at the Alcatraz site the month before
and just after tha and of the Johnson Cffshore study. Their turbidity data,
reportad as from 2.5 to 16.0 NTU, would correspond te TSS concentrations
of 2.5 ta 80 mg L-1. Such results are consistent with data from SAIC
{1887), Hauck et al (1990), MEC {19904, 1990b.} and others who have
determined T3S directly in Central Bay waters.

75. MEC {1990a) monitored turbidity in the water column during several
disposal events at Alcatraz during May, 1980. Some samples were taken
outside the influence of the disposal event and were compared 1o data from
samples taken in the disposal plume. On 1 May 1990, ambient TSS near
the Alcatraz site was from 6 10 22 mg L-1. At the time of disposal, TSS at the
6.5 m depth increased to 86 mg L-!, and the influence of the descending
material could be seen to a depth of about 13 m (TSS at 8 m = 38 mg L1, at
12 m = 44 mg L-1}. Samples taken further trom the site of disposal {in both
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time and space} showed that TSS were greatest in the bottom waters (38
mg L'1), whereas TSS at the surface and mid-depth had returned to pre-
disposal concentrations (TSSat3.1 m=12mgL';at 9 m =18 mg L),

Monitaring of TSS during other disposal events gave assentially the same
result; TSS increased at depths of from 6 t¢ 15 m and decreased, thereafter,
eventually returning to ambiant concentrations. In one study turbidity was
measured at the € m depth while drifting with the plume; concentrations at
the 6 m dapth reached 66 myg L1 immediately after disposal, but decraased
shortly thereafter as the disposed matearial setiled out of the water column.
While individual studias of suspended material distribution after disposal
show a rapid decrease in concentration, there have been no systematic
studies of turbidity or suspended solids concentrations during consecutive
disposal events.
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IV. Effects of Suspended Particulate Matter and Turbidity on the
Biota

77. The first part of this section reviews the literatura on the efiects of turbidity
and suspended particulate material on aguatic organisms. The second
part provides an analysis and evaluation of turbidity and suspended
particutate matter in relation to the questicn of fish catchability in Central
San Francisco Bay. The litarature on suspended solids effects on biota is
massive, and a large par of it deals with impacts on freshwater biota. This
reviaw concentrates primarily on the effects of suspended material on
estuarine biota. The studies reviewad here are discussed in relation to the
turbidities and suspended particulate concentrations measured in the San
Francisco Estuary, in gensral, and in Central San Francisco Bay, in
paricular.

A. Literature Summary

78. The European Inland Fisheries and Advisery Commission (EIFAC; 1964)
listed four ways in which turbidity or excessive suspended sclids might
affect aguatic organisms. These were:

« Action dirsctly on the organisms which would either kill or reduce

growth rate and resistance 1o disease;

+ Prevention of the successiul development of eggs and/or larvae

« Modification of natural movements or migrations; and

» Reduction in the abundance of available food.
More up-to-date understanding of the role playsd by suspended
particulate matter in the transport and distribution of poflutants in estuarine
systems leads us to add 1o the EIFAC (1964) list at least one other way in
which suspended solids may affect aguatic organisms: that is the transport
in or release 1o the water column of toxic chemicals that may have a direct
or indirect impact on the biota (Cairns, 1968; McLaren and Littte, 1987,
Segar, 1989; see raviews in Morton, 1876; Stern and Stickle, 1978).

79. The discussicn that follows is related gnly to the effects of solids and
turbidity on the biota. The relationships between particles, toxic chemicals
and dredging, while of concern, cannot be addressed here. For further
information on this subject tha raader is referred to Gunther et al (1990}
and Davis et &f. (1990), wherein the partitianing of chemical contaminants
to suspended particulate matter are discussed in greater detail. It should
be sufficient, at this juncture, ta point out that the dredgsd material
disposed at the Alcatraz site represents mataral shown o cause no
significant toxicity or bicaccumulation of chamical pollutants in
standardized laboratory tests (EPA-CQE, 1877, 19980). While differences of
epinion exist on this tapic (for example, O'Connor ef al {1982} and
Gunther et af, 1990 have concluded that disposed dredgad material poses
lass of a threat to biota in the water column than that calculated by Segar,
1989), the present discussion will focus only on particle- and turbidity-
related effects.
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80. The most clear-cut impact of suspanded particulate matter on the biota may
occur through the process of gross settling and depaosition of sediments.
Whan particulate matter in the watar column setiles it forms a new layer of
sediment atop existing layers, covaring organisms that liva on, orin, the
sediments. Whan such deposition oceurs rapidly {(as in the settling of
disposed dredged material) and when newly deposited sediments
accumulate to substantial depths, members of the benthic community that
cannot burrow up through the new sediment may be eliminated (Ellis, 1938;
Masch and Espey, 1967). Burial of benthic communities accurs at the
designated disposal sites in San Francisco Bay. This is unlikely to lead to a
significant loss of benthic resgurces in the Bay for several reasons. First, the
disposal areas in the Bay have been in use for many ysars, and any loss of
penthic rescurces due tc disposal have been a part of Bay scclogy for
decades. Second, the disposal areas in the Bay are an exceedingly small
fraction of the Bay bottom, and the small fraction of benthic respurces at
those sites were not critical to Bay ecology when disposal began, and are
not critical at present. Third, the designated disposal sites in the Bay are in
Centra! Bay and San Pablo Bay, regions where benthic productivity is not
high, compared to that in South Bay (Nichels, 1879). Fourth, disposal at the
various designated sites in the Bay Is guite frequent; disposal at Alcatraz
may average of 10 1o 20 events par day (Gunther et 2/, 1990). The benthic
communities at these sites, therefere, are in a continual state of disruption
and recolonization, and have been since in-Bay disposal was first allowed
at these sites.

81. Very high concentrations of suspended particulate matter in the water may
affect the biota in a manner that is similar to gross burial. Under certain
conditions, such as in areas of salt flocculation {(Masch and Espey, 1967;
Meade, 1972), seltling particulate matter may form an highly concentrated
layer of suspended matter described vanously as "fluff”, "fluid mud” or a
"turbidity flow.” Turbidity flows occur when facters such as a low degree of
physical mixing and electrical charge on paricle surfaces may inhibit
settling and consolidation, thereby prolonging the process of deposition.
Masch and Espey (1367) observed that when suspended sediments
axceeded concentrations of 10,000 mg L1 the floccules {agolomarations of
fine particles) interfered with further settling. Suspended sedimeant
concentrations in excess of 220,000 mg L1 have been observed in turbidity
flows {(Masch and Espey, 1967). Turbulent mixing tends to prohibit the
formation of turbidity flows. Turbidity maxima in the San Francisco Estuary
occur in the Northern reach {Arthur and Ball, 1979), where TS5
concentrations as high as 1000 mg L-1 have been measured (Krone, 1966).
However, current flows and turbulent mixing in the Naorthern reach of the
Estuary are such that concentrations of TSS are unlikely to reach the critical
levels at which settling is inhibited (10,600 mg L-1; Masch and Espey,
1867). The highest concentration of TSS measured in the Estuary was
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20,000 mg L, a value that occurred in bottom waters at the Carguinez
disposal site during a disposal operation {USCCE-SFD, 1976). While such
a concentration has the potential to form a turbidity flow, observations show
that it dispersed rapidly, and TSS in bottomn watars decreased to ambient
concentrations within 25 minutes.

82 Qrganisms exposed to the very high concentrations of sediments in turbidity
flows may be impactad severaly. The high concentrations of suspended
solids may clog gills and cause asphyxia. For those organisms which ¢an
escape exposure to turbidity flows by isolating themsselvas from the water
fi.e., bivalve molluscs, somse tube-dwelling worms, etc.) survival depends
upon the length of time tha crganism can survive under anoxic conditions
(Nicol, 1960). Tha quaestion of the effects of settling and deposition on
substrate particle-size distribution and habitat integrity will be addressed
below.

2. Di f
Phytoplankton

83. Turbidity and increased concentrations of suspended particulate matter wilt,
by definition, decrease tha transparency of water (APHA, 1976). This will
reduce the amount of light available in surface waters, and will affect
phytoplankton directly by reducing the depth of the photic zone, and
possibly reducing net primary production. Various studies have baen
conductad in the field and in the laboratory to determine the relationship
betwean suspanded particulate matter in the water and primary production
(Hollis, 1964; Shark ef al, 1974; Cloern, 1987). Closrn (1987} stated that a
large part of the spatial and temporal variability in phytoplankton biomass
and productivity in estuaries, inciuding the San Francisco Estuary, is
explained by variations in the ratio of photic depth to mixed depth. Photic
depth is, of courss, directly determined by TSS concentrations and light
penetration. Sherk et al. {(1974) studied photosynthesis in four species of
estuarine algae at different concentrations of finely ground SiQ2. Ha found
that photesynthesis decreased as Si0Q2 concentration increased from 100
mg L1 10 2,250 mg L-1. Most carbon assimilation in the algae was
eliminated at SiOz concantrations greater than 250 mg L-1. Sherk et al.
(1974) stated that the higher turbidity values used in their experiments
{1,000 and 2,250 mg L-1) were outside the range of concentrations seen in
most surface watars. However, the concentration of 250 mg L'1 may occur
in estuaries during pericds of high runoff, when wind- and current agitation
resuspend large quantities of sediments, ar during dredged material
disposal.

84. The impact of low concentrations of TSS on phytoplankton is not
necessarily negative. Odum and Wilson (1862} found, for example, that the
addition of turbidity-producing materials (allochthonous sediments) to the
water column can indirectly stimulate photosynthesis. This effect is due
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primarily 1o the fact that suspended particutate material from a watershed
often has nutrients adscrbed to the surfaces of mineral solids. When thesa
nutrients desort they become avaitable and may stimulate growth in
nutrisnt-limited phytoplankton populations.

Another direct effect of suspended particulate matter on phytoplankton was
suggested by Bansch {1960), who hypothesized that phytoplankion may be
flocculated by the adherence of silt particles to algal cells which ™...carry
them to the bottom to die.” The author knows of no studies related to the
question of phytoplankten flocculation and satiling dus to the effects of
disposed dredged material in estuaring ecosystems.

Zooplankton

86. The majerity of zooplankton are filier-feeders and are well-adapted to

87.

dealing with suspensions of particufate material in the water. Few studias
have been carned out to determine the negative effects of suspended
particulate material on zooplankton. Studies in both marine and freshwater
systems have shown that zooplankten (e.g., Daphnia, Calanus, Acartia,
Ewrytemora, etc.) will migrate vertically into regions of turbidity (Paffenhofer,
1972; Doan, 1942). Baylor and Sutclifte {1865) showed that Daphnia will
alter tha vector of their vertical migration to bring themselves into regions
where particles in the water column are absarbing a large portion of the
longer wavelengths {red). Baylor has used this mechanism to explain the
concentration of zooplankton in regions of high turbidity, and in oceanic and
estuaring waters where zooplankton concentrate under foam lines or
windrows establishad by wind-driven Langmuir circulation cells.

Robinson (1957) studied the effects of suspended material on the
reproductive success of Daphnia magna. Using TSS concentrations up to
1,450 mg L7, he determined that small amounts of TSS were essential 1o
survival and reproduction. Onty montmarilionite clay and powdered
charcoal had any toxic effect on . magna. Ground glass {SiO2), India ink,
kaolinite and natural pond sediment had no effects at the concentrations
tested.

88. Sherk et al. (1974,1976) studied the effacts of suspended particulate matter

on the estuarine zooplankters Acartia tonsa and Eurytemora affinis,
Suspensions of fuller's earth, silica sand and estuarine muds (from the
Patuxent River, MD) caused reduced feeding rates of the copepods. When
TSS concentrations were above 250 mg L1 aigal ingestion rates
decreasaed in E. affinis.. The critical concentration for A. lonsa was 50 mg L1
TSS. However, phytoplankton concentrations of 50 and 250 mg L-1 also
reduced ingestion, suggesting that the copepeds were nonselectively
filtering particulates from the water, and that any matetial {including
phytoplankton) present above the critical concentration would result in
reduced rates of ingestion (Sherk et af,, 19786).
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The zooplankion of the San Francisco Estuary include species similar to
those tested by Sherk et al. (1974, 1976) for responses to suspendad
particulate matter, Ambler &t &/. {1985) provide a description of the
distribution throughout the Bay and Estuary of common calangid copepods,
such as Eurytemora affinis, Acartia clausi and Acartia cafiforniensis. Based
upon the results from Sherk et al. (1974, 1976) and the TS5 concentrations
in the San Francisco Estuary, it is likely that species in the Estuary would
have similar responses to suspended sediments as those shown by E.
affinis and A. tonsa. As non-selective filter feeders, zooplankton in the
Estuary may respond to the occasional high concentrations of suspended
solids by reducing filtration and ingestion rates. Such a reduction would
oceur in respense to high TSS in Delta outflow, dredged material disposal,
or a dense phytoplankton bloom. As pointed out by Shark et al {1974,
1978}, a reduced rate of filtration and paricle ingestion may be a
mechanism to avoid "overconsumption” on the part of the zooplankion, a
condition in which particles at very high concentration pass through the gut
undigested, resulting in a net energy loss for the filter feeding organism.

Planktonic Life-history Stages of Fish and [nvertebrates

Davis {1960} and Davis and Hidu {1969} studied the effects of various
suspended materigls on the quahog Mercenaria mercenaria. They showed
that quahog eggs developed normally in concentrations up to 4,000 mg L 1
clay, chalk and fuller's earth. The proportion of eggs developing normally
declined as the TSS concentration increased. Davis and Hidu {1969} found
that as little as 188 mg L1 natural silt caused a measurable reducticn in the
number of oyster eggs (Crassostrea virginica) that developed normally,
Fuller's earth and kaolin suspensions did not affect oyster egg development
until concentrations axcesded 1,000 to 2,000 mg L-1. The European oyster
(Ostrea edulis) was less affected by silt than was the North Amarican
spacies, C. virginica. Davis and Hidu (1969) noted that cyster eggs were
afiected more by largar particles, while clam eggs were affected more by
smaller particies, It should be noted that these experiments utilizad the
planktonic larval stages of bivalves, not the demaersal, aduit forms. TSS
concentrations such as those tested by Davis and Hidu (1968) are not
routinely recorded in the water column in Gentral Bay.

in situ field studies of the effects of dredged material disposal on natural
populations of planktonic fish eggs and larvas ware conducted in
Chesapeake Bay. As pan of that study Dovel {1968) reported that turbidity
associated with overboard, unconfined dispesal of dredged material
caused no gross effects on fish eggs and fish larvae of freshwater, estuarine
and marine spawners, A similar study was conducted by Morgan et al.
(1973}, using ths eggs and larvae of striped bass {pelagic eggs) and white
perch (Morone americana) {(demersal eggs). Delayed development of white
perch and striped bass eggs was observed at very high concentrations of
TSS (>1,500 mg L-1). At 4,000 mg L1 hatching of demersal white perch
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eggs was delayed for one day. Egg mortality occurred for striped bass at
3,400 mg L1, and at 3,600 mg L1 for white perch {Morgan et af, 1973).

82. The effects of turbidity on the survival and growth of fake harring
(Coregonus artedii) was studied by Swenson and Matson (1976). Larvas of
lake harring were held in suspensions of red clay similar to that found in
Lake Superior (28 mg L-1). Thesa congentrations had no negative effects
upon the develapment or survival of herring sggs and larvae, other than the
fact that larvae in higher cancentrations of TSS distributed themselves
closer to the surface of the experimental tanks than did control lanvae, Itis
not known whether this distribution was a particle effect or a photoresponse.

93. Schubal and Wang (1973) examined the effects of suspended solids on the
eqgs of several estuarine fishes. They exposed eggs from yellow perch
{Perca flavescens), white parch, striped bass and alewifs [Alosa
pseudoharengus) 10 suspensions of fine-grained sediments from natural
sources. (It should be noted that the eggs of yellow perch are demersal, and
develop in & gel matrix, the eggs of white perch and alswife attach to
surfaces, and striped bass eqgs are planktonic). TSS concentrations of up
to 500 mg L-1 had no apparent effact on the hatching success of any of the
species, althcugh some slight time delays in haiching eccurred. Schubet
and Wang {1973} concludad that in & natural, well-mixed environment,
suspensions of natural, fine-grained sediments would not cause adverse
effects on the eggs of estuarine species.

94. The rgsults of the studies cited above demonsirate quite cleary that egg and
larval forms of invertebrates and fishes can tolerate relatively high
concentrations of suspended particulate matetial. Especialiy for the
sstuarine spacies [American oyster, striped bass, white perch, alewife, etc.),
spawning, developmant and growth take place in conditiocns not unlike the
turbid, Northern reachses of the San Francisco Estuary. Indeed, as shown in
several studies, the normal location of striped bags larvas in systems like
the Chesapeake Bay and San Francisco Bay is in the zene of high turbidity
(Mansueti, 1961; Arthur and Ball, 1879).

Benthos

95. Many benthic organisms ara filter feeders or deposit feeders. That is, they
employ specialized mechanisms to accumulate particulate food material
from the water column or the mud-water interface, ingest it, and extract
sustenance from it. Various species hava avolved a wide assortment of
mechanisms for processing food particles. In those cases whare particle-
processing mechanisms afford some kind of selection, the salection is
generally for paricle size, rather than for nutntive content (Nicol, 1960).
Bivalve molluscs that are filter feeders may play a role in reducing turbidity
in estuarine environments by their capacity to remove particulate matter
from suspension (Nichols ef al, 1990).
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96. The results of studies on the effects of increased turbidities on bivalve
molluscs reflect the rasponse of the crganisms to increased availability of
food or food-like particles. When Ingle {1852) suspended oysters in
baskets adjacent to dredping operations, he found that mortalities due to
increasad turbidity werea not statistically significant. In fact, the appearance
of the oysters at tha and of the expenmant was described as "excsllant.”
Ingle (1952) spaculated that the increased particle concentrations in the
water from the dredging operation provided additional food for the oysters
in the form of organic detritus. In a similar study Macklin {1956, 1962)
observed an inverse relationship between turbidity and oyster mortality;
oyster survival was greatest in turbid, estuarine waters and |east in less
turbid marine waters.

97. Laboratory studies to assess the effects of suspended particulate matter on
the benthos have concentrated en bivalve moliuscs. Pratt and Campbell
{1956) determined that TSS with a high silt-clay content inhibited growth in
M mercenaria. They aftributed this effect 10 an ingrease in the ensrgy
expandad for frequent cleaning of the filtering apparatus. It could alsc have
baen causad by the fact that suspensions with a higher proporion of silt
and clay had proportionataly less nutritive vaiue than natural suspensions
of phytaplankion or grganic-rich detritus.

98. Stone et al. (1974) studied the effects of TSS on two manne bivalves, the
scallop Placopecten mageifanicus and the ocean quahoyg, Arctica
islandica. Both species producead increased amounts of mucus when
exposed to suspensions of kaolin. Prasumably this increase in mucus
production caused a depletion in ensrgy reservas that might be used for
other purposes, such as growth or reproduction (Stone &t af,, 1974).
Although no data on reproduction wers providsd, Stona et af (1974}
concluded that high concentrations of TSS could lsad to impaired
reproduction in maring bivalves.

93. Peddicord &t al. (1973} studied thea impact of suspended particulate matter
on bivalve moliuscs [ Tapes japonica , Mytilus edulis and M. californianus)
from the San Francisca Estuary. Their studias incorporated designs that
tested direct sediment effscts as well as the interaction of TSS and
decreased oxygen concentrations in the test water. The species tested
showed a wide range of sensitivities 1o suspended mineral solids. No
studies were carried out with suspensiens of natural sediments. 7.
japonica tolerated 100,000 mg L1 kaolin clay for up to 10 days without a
significant increase in montality. M. edufis exposed to the same conditions
for the same period of time experienced about 10% mortality. M.
cafifornianus was more sengitive than M. edulis, showing a 50% mortality
after 200 hr exposure to kaoclin at concentrations of about 86,000 mg L-1.
None of the concentrations of kaolin tested were representative of
suspended sadiment concentrations that occur in San Francisco Bay, even
in the vicinity of disposal operations.
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100. When the same organisms wars exposed to bentonite clay suspensions in

101.

102.

103.

combination with reduced dissalved oxygen and two levels of temperature,
higher temperatures resulted in higher mortality. Peddicard et af. (1975)
interpreted this to mean that increased mstabolic rates at the higher
temparature reduced the length of time the bivalves could remain closad
(avoidance of TSS), and increased their time of exposure to the bantonite
particles. Peddicord et al. (1975) also cbserved dscreased axygen
consumption when bivalves were exposed to bentonite clay. Their
interpretation of this phenomenon was that increased concentrations of
bentonite clogged the gills and impaired gas exchange across the gills.

Peddicord ef al. {1975) also studied the responsss of the epibenthic
shrimps, Crangoen nigricauda and Palaemon macrodactylus, the crab,
Cancer magisier, and the amphipod, Anisogammarus confarvicoius. The
200 hr LCsq for P. macrodactylus and C. nigricauda was about 50,000 mg
L1 kaolin. C. magister and A. confervicolus wsre more sensitive 1o
suspensions of kaolin; thair 200 hr LCsg was approximately 35,000 mg L-1.
As with the bivalve molluscs, Peddicord ef ai (1975) found that there was a
complex interaction between kaolin concentration, temperature and
dissolved oxygen. Survival of all test organisms was greatest under at low
temperaturs, low suspended solids and high D.O. Conclusions derived
from these studies (Hirsch ef al., 1978} were that optimum times for
disposal of dredged material in ecosystems containing sensitive spacies
wolid be during winter months when temperatures were low and
dissolved oxygen concentrations would be at their highest.

In general it can be concludad that direct effects of suspended particles on
benthic organisms are causad only by very high concantrations of panicles
that persist for long periods of time, Species andemic to San Francisco
Bay, for example, toierated concentrations ¢of mineral solids close to
100,000 mg L-1 for up to 10 days. Unfortunatsly, the data from Peddicord ef
al. (1873) that relate to San Francisco Bay benthos were generated only
using mineral solids. However, based upon other studies {see Section on
Fishes, below; C'Connor et al, 1976, 1977} it may be expected that natural
suspanded solids have less of an effect than mineral solids at the same
concentration.

indirect Effects of Turbidily on Benthos

Turbidity generated by dredged material disposal may affect benthos
indirectly by altering substrate characteristics. Material that remains in
suspension after disposal may settle on valuable benthic habitat, such as
sandy battoms or shoals. While it is well known that substrate alteration
can affect the distribution of the banthos (8.g. Boesch, 1882}, the extent to
which these effecis may occur in San Francisco Bay is uncertain. As stated
earliet in this report, the subsirates of the broad, shoal portions of the Bay
are subject to large-scale resuspension and redaposition on almost a daily
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basis (Conomos et al., 1985). We are unaware of any studies undertaken
to determine depasition of fine materials in those portiens of the Central
Bay whera substrates are primarily coarse-grained materials; however,
anecdotal reports suggest that some ragions characterized by "hard"
bottoms in the past may now contain mud. Additional studies of such
conditinns are required.

Fishes

Direct mortality of fish exposed to high concentrations of suspended
particulate matter is due to impaired oxygen exchange (O'Connor &t af,
1976, 1877; DiSalvo and Peddicord, 1978; Neumann et af, 1982}. The
exact cause of impaired exygen exchange may be iaceration and
disruption of gill epithelium (Rogers, 1969), physical irritation of the gil}
accompanied by edema {Rogers, 19863; O'Connor ef al., 1976}, or
blockage of gas exchange by particles coating or clogging the gill
(Q'Conngr et al.,, 1976, 1977, Peddicerd et &/, 1978; Neumann et al.,
1882). Peddicord et al. {1975, 1978} strass that tha lethality of suspended
particles Is determined in part by the size distribution of the panticles; a
greater number of very fine paricles had more of a potential to cause gill
clogging than the same mass-concentration of larger particles.

Rogers (1969} studied the response of four spacies of estuarine fish to
suspensions of kaclin, ground rock flour, incinerator fly-ash, diatomaceous
earth, powdered chargoal, and ground glass {5i0z). He found that
mortality increased as a function of particle size and angularity. SiQpz was
the most lethal of the suspensions tested, apparently lacerating the gills,
disrupting epithelial integrity and blocking raspiratory gas exchange.

Sherk and co-workers (Sherk et af, 1972, 1974; O'Connor et al,, 1976,
1677. Neumann &t al., 1982} studied the effects of fullers sarth, kaclinite,
and natural sediments on estuarine fishas. The species tested included
white perch, spot (Leiostomus xanthurus), Atlantic silversides (Menidia
meanidial, bay anchavy {(Anchoa mitchifli), mummichog (Fundulus
heteroctitus) and striped killifish {F. majafis). Lethal concentrations {24 hr
LCsg) for these species ranged from as low as 580 mg L1 {(Atlantic
silvarsides) to 24,500 mg L-1 for mummichogs. O'Connaor ef &l (1976) used
their data to classify estuarine fishes into categories of particle sensitivity.
Particle-insensitive species {e.g., the mummichog, striped Killifish and spot)
had 24-hr LC1p values greater than 10,000 mg L1, Sensitive species
{white perch, bay anchavy) had 24 hr LC4qg values between 1,000 and
10,000 mg L1, while highly sensitive spacies {Atiantic silversides) had a
24 hr LCyg value below 1,000 mg L-1. Based upon these classifications,
the TSS concentrations in the San Francisco Estuary would not pose a
threat to even the most particle-sensitive species.

Peddicord et al. (1975) studied the effects of suspended solids,
temperature and dissolved oxygen on thrae spaecies of fish from San
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Francisco Bay; shiner perch, Cymatogaster aggregata, English sole,
Pargphitys vefulus, and striped bass. Shiner psrch were most sensitive 1o
kaolin suspensions, suffering high mertality in little more than one day at
concenirations of 14,000 mg L-1. The bottom-dwelling English sole, on the
othar hand, survived as long as 10 days at kaclin concentrations of 70,000
mg L-1.without morality. When the concentration increased to 117,000 mg
L1, English sole suffered 80% martality in 10 days.

Paddicord ef af (1975) noted an interaction between temperature and
bentonite concentrations. Shiner parch exposed to 400 mg L1 bentonite at
10°C for 10 days experienced nearly complete morality. English sole
exposed to 60,000 mg L1 bentonite at 109C experienced no martality in
10 days. One death was reported among English soie exposed to 60,000
mg L1 at 189C. Lowest survival among the species tested occurred when
temperatures and dissolved oxygen were at their lowest, and suspended
solids were at their highest. With tha exception of TSS concentrations
above 400 mg L-1, which occur on occasion in the entrapment zons, none
of the conditions causing mortality among shiner perch, English sole or
striped bass (Peddicord, ef af, 1975) would be expected to oceur in the
3an Francisco Estuary.

The subiethal effects of suspandad panticulate matter on fishes was
investigated by Sherk ef al (1972, 1974; see alsc O'Connor ef af, 1977;
Neumann et af, 1982). The respiration of the sedentary, bottom-dwalling
oyster toadfish (Opsanus tau) was unaffacted by TSS concentrations of up
to 156,000 mg L-1. Striped bass and white perch gsnarally showed
reduced respiration when exposed to suspended solids in a forced-
swimming expenmantal format. Neumann et al. (1982) suggested that this
response was related to partial clogging of the gills. O'Connor et &l {1977)
alse measured hematological parameters related to blood-gas exchange.
They found that fish exposed to high TSS concentrations (»1,500 mg L)
for a short period of time showed a reduction in hematocrit {i.e., the volume
percent of red blood cells in a sample of blood}; howsver, the hematocrit
value generally increased during longer exposures (five-to-ten days),
suggesting & compensatory response in blood oxygen carrying capacity.

Indirect Effects of Turbidity on Fish

fn addition to direct impacts of suspended particulate matter on fishes,
particulates, or the turbidity caused by particulate matter in the water
column may influence teeding behavior and choice of habitat. For
example, Cyrus and Blaber (1987a, 1987b) studied the distribution of
fishes in a lagoon-type estuary on the southeastern coast of Africa, They
were able to distinguish five groups of figsh according to prafarred
turbiditiss. These were: _

* "clear water" species preferring habitats with NTU < 10;

* "clear-to-partially turbid” species preferring water less than 50 NTU:

* "intarmediate turbidity” species (10 - 80 NTU);

Turbidity Etects an San Francisco Estuary Organisms
Page 53.



111.

112.

113.

114.

« “turbid-water” species (NTU > 50); and

« species indifferent to turbidity.
Subsequant laboratory studies in which differant species were allowed to
choose water of varying turbidities confirmed their statistical gvaluation of
field data (Cyrus and Blaber, 1987b). Explanations of why fishes prefer
habitats of varying turbidities ranged from reduced predation on young in
turbid waters 1o easier predation for piscivorous species in turbid watars.

Heimstra ot al (1969) studied the behavior of two freshwater fishes,
juvenila largemouth bass {Micropterus salmpides) and green sunfish
(Lepomis cyanelius). Exposures Included two different levals of turbidity:
"clear” water (4 to 6 JTU) and "turbid” water (14 to 16 JTU). Activity of the
hass was reduced under turbid conditions; sunfish activity was also
reduced in turbid waters, but not significantly so. Feeding behavior and
agonistic (attack) behavior for both species remained the same regardiess
of the turbidity of the water.

Diehl {1988) studied the foraging efficiency of three freshwater fish species
in refation to light. Two types of light reduction were considered in these
experiments; 1) raduction in light due to "structural complexity™ {i.e.,
increasing amounts of vegetation), and 2) reduction in light due to turbidity.
Diehl (1888) found that perch (Perca fluwiatifis) preferred vegetated
portions of habitats, and foraged efficiantly in the reduced ight imposed by
dense vegetation. Bream (Abrarnis brama) and roach (Rutilus rudifus) were
found to be superior foragers on chironomid tarvae undar dark and highly
turbid conditions. Tha foraging of these species was especially good under
turbid conditions that did not have the additional complexity of submerged
aquatic vegetation. '

Crowl {1989} found that the foraging efficiency of fargemouth bass was
related to the clarity of water. Largemouth bass forage visually for their
prey, and Crowi {1989} found that in clear water the "reaclive distance”
(i.e., the distance at which the fish noticed prey [crayfish, Procambarus
acutus]), increased linearly with increase in the size of the prey. Prey
movement algo resulted in an increase in the reactive distance. Neither
prey size nor prey movement had any effect on reactive distance in
moderately turbid water, Crowl {1989) proposad that fish may change their
feeding tactics as prey visibility changes, When prey are highly visible {i.e.,
low turbidity), predators react only after prey regognition. When prey are
lees vigibla {i.e., high turbidity) predators attack immediately upon sighting
the prey, a phanomenon which doas not depend upon prey size or prey
movement. indeed, prey recognition and instigation of attack in darkness
(either under highly turbid conditions or at night) may depend upon cues
other than vision. :

Breitburg (1988) conducted a ssries of laboratory experiments to
determine the efiects of turbidity on prey consumplion by striped bass
larvae. Striped bass larvae were placed in waters of varying lurbidity (0,
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75, 200 and 500 mg L1 kaclin) and offered either copapods or water fleas
(Daphnia pulex) as prey. Striped bass larvae offered copepads ingested
40% fewer prey in the mors turbid water (20G and 500 mg L-1), but
consumption rates in 0 and 75 mg L7 turbidity were similar. The results
wers different when D. pulex was offered as prey; larvae faeding on D.
pulex consumed prey at the same rate in all turbidities. Johinston and
Wildish (1982) found that larval Atlantic herring (Clupea harengus) toock
fewer Artemia nauplii when turbidities were increased from 0 to 20 mg L7,
However, Boehlert and Morgan (1985} found that larvae of the Pacific
nerring {C. harengus pallasi) increased their capture of prey in turbidities
as high as 1000 mg L1,

Turbidity may also have effects on fish populations. Langlois {1941} and
Doan (1841, 1942) suggested that turbidity in the Great Lakes was
inversely correlated with commaercial catches of sauger (Stizostadion
canagense). These conclusions were the cause of some controversy since
Van Costen (1945) proposed that overtishing was the major cause of
fisheries declines in the Great Lakes. Sissenwine and Saila (1974)
evaluated the scup (Stenctomus chrysops) fishery on the Atlantic coast.
While it had bean proposed that the scup fishery in Rhode Isiand was
suffering from turbidity due to open-ocean disposal of dredged material,
Sissenwine and Saila {1974) were able to demonstrate that landings had
declined throughout the range of the spacies, and that the axtent to which
dredged material disposal played a role in this decline was probably very
small.
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It has been suggested that dumping of dredged matenal at the Alcatraz
disposal site has led to an increasa in ambiert turbidity in Central San
Francisco Bay. Further, it has been argued that the turbidity associated
with dredged matena! disposal has played a role in causing, or
contributing to, declines in the catch of striped bass and other sport fish in
the Central Bay {DFG, 1989). This section of the report evaluates this
sefies of arguments critically. In doing so, we have reduced the logical
progression of cause-and-effect 1o a ssries of hypotheses that lend
thamselves to technical evaluation in light of available data. The argument
is framed primarily in inferential terms; that is because there are very few
data that allow ore to arrive at a deduction or specific conclusion based
upon specific hypothases and tests. In many cases the data necessary for
evaluating the stated hypotheses are not available; we suggest a series of
research studies that might be undertakan to accumulate the data
necessary for a complete evaluation of the question of dredged material
disposal, turhidity in the Central Bay, and fisharies.

d Turbidity in Cen

The first hypothesis is that turbidity in the Central Bay has increased In
recent years, and that seme part of this increased turbidity is due to the
disposal of dredged material at the Alcatraz dumpsite. The basis for
concluding that there has been an increase in turbidity in Central Bay is
the data collscted by DFG which show a substantial decrease in Secchi
disk depth {water transparency) in Central San Francisco Bay waters
betwean 1985 and 1986, and continuing through 1988. Data are available
for evaluation of this hypothesis; however, they are spaotty, ill-distributed in
time and space, and, with a single exception, unrelated 1o any direct
impact of dredged material dispesal or increased turbidity oni fishes in the
Cantral Bay. The data sets are those collected by DFG, historical data on
turbidity and/or suspended solids in Central Bay from USGS (1989a}, the
Army Corps of Enginasrs (USCOE-SFD, 1976}, SAIC (1987), Ogden
Beeman Associates {1988), Johnson QOffshore Setvices {1988), Hauck et
al (1990), and MEC (1980a, 1920b).

The only leng-term information providing any measure of water clarity in
Central Bay ars the DFG data on Secchi disk depth measurements from
samples taken at monthly intervals from 1880 through 1988. Other data
have fewer obsarvations collected over longer time intervals (2.9., USGS
data on turbidity and TSS), or data collected over relatively short time
intervals providing either turbidity (as NTU or FTU) and/or TSS {e.g. Hauck
et al., 1990: SAIC. 1987; Johnson Ofishore Services, 1988; MEC, 19904,
1990b).
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The major advantage to the DFG Secchi data is that they have been
collected continuously for nearly ten years. Furthermore, they span a
pericd of time during which anvironmental factors influencing the Bay
varied from very wet conditions to dreught. The DFG data were also
collected over a time span when dredged material dispesal ranged from
very low levels to the intense disposal activity of 1985 to 1987.
Unfortunately, the DFG data represent only surface water transparency;
they provide no information on the possible cause(s) of turbidity (i.e.,
whether it be phytoplankton, resuspended sediment, or paricles from land
runoff). Neithar do they giva site-specific transparency readings in various
porticns of the Central Bay sub-embayment.

We attempted to deriva some relationship between Secchi disk readings
and othsr more quantitative measures of turbidity in the Estuary, This was
done in order to try to establish a frame of referance within which we could
evaluate the time-series Secchi disk data from DFG. We took Secchi disk
and suspended solids data from DWR water quality surveys for 1983
through 1985 and performed regression analysis on various pairs of data
sets. All tha turbidity and TSS data wera from samples taken at 1 m depths.,
The DWR data from San Pablo Bay (station D41 at Point Pinole) were
assumed to be reprasentative of the same, ar gimilar, turbidity/TSS
relationships that might oceur in Central Bay (see Hauck et al, 1990).
Turbidity and TSS were strongly correlated within sampies (Figure 19; r2 =
0.902). However, the correlation between Secchi disk and TSS data was
much less strong (Figure 20; r2 = 0.51). It can be noted in Figure 20 that
TS5 concentrations up 1o 10 mg L-1 {a common value in Central Bay;
USGS, 1289; MEC, 1990a, 1990b) gave Secchi disk readings that varied
by a factor of almost threa, from 55 cm to 180 em. Woe concluds from this
analysis that Sscchi disk data do not provide a reliabie estimate of turbidity
or suspended solids concentration. One would be ill-advised 1o attempt to
derive any measure of turbidity or TSS from Secchi disk data. Water
transparancy, as measured by Secchi disk, is a val uable datum, but cannot
be assumad to provide any information other than an estimate of the
penetration of light into the surface layers of the water column,

MEC (1990b) provided the only other Secchi disk depth maasurements
available for comparison with DFG data from Central San Francisco Bay.
MEC (1930b) measured water transparency in and near the plume of a
sand-mining barge moored off Angsl Island. Secchi dick readings were
variable and differed and outside the plume. Secchi disk depths between
120 and 150 cm were common outside the sand-mining plume in June of
1920. These data are equivalent to DFG Secchi disk readings in May in
the period 1980 through 1985, and higher than the values measured by
DFG in 1986, 1987 and 1988. DFG (Tasto, personal cemmunication) have
noted that this observation is consistent with an increased catch of sport
fish in 1888; however, DFG have no Secchi disk data for 1990,
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Figure 19. The relationship between measu red turbidity {NTU) and total
suspended solids {mg L 1) in sampies taken by Califomia Department of Water
Resources between 1983 and 1985 at Point Pinole {Stations D41).
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Turbidity, whether measured as TSS or in nephelometnic units, shows
wida variation throughout the Estuary, and Central Bay is no exception.
From samples taken in 1980, USGS (1989a) showed a strong relationship
between turbidity and TSS (12=0.91; Figure 21); however, furbidity in
Central Bay varied between approximately 2 and 118 NTU. TSS ranged
from 2 mg L1 to more than 105 mg L1 (Figure 21). The majarty of turbidity
and TSS measurements from Cantral Bay in 1980 were between 1 and 20
NTU, and 1 and 20 mg L- TSS.

This variation is reflected in other data. Surface-to-bottom composite
samples analyzed for TSS by Hauck et al (1990) showed concentrations
in Central Bay of from 10 to 26 mg L-1. Time- and depth-averaged TS5
concentrations in Gentral Bay were between 31.9 and 32.8 mg L1, Al
these values are well within the range of values measured by USGS from
Central Bay in 1980. Perhaps more significant in the data of Hauck et ar.
(1990), was that the standard deviation of TS5 concentration at stations in
Cantral San Francisco Bay was equal to or greater than one-half the mean
in most cases, This demonstrates the high degree of varability in the
parameter, even within the sub-embayment of the Gentral Bay. All other
data on ambient turbidity or TSS from Central Bay show the same pattein
of wide variability {see Section Ill}.

The available data are insufficient to determine if a gradual decrease in
water clarity (or a corresponding incraase in turbidity or TS5
concentration) has oceurred in Central Bay between 1985 and 1990.
During this time there has occurred a wide range of disposal activity at the
Alcatraz dumpsite, as well as the institution of requirements for disposing
of dradged material in siurried form {to reduce mounding &t Alcatraz) and a
seasonal limit on the amount of dredged material permittad for disposal on
a daily basis (SFBRWQCB, 1988). With the exception of monthly DFG
Secchi disk depth measurements, thers has been no long-tarm monitering
program in place at any point in Central Bay that would make possitle an
evaluation of turbidity, suspended solids and dredged material disposal
activity at Alcatraz. All the data show wide variability, within and between
days, within and between depths, among stations, ang among years. If
managers and regulators detarmine that it is necessary to determine
whether Central Bay turbiditias are increasing, we recammend institution
of a monitoring program that includes depth-specific water sampling for
turbidity and TSS concentrations throughout the Central Bay. The pragram
should be structured to take into account tha direction of tidal flow, and
should be stratified in time to be responsive to changes in freshwater
outflow fram the Delta. Turtidity (NTU), TSS {gravimetric) and Secchi disk
depth measurements should be taken at every station so that historical
data may be incorporated into future analyses.
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Figure 21, The telationship between measured lurbidity {(NTU on the vertical
axis) and total suspendaed solids (mg L1 on the horizontal axis) for stations
occupied in Central Bay in 1980. Data from USGS (198%a).
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2. Increased Disposal-Related Turbidity in Central Bay

The hypothesis must be stated that dredged matenal disposal at the
Alcatraz site causes an increase in turbidity and/or TSS concentralions in
Central Bay. As noted previously, disposal of dredged material may
increase turbidity in several ways, First, finely divided material may escape
duting the period of convective descent, as the bolus of dredged matenal
dascands thraugh the water column. Second, finely divided material may
become suspended when the bolus of disposed material impacts the
hottom. Third, unconsolidated disposed dredged material on the botiom
may be subject to resuspension due to the action of wind- and tidally-
driven currents.

Fine material that "escapes” during the dumping process causes a local
increase in the turbidity of surface waters (Tavolaro, 1884,SAIC, 1877,
MEC, 1990a). Typically, such turbidity disappears rapidly by virtue of
settling and mixing. The time period for disappearance of turbidity from
surface water after a disposal event is on the order of minutes. MEC
(1990a) measured a plume established in water approximately 6 m deep
extending away from disposal operations at Alcatraz. The MEG (1980a)
data showed that the TSS concentration in the "mid-water” plume reached
concentrations of 2 to 5 fimes ambient, and dispersed within some 20
minutes, These obsarvations are similar to those of SAIC (1987), who
monitored plume prograss using acoustic backscattering. They noted that
turbidity plumes from dredged material disposed at Alcatraz gocreasad to
ambiant within 20 to 25 minutes after disposal.

Gunther et al. (1990) evaluated the SAIC (1987) data to determine the
potential for frequent dredged material disposal events 1o cause an
increase in TSS concentrations in Central Bay. Their analysis was based
upon a simple model of plume settling and the frequency of disposeél
events at the Alcatraz site. Their conclusion was that at very high
frequancies (e.g., mare than 20 disposal events per day) it would ba
possible for sufficient material to remain in suspension in the water column
to cause an increase in turbidity in some portien of the Ceniral Bay. The
analysis by Gunther et al. (1990} did not account for bi-directional tides in
Central Bay, contributions of turbid waters from San Pablo Bay and South
Bay, upwellings of turbid bottom water, or cther factors.

128.Whether disposal at the Alcatraz site caused local increases in turbidity due

to impact with the bottom cannot be determined from the very few data
available. The only data which address this point directly are those of MEC
(1990a), in which measurements of TSS were made at multiple depths at
several locations in the water column down-current from disposal
operations on three dates in May, 1980. The sampling protocol was such
that the plume from tha disposal event was fellowed as it moved away from
the point of discharge. The MEC (1980a) data show no particular pattern of
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TS5 concantration showing that impact of the disposed material with the
bottom was causing large, and long-term increases in TSS at depth. Far
example, the plume tracking on 1 May, 1990 showed that TSS were
greater in bottom waters (16 m ) than in surface waters (3 m) at all stations.
The differences reported ranged from 40 mg L-1 in bottom waters to 5 mg
L-1 (orless) in surface waters (MEC, 1930a). On different sampling dates,
however, the distribution of TSS after dumping was different. For axample,
on 5, 9 and 10 May, 1991, TSS in bottom waters was ocecasionally less
than that in surface waters. Whilg it is possible that some of the samples
were taken outside, or on the fringe of the disposal plume, every
precaution was taken to assure that samples were takan in the disposal
plume, and the data suggest that there was no significant, long-term
increase in the turbidity of bottorn waters associated with dredged matarial
disposal at the Alcatraz site {see, e.g., the data of Hauck af al., 1990).

Some increase in the turbidity of Central Bay waters is certainly due to the
resuspension and transport of disposed dredged matenial: the disposal site
at Alcatraz, (and in the Carquinsz Strait) is a dispersive site. Disposal of
dredged material at the Alcatraz site was, historically, intended as an
intermediate step in the removal of sediment fram the San Francisco
Estuary.

Whether turbidity plumes from disposal operations disperse repidly may
not be an important point {n estimating whether dredged material disposal
at Alcatraz could result in an overall increase in Central Bay turbidity. More
impartant is the question of whether the amount of material disposed at the
site is a resuspendable sourca of fine-grained material thet can be scoured
from the bottom, resuspended, and circulated throughout the Central Bay.
The Alcatraz site was chosen and designated precisely because it is a
dispersive site. In theory, material disposed at the site would be scoured by
currems at tha bottom of the Bay and transported ofshors, out of the Bay
system. The results of seabed and water column drifter studies show that
the circulation patterns in Central Bay may be much mors complex than
that. In fact, net movement of bottomn water - and associated pariculate
matter - is probably landward (Conomas et al., 1970).

Although some mounding occurs at the Alcatraz disposal site, much of the
malerial disposed there is scoursd, resuspended, and transported
eisewhere, Some fraction of that material remains in the Estuary, probably
in Central Bay. The key question in evaluati ng whether disposal at Alcatraz
causes increased turbidity in Central Bay is whether the matarial scoured
from the disposal site remains in suspension for long periods of time, or
whether it seitles relatively rapidly to the floor of the Estuary. We
recommend that sampling and monitoring studies of sadiment transport in
the lower water column be carried out to determine the direction and
magnitude of sediment franspont in the desper waters of the Bay. It may be
practical to conduct a tagged sediment monftoring study wharein easily
detectable labels (in this case bacteriophage) are incorporated into tha

Turbidfty Effects on San Francisco Estuary Organisms
Page 63.



132.

133.

134

sediment and then tracked throughout the Central Bay. Such data would
be vaiuable input to the construction of mathematical models of water
mavement, sediment transport, and turbidity distributions in the Central
Bay.

p— i | Turbiciity on Central iy Bi

Assuming that turbidity in Central Bay waters has increased, we must
avaluate the hypothasis that an increase in turbidity of the magnitude
suggested may have a direct, negative impact on the biota in the system.
Direct, negativa impacts may be exprassed in one oY more of sevaral ways.
In arder of degreasing severity these are:

» Mortality (imposition of diract, acute lethality);

+ Imposition of physiclogical stress; and

« Envitonmental disturbance leading to avoidance.

Mortality

The literature an the subject of direct, lethal affects of suspended solids
and turbidity on astuarine organisms, including numerous species
endemic to the San Francisce Estuary, is extensive. As summarized by
Hirsch et af. {1978), most organisms are very resistant to the effects of
sediment suspensions in the water. Lethal effects of sediment suspensions
on estuarine invertebrates and fishes due to turbidity from dredging or
dredged material disposal in estuarine systems is not of major acclogical
concern. O the many specias tested for direct, lethal effects only Atlantic
silverside {Menidia menidia) was classified as bsing highly sensitive to
suspended solids at concentrations that woeuld exist in the vicinity of
dredged material disposal operations (LC10 < 100 mg L-1; O'Connor st al,
1976). The topsmelt {Atherinops affinis), common fo surface waters on the
shoras of Central Bay might provide an appropriata sensitive species for
bioassay studies. Even at the highest disposal frequencies obsarved {Up 1o
A1 per day; Gunther et al, 1990) calculated increases in turbidity in that
part of the Central Bay immediately around the Alcatraz site would be on
the order of 7 mg L1, An increase in ambient TSS concentrations from 20
or 30 mg L1 to 27 or 37 mg L-1 would be most unlikely to cause monality in
any fish or invertebrate populations in Central Bay.

After review of the literature, it is our conclusion that direct, lethal effects of
suspended solids on fishes and invertebrates in the San Francisco Estuary
will hot occur under circumstances where TSS values average between
10 and 100 mg L} of natural particulate materials in suspension. Ambient
TSS concentrations in Central Bay are highly variable, and, from the
iimited data available, range from about 10 to 50 mg L-1. TSS
concentrations due to dredged material disposal are greater (30 to 100 mg
L-1), but decrease rapidly to ambient levels due to settling and mixing in
Bay waters. The reader is referred to the research results of Rogers (1971},
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Sherk et al. {1976, 1977), O'Connar ef al. (1976, 1977) and Peddicord &t
al {1978} and Peddicord and McFarand {(1978) reviewed In this report.

Imposition of Physiological Stress

Suspended solids alone, or in combination with elevated temperatures
and low dissolved oxygen congcentration have the potential to impact
respiration of fishes and invertebrates. The mechanism of impact of
suspended solids an respiration would appear to be clpgging or coating of
the gills, rather than physical damage to respiratory epithelia (O'Connor gt
al, 1877; Neumann ef al, 1882). However, the conditions under which
respiratory impairment occurs include TSS concentrations substantially
greatar than the concentraticns observed in Central Bay {including those
in the vicinity of dredged material disposal operations), and exposuras of
much greater duration than thosa which might occur in Central Bay, Even
in those cases in which respiratory responses to suspended pariculate
matter have been shown 1o be significant, rasearchers have concluded
that the responses observed (e.g., depression of oxygen consumption in
stripad bass) are apparently the first stage in a multi-stage response
whereby organisms can eventually compensate for reduced oxygen
exchange across the gill surface.

The possibility exists that the oxidation of sulfiderous disposed sediments
may cause a decrease |n dissolved oxygen in the water column. Studies to
detarmina the axtent and duration of such phenomena have been limited.
MEC {1990a) measurad sulfide congentrations in disposed dradged
matenal plumes and recardad no significant increases. Studies of
dissolved oxygen in plumes from matsrial disposed in San Francisce Bay
showed no significant or enduring declines (MEC, 1990a).

Environmental Disturbance Leading to Avoidance

Ecological studies have demonstrated many instances In which
Treshwater, marine, and estuaring fishes will avoid regfons of excessively
high turbidity, or will alter their distribution to confaorm to some preferred or
toleratad rangs of suspended particulate matter. Among the more sensitive
species the response 10 suspended solids might be characterized as a
“fright” response. Less sansitive species will gradually alter position until
they are in waters of preferrad TSS concentrations. A plot of the data
showing total striped bass cateh in Central Bay (Block 488) compared to
mean Secchi disk depths from DFG shows no apparent relatignship
between water transparency and catch {Figure 22). Some of the lowest
catches {1830 10 1982) occurred during years when mean Secchi disk
depth was very high; in 1983, when mean transparency was less than 100
cm, total catch wes 5000 fish. None of the available data include studies
with cther species of concem in the San Francisco Bay ecosystem.
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Figure 22. Plot of annwal total catch of stripad bass in Central Bay (top) and
annual average Secchi disk transparency measurements {(em) made by DFG.
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Stuches recently performed in Central Bay have documentad the
movement of fish schools in Central Bay, and the local responses of fish
schocls to dredged material disposal events {(MEC, 1990a). Thesa studies
includad hydreacoustic monitoring of fish schooal movements at and near
the. Alcatraz disposal site, as well as sampling fo identity the species in the
schools, TSS concentrations in the watar column at various depths, and
chemical constituents in the water column (e.9., total sulfides, dissolved
cxygen, aic.; MEC, 1890a). Species represented in "ground truth” samples
included northern anchovy {Engraulis mordax), white croaker
(Genyonemus lineatus} and shiner perch (Cymatogaster aggregata), all
species that serve as forage for striped bass (Gurtis, 1949; Skinner, 1962).
Preliminary analysis of the data shows that fish schools active at the
Alcatraz site sither dispersed or moved away In responsae to a disposal
event. Howavar, continued monitoting showed that the fish schoois
returned to tha sits within an hour or two after the disposal evant, It is
impessible to tell from the available data whether the fish schools
responded to suspended material in the water, or whether the response
was ta pressure waves produced as dredged material was dumped. MEC
(1980a) suggestad that the response of fish schools to disposal events
was a response 10 physical factors (noise, pressure waves) rathar than to
suspended solids. This conclusion was based upon the immediacy of the
responsa, which made it likely that the fish were responding to a rapidly
transmitted physical event (a.g., noise, er a pressure wava), rather than
detecting, or being exposed 1o, any suspended material from the barge.

Tha dispersal of fish schools in response to disposal events at Alcatraz,
and thair subsequent raturn, is a desctiptive phencmenon that cannot be
used to test the hypothesis under consideration. [t is not knawn, for
example, how far the fish schools moved akter a disposal event: the
distance of movemant can only be characterized as " .outside the range of
detection of the hydroacoustic gear.” An evaluation aof fish school dispersal
and fishing suceess in Centrai Bay would require analysis of fish
movements throughout Central Bay. The fact that fish returned to the
Alcatraz site within one or two hours suggest that dispersal outside Central
Bay had not occurred.

These few data are not conclusive evidence that forage fish are unaffected
by dredged material disposal at Alcatraz. or that the patential for increased
turbidity due 10 disposal might resuit in their movement to other portions of
the Estuary. However, they are the first data showing that single disposal
events cause a rapid, evasive response, followed by a raturn to the site &
short time later. It is possible that numerous disposal events could rasult in
fish schools remaining at some distarice from the Aleatraz site; Gunther et
al. {1990) reported disposal frequencies in excess of 20 events per day in
1986 and 1987. The question of the cumulative effect of such disposal
frequencies on fish distribution in Central Bay has not been addressed. Ws
recommend that additional studies be undertaken to determing the
distnbution and abundance of fishes in Central Bay. Sampling should ba
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designed such that fish distribution ¢an be evaluated in relation to the
natural changes in Central Bay turbidity that occur on an interannual,
annual and tide-related basis, as well as that due to dredged material
disposal. Such studies might well be teasible using hydroacoustic
technigues and limited trawl sampling for ground truth information,

Effects on Sensitive Life Histoty Stages

Juveniles of fishes and invertabrates, including egg and larval stages, are
considered 1o be mora sansitive to environmental perturbation than are
adults. The studies of Davis {1960} and Davis and Hidu (1969) showed
that eggs of oysters and clams tolerated TSS concantrations up to 188 mg
|1 of natural silt, and larvaa developed at silt concentrations as high as
4.000 mg L-1. Eggs and larvae are of fishes are ganerally capabie of
withstanding exposure to TSS concentrations of in excess of 200 mg L
before effects are apparent. Even then, as shown by Margan st al (1973),
tha severity of effects is debatable; white perch axposed to high TSS
concentrations showed a one-day delay in hatching. Eggs of the species
tested by Schubel and Wang (1973) showed similar, if not less severe,
responses.

Larval stages of striped bass alsa showed tolerance 10 high cancentrations
of TSS. Breitburg's (1988) data demonstrated that larval striped bass could
capture prey (copapods and cladocerans) at TSS concentrations batween
75 and 500 mg L-1. At higher TSS concentrations the efficiancy of copepod
capture was reduced; however, young striped bass wers not only able to
survive well in TSS of 500 mg LY, but wars able to capture Daphnia with
as much facility as at @ mg L-1.

While it is true that eggs and larvae of estuarine biota are more sansitive o
suspended solids, the sensitivity measured in experimental studies shows
that the concentrations at which eggs and larvae of fish and bivalvaes begin
to suffer ill effects are above those expected to occur for any extended
period of time in Central Bay.

4. |ndirect Impacts of Turbidity on the Biota

The indirect impacts of turbidity on biota may include reduction of light
leading 1o decreased feeding efficiency and selection of specific habitats
based upon ambient turbidity.

Reduction of Light and Decreased Feeding Efficiency

Many studiss of the feeding efficiency of fishes have concluded that
increased turbidity can lead to reduction in visual prey detection and
reduced foraging success. The relationship of turbidity 10 light penetration
in Central Bay waters and associated "catchability” of striped bass and
other spacies cannot be assessed directly from the available data.
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Howaver, by using data from other portions of the Estuary it is possible tg
evaluate tha possibility that reduced light penetration might result in
reduced catch of striped bass or othar spart fishas,

The historical recerd for the striped bass fishery in the San Francisco
Estuary shows that betwesn 1938 and 1956 the majority of striped bass
were taken upsiream; i.e., in San Pablo Bay, Carguinez Strait, Suisun Bay,
and in Carquinez Strait. It was only upon introduction of deap trefling that
the Central Bay fishery became dominant. If light penetration and visual
identification of prey (or bait) is a major factor in striped bass catchability,
then it shouid also be trye that striped bass catchability in the more turbid
upstraam waters should be low. The historical data suggest that this is not
the case; while catch has varied from year-to-year, striped bass catchability
in the turbid portion of the Estuary has been good historically. It is only with
the recent decline in striped bass numbers that fishing {catchability) has
deciined.

It Is unlikely that increases in turbidity, if they have occurred, would have
any impact on the ability of striped bass to detect prey (or bait) visually.
Mest of the striped bass caught in the Estuary are taken from bottom waters
(especially in the Central Bay deep-trolling fishery). Turbid estuaries such
as the San Francisco Bay-Delta system typically show a very high degree
of light attenuation, as is obvious from the low Secchi disk readings that
aocur throughout the Estuary. Light transmission at depth (i.e., below
approximately 3 mj in the Estuary is essentially zero. Therefore, it can be
concludad that most of the striped bass taken in the Estuary are taken in
waters whare light transmission is essentially zero. Thus, the ability of
striped bass to detect and strike prey may be assumed to be under the
control of senses other than sight; e.g., oifactory, pressurs, etc. A change in
surtace water furbidity would be unlikely to have any impact on the ability
of striped bass to detect and take pray or bait in the absence of Ilght in
deep waters.

Whethar the major striped bass forage species raspond to reduced light in
their environment cannot be determined. However, species such as
anchavias and Pacific herring are filter-feeders, fesding upon zeoplankton
in the water column. Filter feeding strategy among astugrine fishes is such
that vision is not a major factor in obtaining prey, and zooplankton have
been shown to be unaffected by low-level changas in turbidity (Sherk at
al, 1976). Thus, it is unlikely that slight increases in turbidity in the Estuary
would lead to decreases in striped bass forage spacies, or in the
zooplankton populations that support the forage speciss.
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The evidence availabie 1o evaluate whether turbidity has increased in
Central San Francisco Bay is equivocal. On the one hand, the DFG Secchi
disk data demonstrate an apparent reduction in transparency after 1985.
Transparencies during some months were as low as 50 cm. The apparent
change in water transparency from previous years was most noticeable in
the late summer and fall manths; the historical data showed that
transparency typically increased during the latter part of the year. in years
previous to 1986, Secchi disk depths often approaching 150 to 200 cm
were measured during the fall months. In 1986 and thereafter DFG
measured Secchi disk depths that were apparently much lower. On the
other hand, other investigators measured turbidity and TSS in Central San
Francisco Bay in 1987, 1288, 1989 and 1990 that showed that turbidity in
the Cantral Bay was highly variable, and no greater than at any time during
the 1970's and the 1980's.

DFG Secchi disk depths were measured once par month, and there are
few other Secchi disk data with which to compare them. It Is difficult to
detarmine the representativeness of once-monthly Secchi disk depth
measurements. Total suspended solids in Central San Francisco Bay wers
shown to be highly variable; standard deviations of measurements made
at a single station were, typically, equal to more than 50% of the mean.
This suggasts that any study of transparency or turbidity in Central Bay
would require large numerous replicate measurements in order to
discriminate any changes that might occur.

Secchi disk depth data did not corralate well with quantitative estimates of
light scattering in water. This is because Secchi disk depth measurements
ara not a measure of turbidity. Even as a measure of transparency, Secchi
disk readings suffer from tha effect of dissolved materials in the water, the
skill of the cbsarver, surface conditions {wind, waves, etc.), ime of day, and
other factors. Any conclusions regarding increases in turbidity in Gentral
San Francisco Bay should be based upon TSS data or quantitative
turhidity measurements, rather than Secchi disk readings.

The MEC (1990) data from May and June of 1990 show Secchi disk
depths of 120 to 150 ¢m, values vary similar to those observed by DFG
prior to 1986. In support of the MEG {1990) obsetvations are data from
1987, 1988 and 1989 on TSS concentrations and turbidity, throughout the
Central Bay, and at the Alcatraz site in particular. These data show that
TSS and turbidity in the Central Bay wera variable from 1987 through
19990, but similar to data collected prior 1o 1586.

The data for the entire Estuary show that TSS, turbidity, and Secchi disk
depths vary from year-to-year, season-io-season, day-to-day, tide-to-tids,
and among depths at a single sampling point. Therefore, any attempt 10
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determine changes of turbidity in the Estuary must be based upon a
therough and detailed monitoring program with sutficient samples to
accommodate the variabifity that is expected in the data, and identify real
changes that have occurred.

The range of TSS concantrations in the Estuary may be from about 2 mg L-
1 to 1000 mg L-1 under natural conditions, and up to 20,600 mg L1 directly
adjacent to dredging ocperations (at the Carquinez disposal site). High TSS
concentrations from dredging and dredged matsrial disposai have been
shown in field studies to dissipate ar become diluted rapidiy under the
influence of turbulent mixing due to freshwater inflow, tides, and winds.
Under conditions of fraquent dredged material disposal at Alcatraz, it is
possible that sufficiant residual solids may remain in suspension to cause
a measurabie increase of turpidity. The data to evaluate this hypothesis
are not available; a long-terrm monitoring program keyed to disposal at the
Alcatraz site is needed in order to make such a determination.

T35 concentrations in Central Bay may vary from less than 10 mg L1 {o
about 100 mg L-1 due to natural influences and the local, transitory effects
of dredged material disposal. The higher TSS concentrations that ocour
during dredged material disposal have bean shown to dissipate within 2¢
to 25 minutes. The lowest TSS concentration reccorded to have any impact,
even on sensitive life history stages of aquatic biota was about 100 mg L1,
for periods of time lasting from 10 hr to more than 24 hr. Such conditions
have never been observed in Central Bay. The potential for impact on
sensitive biota in the Central Bay is very small; however, considaring the
variability seen in TSS and turbidity data, we suggest strongly that
monitoring programs be instituted to ascertain the range of 155
concentrations at all depths at a variety of stations in Central Bay.

The possibility that increased turbidity in Central Bay, if it were gCeurnng,
would affect sport fish "catchability” is considered to be very small. The
turbidities measured in Central Bay are typical of, or lower than, turbidities
in striped bass habitat throughout the rest of the Estuary, and throughout
the range of the species.

It is possible that sport fish are less abundant in Central Bay due to some
effact of increased turbidity. Thus, if striped bass prey wers sensitive to and
avoided areas of high turbidity, it is possible that the bass would choose to
occupy portions of the Estuary in which food was available, and not
Central Bay. There are few data that can be used to evaluate this
hypothesis. The MEC data {1990a) on disposal events, TSS
concentrations, and fish schoof behavior suggests that prey avoidance
may net piay a role in reduced catches of striped bass. 1hese data suggest
that forage fish in Central Bay respond to dredged material du mping
rapidly, and briefly, returning to disposal locations in an hour or two. The
question remains, therafore, what happens during periods of intensive use
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of the dumpsite, when 20 to 30 disposal events may occur sach day? It
would be very useful to expand the existing data set in order tv gather

additional information on dredged material disposal, turbidity, and fish

school behavior, particularly during penods of frequent disposal.

It is possible that the reduced catchability of sport fish in Central Bay could
be related to & decraase in the amount of available light, which could make
prey {and bait) location more difficult. However, this is unlikely. Striped
bass fishing in Cantral Bay uses deep trolling as a primary capture
methed. This technique places bait at a depth where light penetration,
even in the least turbid watar, ranges from very low to zero. it is unlikely,
therefore, that slight increases in turbidity in Central Bay, if they were
ecourring, would have any impact on the ability of striped bass to detect
and capture prey, or their ability to detect and strike bait.

Striped bass populations in the San Francisco Estuary have been in
decline for many years. Possible reasons for this decline have baen stated
as watar diversion from the Sacramento-San Joaquin Delta, toxicity in tha
San Francisco Bay-Delta system that affects both juvenile and adult striped
bass, and the accumulgtion by striped bass of peilutants introduced from
domestic and industrial sources. One effect of the striped bass decline has
been reduced catch to sport fishermen in all portions of the Estuary. lt is
our conclusion, based upon evaluation of the available data, that the
raduction in striped bass catch in Central Bay is reflactive of the overall
dacling in striped bass stocks in the Estuary, and is not related to turbidity,
watar transparency, or suspended particulate matter in Central Bay waters.

All these conclusions rest upon a severely limited data base. If the
quastion of dredged material disposal, turbidity and catchability of fish is to
be addressed, then it will be nacessary to bolster our current knowledge.
The major requirements of any future monitoring at the Alcatraz site, orin
Central San Francisco Bay, would be making sufficient measuremants s0
ihat a statistical evaluation of turbidity as it relates to dredged material
disposal could be performed ; i.e., additional measuraments of Secchi disk
depths and TSS concentrations, additional sampling of striped bass, other
sport fish, and forage fish in the area, and additional detailed information
gathered from paryboat fishermen.
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