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About the Workshop

This workshop on the effects of dredging on Pacific Coast anadromous
fishes took place on September 8, 1988, at The Meeting Place in the Pike Place
Market, Scattle Washington. A subscquent working group session of the invited
technical experts followed on September 9. The workshop was organized by the
Wetland Ecosystem Team, Fisheries Rescarch Institute, and was co-sponsored by
the Washington Sea Grant Program. Financial support for the workshop was
provided by the U.S. Army Corps of Engineers, Waterways Experiment Station,
Vicksburg, Mississippi, through the Dredging Operations Technical Support
Program.

The purpose of Lhis workshop was to review the state of knowledge
about the effects of dredging-induced wrbidity on the physiology, behavior, and
survival of anadromous fishes in the Pacific Northwest. Dredging effects
atributable to the toxicity (excluding biological oxygen demand) of the suspended
sediments were considered outside the purview of our consideration, Although
many perspectives were represented, at the base of the issue was the question:
Can anadromous fishes detect and behavioraily avoid suspended sediment
concentrations that may be harmful to them? Most papers presented (see
Appendix A) either background information on the physiology and behavior of
anadromous fishes in estuaries or their specific responses to suspended sediment
ficlds. Several papers addressed more peripheral issucs, such as dredging impacts
due to entrainment with the dredged material or the use of dredged materials for
habitat enhancement,

Although the focus was on salmonids migrating through estuaries, some
papers included information on siriped bass, smelt and other anadromous fishes,
and on riverine effects. The objective was to assess the present issucs
surrounding dredging impacts, to re-cvaluale strategies for minimal-impact
dredging, and to recommend approaches for evaluating and quantifying the morc
significant impacts. Technical presentations and panel discussions were given by
experts in various fields of fish biology and dredging operations. [nterested
personnel from appropriate federal and state management agencies were invited to
observe and ask questions during the general presentations.

The working group session integrated these presentations into a general
discussion about the biological basis for temporal and spatial limits on dredging
activities that are presumed to impact anadromeus fish populations in Pacific
Northwest estuaries. A synopsis of thesc discussions is presented in the sum-
mary and conclusions.

Charles A. Simenstad
April 1990
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Physical and Chemical Alterations
Associated with Dredging: An overview

MARK W, LASALLE

Environmental Laboratory, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, Mississippi

Abstract: Physical and chemical alierations associated with dredging
include increased levels of suspended sediments and the potential for associated
dissolved oxygen reduction and release of natural and industrially-derived
chemicals. The magnitude and spatial extent of the suspended sediment Sfield
around any dredging operation is a function of the type of dredge used, the
physicalibiotic characteristics of the material being dredged (e.g., density, grain
size, organic content) and site-specific hydrological conditions (e.g., currenis,
water body sizelconfiguration). A generalized “worst case” field can be defined as
having suspended sediment levels <500 mg L' at distances <500 m from the
dredge, with maximum concentrations generally restricled to the lower water
column within 50-100 m, decreasing rapidly with distance. Given the relatively
small quantities of material being suspended by most dredging operations,
reduction in dissolved oxygen and chemical release from suspended sediments
should be minimal and short lived.

INTRODUCTION

Dredge-induced physical and chemical alterations are the direct result of
the suspension of sediments into the water column, The magnitude of any given
alteration is determined by the nature and quantity of the material being
suspended as well as site-specific hydrological conditions which affect dispession.
The goal of a dredging operation is to remove quantities of sediment from an
aqueous environment. In the process, however, quantities of sediment are lost to
the water column as a consequence of the operational mechanics of a given
dredge type (¢.g., hydraulic suction or mechanical grab), operational controls of
the dredge (speed of operation, etc.), and the character of sediment being removed
(e.g., grain size, organic content).

In addition to the suspension of sediments (often referred to as
turbidity), other potential alterations include reduclion in dissolved oxygen
(resulting from the oxidation of anoxic sediment compounds), and mobilization
of sediment-associated chemical compounds (both natural and industrially-
derived). Each of these general classes of alterations must be viewed 1n ierms of
the magnitude, spatial extent, and duration of the potential impact around a
dredging operation as well as how this compares to site-specific ambient
conditions. This information, along with knowledge of the response or tolerance
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Table 1. General characteristics of dredge-induced suspended sediment [SS] fields
from selected studies.

Dredge Type
Location

[SS] Field Characteristics

Reference

Bucket Dredge

San Francisco
CA

Thames River
Estuary, CT

St, Johns
River, FL.

[58] 50 m downstream generally <200
mg L, averaged 30-90 mg L! relative

to background of 40 mg L'!. Plume length:

300 m-surface, 450 m-bottom (10 m).

Maximum {SS] of 68, 110 and 168 mg L'!
at surface, mid-depth (3 m) and near-
bottom (10 m) within 100 m downstream.
(58] decreased to background of 5 mg

L-! within 300 m, surface and 500 m,
bottom. Fine grain sands and silts.

[SS] adjacent to dredge were 200-400

mg L, approaching background within
700 m. Maximum [SS] within 300 m,
Fine grain sands and silts.

[SS] plume extends 300 m at surface
and 450 m near-bottom. Average [SS]
within 240 m were 106 mg L1, surface
and 134 mg L1, near-bottom. Silts.

Comparison of open and enclosed
buckets. Enclosed bucket reduced {$5]
in upper water column (by as much as
56%) but increased [$8] in lower water
column (by as much as 70%). Silis.

Cutterhead Dredge

Yokkaichi
Harbor, Japan

James River,
VA

Savannah River,

GA

[$5] under low current ranged from 2-31,
1-16 and 1-4 g L'! at distances of 1,2 and
3 m above the cutterhead, relative to
background.

Average [SS] (over 4-days) within

240 m ranged from background to 282
mg L'! above background. [SS] >100
mg L1 restricted 1o lower water

column. Average [S3] for upper water
column were 11.5 mg L*! for flood and
37.5 mg L for ebb tides. Clay.

[88] above background within 480 m
generally <200 mg L! in lower, <100
mg L1 in middle, and 50 mg L' in
upper water column. Silts.

USAE (1976) Bay,
as cited by
Bamard (1978)

Bohlen &
Tramontano
(1977) as cited
by Barnard
(1978)

Bohlen, Cundy &
Tramontano
{197%)

Raymond (1983)

Hayes et a],
(1984)

Yagi et a
al. (1973)

Raymond (1984)

Hayes (1986)
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Table 1 (continued). General characteristics of dredge-induced suspended sediment
[$8] fields from selected studies.

Dredge Type
Location 1SS] Field Characteristics Reference

Hopper Dredge

San Francisco Avg. [85] (and maximum) behind dredge Sustar et al.
Bay, CA (3 sites) ranged from 65-210 (210), (1978)

surface; 33-64 (110), mid-depth (5 m);

and 58-743 (1,110) mg L'}, bottom (10 m).

Avg. [$S] (and maximum) 50 m at right

angle (2 sites) ranged from 43-45 (60),

surface; 46-55 (55), mid-depth; and 337

(2,600) mg L1, botiom. Silty clay.
Grays Harbor,  Elevated [SS] in absence of overflow re- Hayes <t al.
WA stricted to near-botiom, 60 m wide and (1984)

1100 m long with maximum {3§8] of 70

mg L-1. With overflow surface plume 60-

m wide and 1200 m long with maximum

of 857 mg L-! at 30 m behind dredge.

Near-botiom plume >120 m wide and

2600-m long with maximum [SS] of 891

mg L! at 30 m and 460 mg L'* at 60 m

behind dredge. Silty clay.

of organisms to these alterations, can then be used to evaluate the potential for
dredge-induced problems. The objective of this paper is to provide an overview of
the existing knowledge concerning each of these classes of alicrations around the
major dredge types used in coastal habitats.

SUSPENDED SEDIMENT FIELDS

The three most commonly used dredges operating in coastal habitats are
bucket or clamshell, cutterhead, and hopper. A fourth “type” of dredging opera-
tion (agitation dredging), accomplished by a number of means, is also included
because of its use in maintaining small harbors and boat slips, and in some €ascs
shoal removal. Descriptions of these and other dredge types and their operation
are provided by Bamnard (1978), USAE (1983), Raymond (1984), and Richardson
{1984). Reviews of available information on dredge-induced suspended sediment
fields are provided by Barmnard (1978), Raymond (1984), Hayes et al. (1984),
Richardson (1984), Hayes (1986), Lunz and LaSalle (1986), Havis (1988a), and
McLellan et al. (1989). For cach of these dredge types, the sources of wrbidity,
as well as the quantity of material suspended, can, in part, be directly attributed
to the mechanics of operation (i.e., mechanical removal as in bucket dredging
versus hydraulic removal as in cutterhead or hopper dredging).
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Bucket Dredges

major sources: (1) sediment suspended by the impact and withdrawal of the buck-
et from the bottom; (2) washing of material from the top and sides of the bucket
as it moves through the water column; (3) spillage of sediment-laden water out
of the bucket afier it breaks the water's surface; and (4) inadverient spillage of

On the basis of a number of earlier studies (Gordon 1973; Cronin et al.
1976; Sustar et al. 1976; Williamson and Nelson 1977; Yagi et al. 1977; Nakai
1978; Onuschuk 1982) and those summarized in Table 1, a typical bucket dredge
operation can be described as producing a downstream plume which extends up 1o
300 m at the surface and SO0 m near the bottom. Maximum suspended sediment
concentrations in the surface plume are generally less than 500 mg L'! in the

mmediate vicinity (100 m} of the operation, decreasing ral:[idly \.mlh 'distance due

56% (Hayes e1 al. 1984). Bottom concentrations, however, were shown to be

increased by as much as 70% due 1o the effect of a pressure wave which precedes
the enclosed bucket as it descends through the w.

ofmukedgecut.and'lheswmgramom\emedge.

The suspended sediment field generated around a typical cutterhead
dredge operation is largely restricied 1o the immediate vicinity of the cutterhead,
with little suspension in surface waters (Huston and Huston 1976; Markey and
Putnam 1976; Smith et al. 1976; Sustar et al. 1976: Barnard 1978; Koba 1984;
Koba and Shiba 1983; Kuo et al. 1988, and references in Table 1). Maximum
levels of suspended sediment (on the order of grams per liter) are confined 1o
within 3 m sbove the cutterhead and decline exponentially to the water's surface
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Hopper Dredges

The turbidity generated by a hopper dredge operation (exclusive of
overflow) is due primarily to the action of the dredge’s dragheads (near-bottom) as
they are pulied through the bottom sediment (Smith et al. 1976; USAE 1976;
and references in Table 1). Additional turbidity in surface waters results when
overflow of sediment-laden water is practiced in an atiempt o increase sediment
solids content during hopper loading.

Suspended sediment concentrations may be on the order of a few grams
per liter near the draghead and on the order of tens of grams per liter near the
hopper overflow. Suspended sediment concentrations at the surface decrease
exponentially with distance from the dredge. A plume, however, may be
perceptible at distances in excess of 1200 m, primarily because the dredge is
mobile. A comparison of hopper dredge operations with and without overflow
(Hayes et al. 1984) suggested that, in the absence of overflow, a plume was not
encountered at the surface of mid-depth levels.

Agitation Dredging

Agitation dredging can be accomplished by a number of means, the
common objective being to suspend bottom sediments into a flowing current
(e.g., ebbing tide) for transport away from the site. Compared to other dredging
operations, therefore, the characteristics of a sediment plume from an agitation
operation are determined primarily by the nature of the scdiments being disturbed
and the extent of turbulent mixing through the water column. Richardson (1984)
reviewed a number of methods ranging from the use of simple devices, such as
iron beams which are dragged along the bottom or the use of propwash from
ships, to more elaborate devices, such as arrays of pipes laid within boat slips
through which water or air is pumped to suspend bottom material.

The turbidity generated by agitation dredging operations is restricted
largely to the near-bottom waters where concentrations can reach as high as a few
nundred 10 8 few thousand mg L' (Richardson 1984). As with other dredging
practices, concentrations decrease sharply with distance from the dredging site.
Steel beam dragging operations at various sites in Savannah Harbor, Georgia,
elevated concentrations of suspended sediments by 180-260 mg L-! near the
bottom (9 m), 40-130 mg L-! in mid-depths (4.5 m), and 20-80 mg L near the
surface. A propeller wash operation in Chinook Channel, Columbia River
estuary, Oregon, produced suspended sediment concentrations up to 2,580 mg
L. Air-injected devices deployed at a ship terminal installation near the
Chehalis River, Grays Harbor, Washington increased suspended sediment levels
by averages of 13-25 mg L.

Generalized Plume Characteristics

The suspended sediment ficlds generated around the three most com-
monly used dredge types (bucket, cutterhead, hopper) can be generally defined in
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terms of the range of sediment concentrations (surface, bottom) and the range of
spatial (horizontal) distribution around the dredge (Table 2).In general, suspended
sediment concentrations in both surface and bottom waters are highest for bucket
dredges (up te 2 1/2 times that of cther dredges) and about equal for hopper
{without overflow) and cutterhead operations. The horizontal extent of the sedi-
ment plume is greatest for bucket and hopper dredges in both surface and bottom
waters. Worst-case conditions for each of these dredge types are compared in
Figure 1, and include the case of hopper dredging with overflow, As previously
discussed for each type, observed differences among dredges are attributable to the
mede of operation of the two major types of dredges (mechanical, hydraulic) and
relate to the site of the operation as well as operational parameters. Suspended
sediment fields associated with agitation operations have characteristics similar
to those described above, except that propwash operations appear to suspend
larger quantities (an order of magnitude) of material than other types of agitation
operations. This difference is expected given the greater energy that can be
generated by the propeller of a ship or tug along with its position relative to the
bottorn. This observation also poinis to the role of propwash from ship traffic in
increasing suspended sediment levels within ship channels,

‘While there are differences in the quantity and spatial extent of suspend-
ed sediment fields around various dredge types, a generalized “worst-case” field
could be described as having suspended sediment levels €500 mg L ar distances
<500 m from the dredge. Maximum concentrations are generally restricted to the
lower water column within 50-100 m from the dredge, decreasing rapidly with
distance. Turbidity plumes are short-lived, dissipatinghave also been compared
to other anthropogenic activities that generate comparable quantitics of suspended
sediment including shrimp trawling, in the range of 500-600 mg L-! (Schubel et
al, 1979), and ship traffic (Slotta et al. 1973) which affects a given channel year-
round.

DISSOLVED OXYGEN REDUCTION

Direct measurements of dissclved oxygen (DO} concentrations around dredges
come primarily from four studies: a bucket dredge operation in a highly industri-
alized channel in New York (Brown and Clark 1968); a cutterhead dredge
operation in Grays Harbor, Washington (Smith ¢t al. 1976); a hopper dredge
operation in a tidal slough in Oregon (USAE 1982); and a bucket dredging
operation in a widened portion of the lower Hudson River, New York (Lunz ¢t
al, 1988; Houston ¢t al., in press). Dissolved oxygen was depleted in the New
York channel by 16-83% in the mid to upper water column and by as much as
100% in near-bottom layers (Brown and Clark 1968). Pericdic reductions of
bottom water dissolved oxygen of up to 2.9 mg L' were observed in Grays
Harbor (Smith et al. 1976). Reduction in DO (1.5-3.5 mg L) at the Oregon site
was limited to slack water periods in the lower third of the water column, lasting
until tidal flow resumed (within two hrs). Oxygen levels were observed to
increase by as much as 2 mg L' under flood tide conditions (USAE 1982). The
effect of dredging on DO in the immediate vicinity (within 90 m) of the dredge at
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Table Z. General characteristics of suspended sediment [SS] fields around three

commonly used dredge types (compiled from Barmard 1978: Hayes et al. 1984;
Raymond 1984; Mclellan et al. 1989),

Dredge type ($S] Cone. (mg LY [SS] Plume Length (m)

Surface Baottom Surface Bottom
Bucket 0-700 <1100 100-600 <1000
Hopper 0-100 <500 0.700 <1200
Cutterhead 0-150 <500 0-100 <500

*Without overflow

PERCENT DEPTH

-— BACKGROUND
25% : EZZ3 CUTTERHEAD
3 CLAMSHELL .
KXY HOPPER (OVERFLOW) Filgure 1. Maximum
50% S total suspended sedi
ment concentrations
25% - ] measured around three
ANNANANARANNANN commonly used dredge
T types (redrawn from
100% a T T - Havis 1988a; dala
. . . ' from McLellan et al.

0 200 400 600 800 ‘l,dﬂﬂ 1,200 1689).
MAX. CONTOUR CONC. (mg/t)

thc Hudson River site was minimal (generally <0.2 mg L!) and restricled to the
lower water column (Lunz et al. 1988). At times, the range in DO at the
reference site was greater than that observed near the dredge. Percent DO
saturation bay-wide was also minimatly reduced with maximal change (by 10%)
corresponding to a I mg L1 drop in DO (Houston et al., in press). Other studies
have reported minimal or no measurable reduction in DO around dredges (Slotta
et al. 1973; Sustar et al. 1976).

Another approach toward addressing potential dredge-induced DO
reduction has involved prediction of DO depletion based on factors contributing
1o oxygen demand (Lunz and LaSalle 1986; Lunz ¢t al. 1988). The basic premise
of these models is that any reduction in dissolved oxygen (DO) around an
operating dredge is the direct consequence of the oxidation of suspended anoxic
sediment compounds. A review of the processes associated with DO reduction
(Lunz and LaSalle 1986; Lunz et al. 1988) suggesied that DO demand of the
suspended sediment is a function of the amount of material placed into the water
column, the oxygen demand of the sediment, and the duration of suspension.
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Using various levels of suspendad sediment concentrations known 10
xccur around a typical hydraulic dredging operation (100-500 mg L), and
:stimates of low, moderate, and high levels (5, 20, 150 ul DO g! sediment dry
veight hr!) of sediment demand, Lunz and LaSalle (1986) estimated a "worst
:ase” DO depletion of no more than 0.1 mg L (i.e., 500 mg L*! guspended
ediment). Estimates of DO demand used for this model were arbiltrarily chose_n
evels over the range expected for estuarine sediments. Modifications of_ this
ipproach (Lunz et al.,1988) differed in that DO demand was based on direct
neasurements of the most readily oxidizable chemical constituents in the
ediment and that these reactions occurred rapidly (minutes), indicative of the
hort duration of suspension,

One such model was based on measurements of the most commonly en-
:ountered reactive chemical components found in estuarine sediments (fe:rogs
ron and free sulfides) which were used to calculate (using stoichiometric
:quivalents) the amount of DO needed to completely oxidize the materia! present.
Jsing suspended sediment concentrations of 100 and 500 mg L1, predicted DO
lepletion was 0.4 and 1.9 mg L1, respectively (Lunz et al. 1988). Results of
wtual monitoring efforts in the immediate vicinity of the dredge (summarized
weviously for the Hudson River) showed suspended sediment levels no higher
hat 150 mg L*! and DO depletion to be on the order of 0.2 mg L'1. Greater
levels of DO depletion (by as much as 1 mg L), measured as changes in percent
saturation bay-wide, wene suggested 1o be a function of DO demand from organic
material acting over an extended period of time (days) (Huston et al., in press).

Given the relatively low levels of suspended material generated by
dredging operations and considering factors such as flushing, DO depletion
wround these activities should be minimal, Other studies (Slotta et al. 1974;
Smith ct al. 1976; Markey and Putnam 1976) have also concluded that dredge-
induced water quality alterations (including DO reduction) are short-term
phenomena and do not canse problems in most estuarine systems.

CHEMICAL CONTAMINANT MOBILIZATION

Much of the information conceming the release of naturally occurring
(nutrients, sulfides, iron, eic.) and industrially-derived substances (heavy metals,
rganchalogens, exc.) comes from studies of dredged material disposal, reviewed
by Lunz and LaSalle (1986). In gencral, most metals and other compounds are
ol readily available in a soluble form in the water column due, in large part, to
eaction of these compounds with iron complexes and association with organic
natter and clays (Windom 1972; May 1974),

Direct measurements of chemical releases around dredging operations are
eported in Smith et al. (1976), Wakeman (1977), Tramontano and Bohlen
1984) and Havis (1988b). Wakeman {1977) reported significantly higher
‘oncentrations of four metals in San Francisco Bay. Average concentrations
filtered water) above background in surface samples were 0.16 mg L1 for zing,
101 mg L for lead, 0.03 mg L for chromium, and 0.01 mg L for nickel;
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bottom sample levels were 0.05 mg L™ for chromium and 0.08 mg L for
nickel. Copper and mercury levels were unaffected by dredging. Smith et al.
(1976) observed elevated concentrations of sulfides (range 3.9-1690 pg L) in
Grays harbor, with levels generally <50 ug L1, Tramontano and Bohlen (1984)
observed elevated quantities of phosphate, ammonia, and silica in near-bottom
waters within 180 m of the dredge and elevated amounts of manganese and
copper within 12 m; cadmium levels were unaffecied. While concentrations of
these compounds in the immediale vicinity of the dredge (3-6 m) exceeded
background levels by as much as 2-9 times, the absolute levels remained low:
17.1 uM L-! for ammonia, 1.0 uM L-! for phosphate, 14.5 pM L! for silica,
0.4 M L-! for manganese, and 0.1 uM L-! for copper. These authors also
suggested that, when compared with background levels of the whole system,
dredging operations would increase these constituents by no more than 2% for
ammonia, 1% for phosphate, 0.5% for silica, 0.1 % for manganese, and 0.2% for
copper.

The only other comparable information for these kinds of compounds
involved dredging of contaminated sediments (Havis 1988b): bucket dredge opera-
tons in Black Rock Harbor, Connecticut and the Duwamish River, Washington,
and a cutterhead dredge operaticn in the James River, Virginia. The chemical
constituents measured and their average concentrations (mg L-!, absolute values)
were: for Black Rock Harbor, cadmium (0,001}, zinc (0.03), lead (0.003), copper
(0.01), mercury (0.0001), arsenic (0.01), chromium (0.001), nickel (0.01),
manganese (0.12), and iron (0.7); for the Duwamish River, zinc (0.02), lead
(0.007), and copper (0.002); for the James River, cadmium (0.003), zinc (0.002),
lead (0.009), and copper (0.01). Relative levels for chemical species common
between sites were similar.

SUMMARY

A generalized dredged-induced turbidity plume can be described as a
"near-field" phenomenon (after Bohlen et al 1979) restricted in spatial exient 0
within a few hundred meters of a dredge and having levels of suspended sediment
generally ranging up 10 500 mg L-! above ambient. The quantity of sediment
suspended is, to a large extent, a function of the dredge type, while the spatial
extent and duration of suspension is largely a function of the type of sediment
being suspended. Given the relatively small quantities of sediment typically
suspended, the short duration of suspension, and allowing for dilution during
dispersion, the suspension of sediments (not containing highly toxic substances)
around dredges is not likely to lcad 10 appreciable reductions in dissolved oxygen
or appreciable releases of chemical contaminants. This information, along with
data on site-specific ambient conditions, can be used to place dredge-induced
alterations in perspective with a given environment as well as evaluate potential
impacts to aguatic resources.
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Migratory Behavior of Pacific Saimon
in Estuaries: Recent Results with
Ultrasonic Telemetry

Tuomas P, QUDN
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University of Washingion, Scattle, WA 98193

Abstract: This paper briefly reviews the roles that estuaries play for
anadromous salmonids and presents preliminary findings on salmoaid migratory
behavior in coastal and estuarine waters. Ulirasonic telemeiry was used to study
coho salmon smolts and adult sockeye salmon, chinook salmon and steelhead
(rout. Various hypotheses have been proposed 10 explain overall migratory
orientation but the detailed patterns of vertical and horizontal movemenis are still
poorly understood. Thereisa need for careful sudies of the movement patierns
of fishes under natural conditions before the impacts of estuarine development
and activities by humans can be predicted.

INTRODUCTION

Pacific salmon (Oncorhynchus spp-) pass through of reside in cstuarics
as smolts migrating 10 sc8 and as adults retuming o Spawn. Estuarics have been
hypothesized 10 provide three main benefits for smolts: successful foraging.
physiological iransition from fresh 0 salt water and a refuge from predation
(Simenstad et al. 1982; Macdonald ct al. 1987). Estuaries arc highly productive
and smolts often grow rapidly there (Sibest et al. 1977; Healey 19822 Myers and
Horton 1982; Tschaplinski 1987). Howeves, estuarine residence paems vary
among and within specics and Healey (1982a) concluded that salmon use
estuarics for foraging on an opportunistic basis. Mclnemey's (1964) evidence
that smolts preferred 1 ingly saline walct &S the scason progressed suggesis
{hat an esiuary might servé as a zone of physiological wransition from freshwatet
to marine conditions (Hoar 1976). lwala and Komatsy (1984) subsequently
demonstrated that chum salmon (0. kesa) fry residing in eswarine water for st
lcast 12 h showed improved osmoregulatory adjustment 10 scawater. The
hypothesis that estuarics provide refuge from predators (€.8-, McCabe ct al.
1983) does not seem L0 have been critically wested., Montality rates during early
sea life are often high (Healey 19820b; Bax 1983) and it is not clear what role(s)
estuaries play in predator avoidance.

The rapid migration of juvenile saimon through somé es_tuarics
(Jaenicke et al. 1984; Dawlcy ¢t al. 1986; Groot and Cooke 1987) implics that
the benefits of residence do not always outweigh the COStS. However, Bax
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(1982) argued that displacement by currents might explain some cases of rapid
migration,

Estuaries also constitute habitat for adult salmon. Net migration rate
often declines markedly in estuaries, relative 1o marine rates (e.g., Verhoeven and
Davidoff 1962; Stauffer 1970: Barker 1979; Manzer et al. 1985). Some salmon
may need a period of physiological adjustment PFiOT (0 entry into freshwater,
Maturing salmon may have ceased feeding by the time they reach estuaries and
have relatively few predators. Therefore, foraging opportunities and predation

risk are probably minor factors in determining estuarine residence patterns of
adults,

Estugries are often the focus of human activity as well as salmon usage.
Shoreline development, domestic and industrial pollution and dredging are among
the processes which may affect the use of estuaries by salmon. Dredging might
affect salmon in various ways, including impacts on migratory behavior.
However, it is difficult 1o predict the impacts of dredging on a behavior pattem
such as migration which is not fully understood.

This paper summarizes results of four recent studies which employed
ultrasonic telemetry 1o investigate salmon migration patterns in estuaries and

TELEMETRY STUDIES

Coho Salmon Smolts in Grays Harbor, Washington

M:ﬂpds: In 1988 and 1989 we studied the movement patterns of coho
salmon (0. kisutch) smolts in the interface between the Chehalis River and
Gfays Harbor, a large estuary on the Pacific coast of Washington. Migrating

esumate the fish's position. We abandoned the salmon at night but were usually
aple to refocate them the next day. Turbidity (Secchi disk), temperature,
dissolved Oxygen, salinity, pH and water current al 1 m were recorded every 30
min. Vcrucgl pml‘i{es of temperature and salinity, recorded less frequently,
revealed vcrqcal. horizontal and temporal changes in water conditions within the
study area (Fig. 1). Thus a fish could €xperience constant or fluctuating salinity,
depending on its depth and movements over a tidal cycle,
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Resulis: To date only a preliminary analysis of data from 1988 is
available (Moser et al. 1989). Fifteen coho smolts were tracked intermittently
for a total of 1032 h. Three basic behavior patierns are indicated by the data:
moving, holding and disappearing. When released, the fish generally moved in
or near mid-channel for several hours, Smolts generally moved in the direction
of tidal flow. Analysis of smolt movements and observed current speeds in-
dicated that the salmon were not drifting but rather were swimming into (i.e.,
against) the currents. On average, coho swam 344 cm/sec against ebbing cur-
rents (average current = 64 cm/sec) and 10.8 cm/sec against flooding currents
(avemge current = 26 cmy/sec).

While all of the fish moved to some extent, 12 of the 15 fish spent
more than 70% of the time holing, defined as staying in one location over a tide
change. On average, the fish initiated holding 6.4 h after release. Salmon held
in areas of low current velocity, usually around docks, pilings and other struc-
ture, often for several days. Although fish were often relocated on successive

days in the same general location, they made local movements of about 100-
200 m.

One important question was, "How long do the smolis stay in the
lower river?" We attempied to address this by searching the river with the hy-
drophone 10 relocate as many fish as possible. Most of the fish were relocated at
least once but all eventually disappeared. Four fish disappeared after the first day
of tracking, three after the second day, one after 3 d and one after 4 d. Two fish
disappeared after 6 d, one after 8 d, two after 11 d and one after 12 d. Dis-
appearance might be attributed to: (1) the fish being in an area which hampered
signal detection, (2) transmitter failure, or (3) departure of the fish from the
approximately 10 km section of river which was routinely searched. However,
we were confident of our ability to locate fish in the study area because fish were
seldom lost and subsequently relocated on the same day. Transmitter failure
would preclude relocation but one of the transmitiers was functioning 12 d after
reiease and all were designed 10 last at least 6 days (Vemco, Ltd., Nova Scotia).
If we assume that disappearance corresponded to emigration, then the fish

generally cmigrated after 1-4 days but four resided in the lower river for over a

Aduilt Sockeye Salmon Approaching the Fraser River

Methods: In 1985 and 1986 a large-scale, ultrasonic tracking program
was conducted on Fraser River sockeye salmon (0. nerka) migrating between
Vancouver Island and the British Columbia mainland. Sockeye were captured by
purse seine, anesthetized and a pressure-sensitive ulirasonic ransmitter (74 x 16
mm) was inserted into the stomach of each fish. Thirty-three salmon were
tracked in hydrographically distinct regions in an effort to determine the rela-

ugg;l)aip between vertical stratification and depth of travel (Quinn and terHart
1 .
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Resylts: In general, there was a distinct difference in the depth of travel
from one hydrographic region (0 another (Quinn and terHart 1987). In the
relatively cool, oceanic waters of Queen Charlotte Strait and Johnstone Strait,
the modal depth of sockeye was 3-4 m, though fish spent time in deeper walers,
often to 20-30 m (Quinn et al. 1989). However, in the straufied waters of the
Strait of Georgia, the modal depth was about 10-20 m. For example, a sockeye
tracked in the plume of the Fraser River for 8.33 h swam at an average speed of
1.9 km/h. It spent little time in the upper 6 m and litle ime below 22 m (Fig.
2) and had a modal depth just below the thermocline/halocline. However, other
fish tracked in similar hydrographic regimes swam up and down through steep
gradients with no apparent hesitation.

In the nearshore waters, sockeye predominately oriented SE, which
would generally lead them to the mouth of the Fraser River. When salmon
encountered bays or islands, they tended 1o mill around and then swim in the
reverse direction for several hours but would eventually turn around and resume
SE orientation. Orientation seemed to be generally independent of depth. The
salmon seemed 1o avoid the warmest, Jeast saline water (>18°C, <26 ppt). How-
ever, there was a great deal of individual variation in vertical movements in the
stratified waters of the Strait of Georgia, indicating that there was not 2 simple
relationship between depth of trave! and thermocline or halocline. Sockeye
salmon also seemed to slow down at night in all regions, though only six fish
were tracked at night.

Adult Chinook Salmon in the Columbia River Estuary

+ In 1987, adult fall chinook salmon (0. tshawytscha) were
captured in the lower Columbia River near Astoria, Oregon. Each day, a very
brief (ca. 5 min) gillnet set was made to minimize stress to the fish and the
healthiest fish was selected for wracking. A pressure-sensitive transmitier was
inserted into the fish's stomach and the fish was transported 10 a COMMOon rclcase
site. We periodically measured the water's turbidity (Secchi disk) and vertical
profiles of temperature and salinity along the fish's path during the track.

. The movement patierns of these nine chinook salmon are
presently being analyzed in detail (Olson and Quinn, in prep.) but several general
patterms were evident. Several fish spent most of their time in the relatively
warm, brackish surface waters rathcr than the cooler and more salinc water below
(e.g., Fig. 3). Other fish also spent time in the surface waters but descended to
the bottom or swam at mid-depths periodically. The salmon often moved rapidly

through steep vertical gradients in their ascents and descents.

The salmon generally swam actively and ground speeds averaged 2-3
km/h but made little net progress upriver. Indeed, two of the fish swam scaward
over the river's bar and were abandoned heading west. The salmon seemed (0
swim into the current in most instances and milled during periods of slack water.
In general, the salmon did not follow the shorelines but rather were 1n open
waler.
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Flgure 2. Number of 1-min observations of an adult sockeye salmon in 2-m
depth increments and the vertical profiles of temperature and salinity (solid lines =
mean, dushed lines = standard deviations). The salmon was tracked in the plume
of the Fraser River on 13 September, 1986 and corresponds to fish #8616 of
Quinn (1988) and Quinn et al. (1989).

Adult Steelhead Trout in Coastal British Columbia

Mgihods: In July 1988, six adult summer steelhead (0. mykiss—
formerly Salmo gairdneri) were captured by purse seine in Fisher Channel, part
of the complex fjord of Fitzhugh Sound in the central coast of British Columbia
(Ruggerone ct al., in press). These fish were presumed to be returning to the
Dean River, as this river produces an estimated 90% of the steelhead in this
region. As with the sockeye and chinook, the fish were anesthetized and a
pressure-sensitive ransmitter was inserted into the stomach. The steelhead were
tracked continuously for 21-50 h in deep, stratified waters,

Resulis: The sieelhead displayed a strong affinity for the surface; five
of the six fish spent over 70% of the time within 1 m of the surface. This
affinity placed them in the warmest (ca, 14°) and least saline water available.
Depending on distance from the Dean River, surface salinities varied from about
20 ppt (123 km away) to 2 ppt (4 km from the river's mouth). Daytime travel
rates averaged 2.2 km/h but the steethead moved markedly slower at night (1.1



NUMBER OF OBSERVATIONS
5 0 & 60 T

~o

SALINITY (0/00)
18.0 21.0 24.0 27.0 30.0 33.0

TEMPERATURE (BEG.C)
50 8.0 1)1.0 14.0 17.0 20.0

[=1 . - 4
~ ,

10

DEPTH (METERS)
0

Figure 3. Depth distribution of an adult chinook salmon and vertical profiles
of temperature and salinity. The salmon was tracked in the lower Columbia River
on 28 August, 1987 (Olson 1989).

km/h). In fact, the fish appeared to virtually stop swimming at night and most
of their displacement could be atributed 1o drift. The steelhead swam in open
water but also showed a greater tendency than the sockeye or chinook to follow
shorelines.

DISCUSSION

The reliance of many juvenile salmonids on estuaries for feeding,
physiological transition and perhaps predator avoidance seems likely but the
details of fish movements have not been adequately explained. The coho results
reviewed here represent the only tracking study conducted on Pacific salmon
smolts in an estuary. The functional significance of the observed coho smolt
behavior patterns is tentatively interpreted as follows. Smolts swam into the
current after release. The tendency to swim faster against ebbing currents would
tend to minimize seaward displacement. The smolts eventually located regions
of weak currents and commenced holding. Some combination of foraging,
osmoregulatory adaptation or responses 1o walter currents might result in holding
behavior but it is unclear what triggers emigration from the holding areas.
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Comparable studies on Atantic salmon (Salmo salar) have not yielded
consistent results. Smolts accomplished much of their migration by drift in
Maine's Penobscot River estuary (Fried et al. 1978; LaBar ct al. 1978). Studies
in two Scottish estuaries revealed contradictory resulis. In one estuary, hatchery-
reared smolts all emigrated within one tidal cycle but wild smolis in another
estuary never left within a cycle and some remained as long as 108 h (Tytler et
al. 1978). Unfortunately, differences in behavior might be attributed to either
the genetic background of the populations (Clarke 1981), characteristics of the
estuaries or the rearing history (hatchery or wild} of the fish (Levings et al.
1986).

The patterns of smolt migration in estuaries may be affected by
biological characteristics such as the species, its rearing history, physiology and
health, and by physical characteristics of the cstuary, variations in river discharge
or oceanography (Bax 1982), lunar phase, etc. There is too little descriptive
information on smolt movements and oo few quantified relationships linking
physical factors with estuarine residence and emigration to reliably predict the
impacts of activities such as dredging on smolts. The natural variation in
behavior seems to be considerable and is poorly undersiood at present.

Adult salmon movements have been much more intensively studied
than those of smolts. Groos et al. (1975) tracked sockeye salmon in the estuary
of the Skeena River, B.C. and observed fish drifting with ebbing and flooding
tides and thus displaced seaward. Stasko (1975) observed similar behavior in
some Atlantic salmon in the Miramichi River but other salmon drifted upstream
with flooding tides and stemmed ebbing tides, thus achieving net upriver pro-
gress. Ultrasonic tracking by Brawn (1982) revealed Atlantic salmon residing in
Sheet Harbour, Nova Scotia for weeks and even months during the summer. In
light of these studies on sockeye and Atlantic salmon in estuaries, it is not
surprising that chinook salmon tracked in the Columbia River estuary did not
swim directly upriver,

In virtally all tracking studies, adult salmon appear to swim at
relatively efficient (least cost) speeds rather than faster but more energetically
demanding speeds. Typical ground speeds are 0.5-1.0 body lengths/sec or about
2 km/h (Madison et al. 1972; Stasko et al. 1973; Stasko et al. 1976; Westerberg
1982a). When currents speeds were recorded and used to estimate actual
swimming speed, salmon were still found to be swimming at about 0.5-1.5
lengthsfsec (Smith et al. 1981; Quinn 1988).

The homeward migration of salmon in coastal waters seems to occur in
three phases which blend into each other. First, salmon migrate from distant
locations to the estuary or vicinity of their home stream. This migration seems
to be initially rather rapid in sockeye, chum and pink salmon but declines as fish
near their home river (e.g., Verhoeven and Davidoff 1962; Anderson and
Beacham 1983). On the other hand, the coastal movements of coho and chinook
salmon seem to be generally slow {(e.g., Fisher and Pearcy 1987). Following
coastal migration, salmon of all species generally hold for a period of varying
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qu-ra.tilon in the estuary or waters near the home river. Finally, upriver migration
is initiated and can be as fast as 40 xm/day (e.g., Milligan et al. 1985).

In terms of vertical movements, the Columbia River chinook tolerated
warm water and rapid changes in temperature and salinity. The steelhcad were
also close to the surface but the water was cooler than that experienced by the
chinook. In contrast to these findings, the Fraser River sockeye salmon appar-
ently avoided the warm, fresh surface waters. There may also be population-
specific depth prefercnces Of lemperature wlerances and this possibility should be
considered in future studies of migratory behavior.

It has been hypothesized that vertical movements by salmon in coastal
waters (e.g., Ichihara and Nakamura 1982; Westerberg 1982b) reflect the fish's
need to gather olfactory and rheotactic information from the microstructure al the
halocline (Westerberg 1982b; Doving ¢t al. 1985). Johnsen (1987) hypothesized
that vertical excursions in estuaries and horizontal zig-zagging in rivers facilitate
orientation at slecp concentration gradients of odors. Use of vertical hydro-
graphic structure for orientation must be integrated with the need for a physio-
logically suitable environment. Thus depth of travel and vertical cxcursions may
represent tradeoffs between regulation of temperature and salinity and the detec-
tion of chemical gradients. Adult salmon movements in estuaries may thus
reflect compromises between orientation, optimization of the external environ-
ment, physiological adjustment to freshwater and the process of sexual
maturation.

The variety of factors affecting vertical and horizontal movements of
salmon in estuarine and coastal waters makes it difficult to demonsurate the
effects of human activities or san-made structures on migration. However, mi-
gratory routes are a form of habitat and factors delaying salmon or forcing them
through sub-optimal conditions may have deleterious effects on survival or
subsequent reproductive SUCCESS.

Before we can predict the effects of dredging actvities on migration and
residence, we need to combine thorough field studies with 2 realisiic model of
salmon migratory behavior in estuaries. Once constructed, this model should
not only be used to consider direct effects of dredging such as suspended material
but should also evaluate the cumulative impact of diverse activities on fish
movements. For example, dredging and forest practices can combine to alter the
patterns of large woody material 1 estuaries. In light of the evidence that coho
salmon smolts hold in low current areas near structure, the importance of such
woody material should be examined.
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Abstract: Effects of turbidity on anadromous fish can be classified as
behavioral, sublethal or lethal (e.g., changes in activity, reduced performance,
and death). Sigler et al. (1984) concluded low levels of turbidity affect young
steelhead trout and coko salmon. A review of articles relating to various aspects
of the effects of turbidity or suspended sediment was completed and data related 1o
research previously completed on steethead and coho salmon. The difficulty of
transposing or extrapolating data from one drainage 10 another or from one fish
species 1o another is discussed with respect 1o differences in turbidity
measurement techniques and the lack of consistent relationships between optical
and physical properties of turbidity causing materials.

INTRODUCTION

Suspended sediment concentration (turbidity) from a variety of land
management practices, above a threshold level is the principal impact on fishes.
Sigler et al. (1984) found that low levels of turbidity reduce feeding effective-
ness, alter migration habits and modify social behavior of the species of salmon-
ids studied, while higher levels of turbidity produce sublethal stress levels which
may result in less productive or less fit fish in an exposed population. Lethal
effects may also occur in eggs, larvae and juvenile life stages. The predominant
cause of mortalily is suffocation. Sediments may also indirectly cause mortality
by reducing resistance 1o diseases. Results however are difficult to interpret due
to a number of inconsistencies which exist in the literature regarding effects of

tarbidity (or suspended sediment) on selected species of freshwater, marine or
anadromous fishes.

Sediment can be classified as contaminated (by various organics, metals
or other toxic materials) or uncontaminated. It can be further described with
respect 1o origin and physical and chemical nature.

The effects of suspended sediments on fish can be discussed with respect
to duration of exposure and timing of exposure (in annual cycles or in life stages
of the fishes of concem). Effects can be further discussed as behavioral, sub-
lethal or lethal. Behavioral effects are here defined as those changes in actions,
movements, or position. Sublethal effects are here defined as those changes
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which may be physiological in nature and lcad to reduced fitness of adults or
progeny. Lethal effects are here defined as those which directly result in mortals-
ty of the life stage of concem. Newcombe (1986) proposed a sysiem of classi-
fication of impact severity based on *“pollution intensity,” which he defines as
the product of concentration of poliutant (including sediment) in water and the
duration of exposurc and for which numerical values could be assigned. Past
research (Sigler 1980, Sigler et al. 1984) focused on specific effects within a set
of known physical and chemical values. Behavioral, sublethal and lethal effects
were addressed. This paper discusses these effects in relation (o a specific sus-
pended sediment source, dredging.

DEFINITION AND MEASUREMENT

Definition and measurement of turbidity, or suspended sediment, can
both be accomplished with a variety of insgrumentation or echniques. The lack
of uniformity with respect to definitions and measurement techniques for "tur-
bidity" and/for "suspended sediment” complicates both the actual measurements
and the usefulness of data reported in the literature. Kirk (1983) and Bruton
(1985) provided a series of useful definitions. Suspensoids (read "suspended
sediments”) are solid or colloidal particles which are held in suspension in a
liquid. They may be organic or inorganic. Turbidity is defined as an opucal
property of a liquid causing light scatier and absorption rather than transmittal.
Non-specific relationships between measurement devices contribute 10 the lack of
a uniform "turbidity” measurement device. Secchi disk transparency is inaccurate
with respect to turbidity due to the inconsistent nature of the curvilinear relation-
ship between the two variables (light factors and physical factors). Dry weight
of suspended material does not account for optical properties such as refraciory
index that may modify the effects of the material on fish. Optical measurements
do not assess physical characteristics such as particle angularity. Comparisons
between various techniques on the same turbidity agent may not be transferred to
other agents due to differences in either refractory or physical characteristics.
Even closely related optical techniques such as nephelometric turbidity uniis
(NTU) and Jackson Turbidity Units (JTU) are difficult to relatc consistently.
These inconsistencies dictate that a mullivariate approach to defining and
measuring suspended sediment is necessary to adequately descnbe both the level
and the mechanism of fish habitat impacts.

PAST EFFORTS

Data reported to cause behavioral, sublethal, or lethal effects, as defined
above, is summarized below for selected recent efforts,

Behavioral Effects

Suspended sediment has been shown to affect avoidance responses, terri-
toriality, feeding and homing behavior (Sigier et al. 1984). Wildish and Power
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(1985) report on the avoidance of suspended sediments by rainbow smelt
(Osmerus mordax) and Atlantic herring (Clupea harengus harengus). Apparent
threshold for avoidance response by smelt was approximately 20 mg L of sus-
sediments; herring demonsirated the avoidance response at approximately
10 mg L1
Berg and Northcote (1985) reported that short-term pulses of suspended
sediments in the 30-60 NTU range caused breakdown of the dominance hier-
archies of coho salmon, accompanied by more frequent gill-flaring activity and
territorial defense cessation. Retam 1o lower turbidities (0-20 NTU) allowed
reestablishment of social organization. Reaction distance to prey and capture
success were reduced in 30-60 NTU waters. These behavioral modifications may
denote impairment of the fitness (sublethal effects) of salmonid populations
exposed to short-tem low level suspended sediments.

Whitman et al. (1982) reported that adult male chinook salmon (Onco-
rhynchus tshawytscha) tesied for responses o suspended volcanic ash exhibited a
significantly reduced preference for home waier contaminated with ash. The ash
reduced upstream movement in the testing apparatus at test levels of approxi-
mately 650 mg 1-). Ash did not alier the proportion of fish that homed.

Sublethal Effects

Kirn et al. (1986) and Emmett et al. (this volume) document the
changes in food habits (and subsequent potential growth reductions) of chinook
salmon in the Columbia River estuary as a result of suspended sediment from
the 1980 eruption of Mount St Helens. Amphipods, a primary dietary consti-
went in March, April, and June of 1979 diminished in importance following the

eruption, probably a result of both turbidity (affecting feeding) and siltation
(affecting amphipod communities).

Bruton (1985) repoxts a range of effects from adverse (reduced food avail-
ability and potential reduced growth/maturation rates) {0 positive (predator
protection and navigational aides) for various levels of mrbidity in lakes.

Redding et al. (1987) reported on sublethal effects of topsoil, kaolin
clay, and volcanic ash on yearling ccho salmon and steelhead trout. Feeding
rates were reduced at high exposure concentrations (2-3 g L) for both species.
While the cxposure levels used did not cause mortality, it induced elevation of
plasma cortisol levels and blood hematocrits. Reduced tolerance 1o infection was
also reported. This type of physiological stress is sublethal but reduces
performance capability.

Sigler et al. (1984) , using small oval and large raceway channcls,
reported statistically significant reductions in growth (mean daily length or
weight increases), density (fish m-2} or grams m2)) and increased rates of out
migration {a behavioral effect) for coho salmon (0. kisuich) and steelhead trouat
(0. mykiss, formerly Salmo gairdneri). Turbidities for all tests ranged from 22
10 265 nephelometric turbidity units (NTUs).
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Lethal Effects

Morgan et al. (1983) reported that the survival of eggs and larvae of
white perch (Morone americana) and striped bass (M. saxatilis) could be reduced
when exposed to high concentrations of suspended sediments. Hatching success
(percent) of white perch eggs was not significantly affected between 50-5,250 mg
L-! of suspended sediments. Above sediment concentrations of 1,500 mg L1,
developmental rates were significanily lower (a sublethal effect). Percent hatch
of striped bass eggs was not significantly affected by 20-2,300 mg L1 suspended
sediments. Above 1,300 mg L', development was significantly slowed.

Concentrations of suspended sediments in the 1,626-5,380 mg L-! range
caused 15-19% mortality of white perch larvae during one-day exposures and 23-
49% monality during two-day exposures. Concentrations of suspended sedi-
ments in the 1,557-5,210 mg L1 range caused 20-34% mortality of striped bass
larvae during one-day exposures and 25-57% mortality during 2-day exposures.
Covering eggs with 0.45 mm of sediment did not influence hatchability but
100% mortality resulted when white perch eggs were covered with sediment
layers greater than 2 mm thick (1.2 mm over the egg).

DISCUSSION

Test results from Sigler et al. (1984), provided a relatively clear pattern
of deleterious effects of turbidity on the anadromous fishes studied. Growth was
significantly reduced for fish exposed for as liutle as 14 days over a wide range of
turbidities reflective of natural conditions. While the degree to which growth
was reduced may have been affected by the life siage (measured in days
subsequent 1o hatch), it is apparent that all test levels of turbidity and length of
exposure had adverse effects. In instances where significant differences developed
in cither size (weight or length) (Tables 1, 2, 3, and 4) or in density (numbers or
weight per unit of area) (Figures 1, 2, and 3) reflecting reduced individual ability
to compete for resources (food/space) and subsequently impacting the population
through lessened reproductive potential, the long-term implications for individual
fish stocks or populations could be critical.

Information presented on effects of suspended sediment conflicts with
data from some earlier research which addressed the effects of various sediments
on older (e.g., mature) fish. Much of the earlier research focused on observed
lethal effects and did not address the more subtle behavioral and/or sublethal
effects.

Sigler (1980) determined the relationships between physical and optical
properties of the wrbidity causing agents utilized in those experiments. While
relationships could be established within acceptable statistical limits, no attempt
was made t0 provide a mechanism for transposition of these conversions to addi-
tional turbidity agents or to additional test situations because of the inherent in-
consistencies noted above. The lack of consistent reporting protocols to express
the levels of turbidity being tested or observed prevented comparisons with some
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Table 1. Results of turbidity tests on steelhead trout in aval channels.

Mean daily Mean daily Density
Test duration length increase  weight increase
turbidity (NTU) (mm) (2) fish/m?  g/m?
Test A (21 days)
Clear water 0.42 0.019 18 3.2
Turbid water (80) 0.36 0.016 4.0 3.1
Test B (15 dayz)
Clear water 0.19 0.002 1.3 0.3
Turbid water (72) 0.15 -0.001 0.3 0.1
Test C (19 days)
Clear water 0.53 0.014 1.0 0.4
Turbid water {51) 0.25 0.000 0.3 0.1
Test D (17 days)
Clear water 0.56 0.017 ¢.7 0.6
Turbid water (59) 0.04 0.002 5.3 3.6
Test E (19 days)
Clear water 0.19 0.010 1.7 1.6
Turbid water (45) -0.01 0.000 2.5 1.8

Small numbers of fish remaining at the conclusion of the tests precluded statistical

analysis in this serics. There is some inconclusive evidence of slower growth in
turbid water channels.

published studies. Papers reviewed for the present effort indicate that this prob-
lem still requires resolution. Without inclusion of more complete physical and
chemical data in published reports on turbidity or suspended sediments, it is not
possible for researchers to make direct or even speculative comparisons among

studies. Use of a set standard of measurement would facilitate future compari-
sOns.

The approach suggested by Newcombe (1986) has merit with respect o
standardizing reported turbidity values to noted effects. What Newcombe's pro-
posed protocol lacked was a mechanism to address the differences in optical and
mechanical properties of the material of interest. A standardized reporting format
for turbidity which incorporates levels and duration of exposure as Newcombe
proposed falls shost of completely describing the causative agent and therefore
loses some usefulness. The optimal reporting protocol would allow incorpora-
tion of a series of modifying values which assess optical differences (e.g.. light
penetration) and mechanical differences (e.g., angularity) in a usable fashion.
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Table 2. Results of wrbidity tests on sieelhead trout in raceway channels.

Mean daily Mean daily Density
Test duration length increase weight increase  __atend of test
wrbidity (NTU) (mm) (g) fishim? __g/m?
Test A (14 days)
Clear water
Upper channel 0.39 0.012 17.1 7.0
Lower channel 0.49 0.015 8.4 2.1
Turbid water (48)
Upper channel 0.23 0.002 8.5 39
Lower channel 0.39 0.011 0.2 0.1
Test B (19 days)
Clear water
Upper channel 0.41 0.018 23.8 13.4
Lower channel 0.43 0.021 4.0 1.4
Turbid water {38)
Upper channel 0.22 0.007 14.5 8.9
Lower channel 0.25 0.008 0.8 0.3
Test C (17 days)
Clear water
Upper channel 0.66 0.024 18.4 11.3
Lower channel 0.62 0.023 9.9 3.6
Turbid water (49)
Upper channel 0.39 0.009 22.2 12.9
Lower channel 0.35 0.009 9.5 3.3
Test D (19 days)
Clear water
Upper channel 0.52 0.046 333 48.0
Lower channel 0.46 0.040 58 4.7
Turbid wates (42)
Upper channel 0.22 0.020 21.8 29.0
Lower channel 0.22 0.019 g.7 9.0

Differences in growth and density between fish in clear and turbid water were
statistically significant for combined upper and lower channels: final weight (F =
31.67, P = ).003), final length (F = 36.64, P = 0.0002), and mean daily length
increase (F = 46.61, P = 0.0001). See also Figure 1.
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fable 3. Results of turbidity tests on coho salmon in oval channels.

- Mean daily Mean daily Density
Test duration length increase weight increase __nmg__qf_]g;%
turbidity (NTU) (mm) (8) fishym? _ g/m
Test A (14 days)
Clear water 0.37 0.007 9.2 4.2
Turbid water (86) 0.16 -0.005 0.5 0.2
Test B (13 days)
Clesr water 0.38 0.013 7.0 4.0
Turbid water (45) 0.27 0.007 2.7 1.3
Test C (11 days)
Clear water 0.3¢ 0.020 3.5 2.6
Turbid water (22) 0.16 0.011 2.7 1.7
Test D (14 days)
Clesr water 0.3 0.006 73 6.9
Turbid water (31) 0.24 0.011 6.5 5.6
Test E (15 days)
Clear water 0.31 0.009 53 3.7
Turbid water (23) 0.13 0.000 6.7 3.9

Differences in growth between fish reared in clear and turbid water were
statistically significant: weight (F = 31.52, P = 0.005), length (F = 35.09, P =
0.004), mean daily weight increase (F = 30.87, P = 0.005), mean daily length
increase (F = 35,18, P = 0.004). See also Figure 2.

Even with that achievement, comparison between different river drainages and
different fish species at different life history stages would be tenuous. A report-
mg sysiem which incorporates all aspects of torbidity would be useful. How-

ever, without a mandate from field level researchers, it is unlikely that a system
will emerge.

A standard measurement protocol which incorporates a mathematically
manipulated version of physical characteristics {(e.g., angularity) and optical
properties can be developed. The protocol could be as simple as adding or
multiplying the two values together, or scparating them by a decimal point
(¢.8., 500.6) where S00 refiects a standardized optical measurement (e.g., NTU)
and the 6 represents a physical measurement of angularity for a sample processed
using an accepied standard method.
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Table 4. Resulis of turbidity tests on coho salmon in raceway channels.

Mecan daily Mean daily Density
Tast duration length increase weight increase  __gat end of test
wurbidity (NTU) (mm) (g) fish/m?  g/m?
Test A (14 days)
Clear water
Upper channel 0.49 0.022 7.3 5.5
Lower channel 0.45 0.020 4.1 2.5
Turbid water (11-32)
Upper channel 0.38 0.011 4.0 2.9
Lower c¢hannel 0.30 0.007 3.1 1.7
Test B (31 days)
Clear water
Upper channel 0.50 0.040 15.8 27.7
Lower channel 0.61 0.050 12.7 15.0
Turbid water (41)
Upper channel 0.29 0.021 6.6 13.7
Lower channel 0.35 0.025 5.3 7.0
Test C (21 days)
Clear water
Upper channel 0.35 0.021 364 32.4
Lower channel 0.32 0.023 276 14.9
Turbid water (49)
Upper channel 0.06 0.004 12.9 11.9
Lower channel 0.07 0.007 11.7 6.9

Differences in growth between fish reared in turbid and clear water were
statistically significant as were densities (biomass): weight (F = 16.33, P =
0.006), length (F = 19.9]1, P = 0.604), mean daily length increase (F = 38.54, P =
0.001), density in numbers were not significantly different (F = 1.01, P = 0.35),
but density as biomass was (F = 7.21, P = 0.036), See also Figure 3.
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Abstract: Potential relationships between exposure to increased sus-
pended sediment concentrations and striped bass haiching success, larval forag-
ing, and adult migration and spawning in San Francisco Bay and the Sacramenio-
San Joaquin Delta were examined. Very litile documented, quantitative informa-
tion is available on the potential effects on striped bass resulting from exposure
10 increased turbidity and suspended sediment concentrations associated with
either dredging activity or dredge spoil disposal practices. The limited informa-
tion that is available suggests that striped bass are not affected adversely by
exposure to increased suspended sediments at the concentrations encountered.
This conclusion is consistent with the observation that striped bass have been
able to establish an abundant population in San Francisco Bay and the
Sacramento-San Joaquin Delta system—an environment characterized by high
naturally occurring suspended solids concentrations and high turbidity conditions.

INTRODUCTION

Striped bass have become a prominent fish since being introduced into
the San Francisco Bay and Sacramento-San Joaquin Delta system (Bay-Delta).
Native to Atlantic and Gulf of Mexico coastal waters striped bass quickly became
established in the Bay-Delta after their introduction in the late 1800s. The Bay-
Deha population remains the only major one on the Pacific Coast and supports
one of the region's most intensive sport fisheries. Recent reductions in the
striped bass population, however, have prompted interest in the environmental
requirements of the species. Because of the considerable amount of dredging and
dredge spoil disposal activity within the Bay-Delta system, interest has been
expressed by local resource and regulatory agencies and the public in the
potential effects that dredging activity may have on the Bay-Delia striped bass
population.
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To assess the potential effects that dredging activity may have on the
early life stages of striped bass, it is important to consider: (1) the life history
characteristics of striped bass, (2} the characteristics of the specific dredging and
spoil disposal activities, (3) the potential biological responses of each life
history stage exposed to increased levels of suspended sediments associated with
dredging aclivity, and (4) the relationship between the seasonal and geographic
distribution of siriped bass life stages and dredging activity. In this paper we
focus on the information available on potential pathways and mechanisms
through which increased suspended sediment concentrations may affect striped
bass eggs and larvae including:

hatching success

larval survival

larval foraging success

adult migration and spawning.

* 0 8 0

Potcntial effects associated with exposure of striped bass to toxic
materials (e.g., increascd heavy metal concentrations, etc.), although important,
were not a topic of this workshop and are not addressed in this paper.

LIFE HISTORY OF THE SAN FRANCISCO BAY
STRIPED BASS POPULATION

Adult striped bass use San Francisco Bay and coastal waters for feeding
during the summer months. In fall they move upstream, concentrating in San
Pablo and Suisun Bays (Fig. 1). In spring, mature bass move upsiream (o
spawn in the Sacramento River upstream of Sacramento and in the San Joaquin
River upstream of Antioch. Spawning generally occurs from April through
early June.

Males mature between age one and three and females usually between
age four and six. Both sexes commonly live and reproduce until they are 12-13
years old (females up to 30 years old). Spawning is triggered by water empera-
tures and occurs generally above 65°F. San Joaquin River spawning gencrally
precedes Sacramento River spawning because of warmer water temperatures i
the San Joaquin River.

Striped bass females are prolific; large females have been reported to
contain up to 4.5 million eggs. Striped bass fecundity (the number of eggs pro-
duced) increases as the bass grow older. Eggs are planktonic and non-adhesive.
Suspension and initial exposure to freshwater are both essential for high egg
survival (Talbot 1966; Setzler et al. 1980). After fertilization, exposure to Jow
salinity water improves survival of striped bass eggs and larvae. Eggs hatch 29
to 80 hours after fertilization depending on water lemperatures (Setzler et al.
1980) and nd 10 be concentrated near the bottom in midchannel.
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Larvae (<6mm) carried out of the upper Sacramento and San Joaquin
Rivers become distributed throughout the western Delta and Suisun Bay above
the entrapment zone, the location of which is determined by freshwater outflow.
Larger larvae and juveniles are distributed farther downstream into the entrapment
zone (Hassler 1988). Small larvae are distributed fairly evenly across the main
channels of the western Delta while larger larvae and juvemles tend to concen-
trate near the shoreline (Hanson, unpubl. data). Young striped bass remain in
and above the entrapment zone during their first summer, but migrate inlo San
Pablo Bay and the central Bay in fall. Some young striped bass remain in the
Delta during the winter, and these tend to concentrate in the lower San Joaquin
River.

Striped bass feed on a variety of organisms. Larval striped bass initial-
ly prey on small zooplankton such as copepods and cladocerans including
Cyclops spp. and Eurytemora affinis (Hassler 1988). Juvenile bass feed primari-
ty on mysid shrimp (Neomysis mercedis), but also feed on other invercbrates
such as amphipods and small fish. Subadult and adult striped bass are oppor-
tunistic predators (Hassler 1988); they are piscivores, and the species eaien de-
pends on availability. During spring and summer, northern anchovy is the most
important prey for subadult and adult bass in the south and central Bay and in
San Pablo Bay. Pacific herring is an important food item during the winter
months when they enter San Francisco Bay to spawn. During the spring,
salmon smolts are in the diet of striped bass. Bay shrimp (Crangon spp.) and
mysids are also important food items for yearling and older bass. Species of fish
that prey on young bass in the Delta include catfish, largemouth bass, yellowfin
goby, and older bass. Some invertebrates, such as mysids and shrimp (Palaemon
macrodactylus) may feed on larval striped bass.

Striped bass were initially the object of an intensive commercial fishery
in San Francisco Bay waters. Commercial fishing for striped bass in San
Francisco Bay was banned in 1935, in part because of conflicts between sport
and commercial fisheries. The striped bass sport fishery is currently one of the
most important in San Francisco Bay and the Delta, However, the number of
striped bass caught by recreational anglers and the catch-per-unit-effort have
declined over the past several decades. In recent years, angler harvest has ranged
from approximately 100,000 to 400,000 striped bass per year (White 1986).

Additiona! information on the biology and environmental requirements
of striped bass is available in reviews by Talbot (1966), Setzler ct al. (1980), and
Hassler (1988).

DREDGING AND SPOIL DISPOSAL ACTIVITY
IN SAN FRANCISCO BAY

Dredging activity occurs at locations throughout San Francisco Bay, the
Delta, and portions of both the Sacramento and San Joaquin rivers. Dredging is
primarily undertaken to maintain water depths in navigable waters and (o enlarge
and deepen channels and port facilities 1o accommodate larger vessels such as
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petrolcum tankers and containerized cargo vessels. Deepwater channels and port
facilities are maintained in San Francisco, Oakland, San Pablo Bay and Suvisun
Bay and up the Sacramento and San Joaquin rivers.

Deposition of silt and sediment associated with freshwater runoff from
the Sierra and Central Valley drainage area poses a significant maintenance dredg-
ing problem within the San Francisco Bay area. During 1984-85, for example,
approximately 8.6 million cubic yards of material were dredged from San
Francisco Bay (Dowgiallo et al, 1986), with substantial volumes of additional
sediment removed from Sacramento and San Joaquin River channels. Dredging
within the San Francisco Bay area includes the use of cutterhead, clamshell
bucket, and suction-hopper dredges. Sedimeni resuspension characteristics of
cach of these dredges have been investigated in field studies by McLellan et al.
{1989) and others (See LaSalle, this volume).

Data available on the increase in suspended sediment concentrations
associated with dredging activity in San Francisco Bay and elsewhere (LaSalle,
this volume:; McLellan ¢t al. 1989) show that substantially elevated sediment
concentrations are localized in the immediate area downstream of the dredging
operation, Suspended sediment concentrations reported by Sustar et al. (1976;
cited in LaSalle) for operation of a Hopper Dredge in a silty-clay area within San
Francisco Bay are shown in the following table:

Suspended Sediment (mg L'1)

Water Column Depth Average Range Maximum
Surface 65-210 210
Mid-depth (5 m) 33.64 . 110
Bottomn (10 m) 58-743 1,110

In another set of field measurements made downstream of a bucket
dredge operating in San Francisco Bay, suspended sediments 50 m downstream
were generally less than 200 mg L-! (see LaSalle). The suspended sediment
levels associated with this dredging activity averaged 30-90 mg L-! above a
background level of 40 mg L1,

Dredge spoil disposal has been limited to three designated sites within
San Francisco Bay (Fig. 2), although the Alcatraz site has been the primary
disposal location. Dredged sediments, primarily from Delta and San Joaquin
River channels, have also been deposited on Della levees and islands. In part as
a result of concern over the potential impacts of dredge spoil disposal on
fisheries populations and water quality within San Francisco Bay, alternative
spoil disposal locations (both on land and in coastal waters) are currently being
considered.
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EFFECTS OF SUSPENDED SEDIMENTS ON
EARLY LIFE STAGES OF STRIPED BASS

The following section presents a brief overview of available informa-
tion on the potential effects of dredging and disposal activity on striped bass
eggs, larvae, and juveniles. Allof the available laboratory and experimental data
on the relationship between exposure to suspended sediments and haiching suc-
cess of eggs, larval survival, and foraging success of striped bass larvae have
originated from research conducted using Atlantic striped bass stocks. An
extensive ficld monitoring database does exist on larval and juvenile striped bass
within the San Francisco Bay and Delta system; however, no specific studics or
tests have been conducted to evaluate the potential adverse effects of dredging
aclivity on the San Francisco Bay striped bass population.

Striped Bass Hatching Success and Development

Schubel and Wang (1973) conducied an extensive series of controlted
iaboratory studies to investigate the potential effects of suspended sediment
exposure on the hatching success of striped bass cggs. Striped bass eggs were
obtained from the following sources: (1) naturally fertilized eggs collected with
plankton nets from the Chesapeake and Delaware (C and D) Canal, (2) eggs
obtained from naturally ripe females and artificially fertilized, and (3) eggs taken
from females ripened by hormone injection and artificially fertilized. All adult
striped bass used in these tests were collected from the C and D Canal. In
addition to control samples, striped bass eggs were exposed to concentrations of
naturally occurring Chesapeake Bay sediments at target concentrations of 23, 50,
100, and 500 mg L. Actual suspended sediment concentrations varied substan-
tially from the intended concentrations during the two to three-day experimentat
observation period {for example, measured concentrations ranged from 69 10
1,067 mg L' within tests having a target concentration of 500 mg LY. Sedi-
ments used in these tests were collected from Chesapeake Bay and separated in
the Iaboratory to select those particles with settling velocities less than 5 x 103
cm/sec. Sediments used in these tests comprised primarily three clay minerals
(illite, chlorite, and kaolinite), quariz, and feldspar. Test sediments were mixed
with Chesapeake Bay water collected from the striped bass spawning grounds for
use in each experiment. The suspended sediment concentration was monitored in
each test by removing a 200 ml water sample approximately every 4 to 8 hours.
The sample was then filtered through pre-weighed 0.5-um membrane filters,
desiccated, and re-weighed. Two replicate tests (with 100 to 200 eggs per lest)
were performed for each target suspended sediment concentration, Differences in
relative and absolute hatching success for striped bass eggs exposed to various
suspended sediment concentrations at different developmental stages (e.g.,
gastrula, early blastula) were tested for statistical significance by analysis of
variance.
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Schubel and Wang (1973) exposed striped bass eggs 1o suspended
sediment concentrations ranging from an average of 0 to 678 mg L-! during the
blastula and gastrula stage. These tests were characterized by a high variance in
relative hatching success between replicate tests at each suspended sediment con-
centration. The absolute hatching rate, expressed as a percentage of the eggs in
each test which successfully hatched, of striped bass eggs exposed o various
suspended sediment concentrations during the gastrula stage (Fig. 3}, showed no
evidence of a relationship between hatching rate and exposure to suspended
sediment concentrations within the range tested. These results showed that sus-
pensions of natural, fine-grained sediments in concentrations of up to approxi-
mately 700 mg L1 had no staustically significant effect on hatching success of
striped bass eggs. Thus, Schubel and Wang concluded from these studies that
exposure of striped bass eggs to concentrations of suspended sediments within
the range tested did not significantly affect hatching success. Similar conclu-
sions were drawn by Schubel and Wang for yellow perch, white perch, and ale-
wife included in their laboratory investigation,

Schubel et al. (1974) and Auld and Schubel (1974) also reported results
of experiments in which striped bass eggs were exposed to elevaied suspended
sediment concentrations. Essentially, the experimental design of these tests was
similar to Schubel and Wang (1973) but several modifications were made o
reduce variability in suspended sediment concentrations. Using this modified
system, sediment suspensions with concentrations up to 1,000 mg L-! were
maintained within approximately £10%. Sediments c¢ollected from Chesapeake
Bay having a setling velocity of less than 5 x 102 cm/sec and particle size
ranging from approximately 1 10 4 um were used in these ests. In addition to
controls, striped bass eggs (100-300 per test) were incubated at various stages of
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Figure 3. Hatching success of striped