Final Research Report
Research Project T1803, Task 42
Effects of Turbidity on Salmon

EFFECTS OF TURBIDITY AND SUSPENDED SOLIDS ON
SALMONIDS

by
Jeff Bash Cara Berman
Research Technician Research Scientist

Susan Bolton
Associate Professor and Director
Center for Streamside Studies
University of Washington, Box 352100
Seattle, Washington 98195

Washington State Transportation Center
University of Washington, Box 354802
University District Building
1107 NE 45" Street, Suite 535
Seattle, Washington 98105-4631

Washington State Department of Transportation
Technical Monitor
Edward Molash
Environmental Affairs

Prepared for

Washington State Transportation Commission
Department of Transportation
and in cooperation with
U.S. Department of Transportation
Federal Highway Administration

November 2001



Disclaimer

The contents of this report reflect the views of the authors, who are responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the Washington State Transportation
Commission, Department of Transportation, or the Federal Highway Administration.

This report does not constitute a standard, specification, or regulation.

il



TECHNICAL REPORT STANDARD TITLE PAGE

1. REPORT NO. 2. GOVERNMENT ACCESSION NO. 3. RECIPIENT'S CATALOG NO.
WA-RD 526.1

4. TITLE AND SUBTITLE 5. REPORT DATE

EFFECTS OF TURBIDITY AND SUSPENDED SOLIDS November 2001

ON SALMONIDS 6. PERFORMING ORGANIZATION CODE

7. AUTHOR(S) 8. PERFORMING ORGANIZATION REPORT NO.

Jeff Bash, Cara Berman, Susan Bolton

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

Washington State Transportation Center (TRAC)

University of Washington, Box 354802 1. CONTRACT OR GRANT NO.
University District Building; 1107 NE 45th Street, Suite 535 Agreement T1803, Task 42
Seattle, Washington 98105-4631

12. SPONSORING AGEI\{CY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED
Research Office Draft Research Report

Washington State Department of Transportation
Transportation Building, MS 47370

Olympia, Washington 98504-7370 14 SPONSORING AGENCY CODE
Jim Toohey, Project Manager, 360-407-0885

15. SUPPLEMENTARY NOTES

This study was conducted in cooperation with the U.S. Department of Transportation, Federal Highway
Administration.

16. ABSTRACT
Protection of Washington State’s salmonids requires that transportation officials consider the

effect of suspended sediments released into streams during transportation projects. Many state and
provincial criteria are based on a threshold of exceedance for background levels of turbidity. However,
determining natural background levels of turbidity is a difficult endeavor.

The inconsistent correlation between turbidity measurements and mass of suspended solids, as
well as the difficulty in achieving repeatability using turbidimeters contributes to concerns that turbidity
may not be a consistent and reliable tool determining the effects of suspended solids on salmonids.
Other factors, such as life stage, time of year, size and angularity of sediment, availability of off-channel
and tributary habitat, and composition of sediment may be more telling in determining the effect of
sediment on salmonids in Northwestern rivers.

For short-term construction projects, operators will need to measure background turbidities on a

case by case basis to determine if they are exceeding regulations. However, transportation projects may
also produce long-term, chronic effects.

To adequately protect salmonids during their freshwater residence, TSS data on physiological,
behavioral, and habitat effects should be viewed in a layer context, incorporating both the spatial
geometry of suitable habitat and the temporal changes associated with life history, year class, and
climate variability. Spatial and temporal considerations provide the foundation to decipher legacy
effects as well as cumulative and synergistic effects on salmonid protection and recovery.

17. KEY WORDS 18. DISTRIBUTION STATEMENT

Turbidity, salmonids, suspended solids No restrictions. This document is available to the
public through the National Technical Information
Service, Springfield, VA 22616

19. SECURITY CLASSIF. (of this report) 20. SECURITY CLASSIF. (of this page) 21. NO. OF PAGES 22. PRICE

None None




Table of Contents

L INETOAUCTION .ttt e e e et e e e et e e e eeetaeeeeeeareeeeeenreeens 1
LB D 1S5 51T 56 1 TP 3
IMEASUREMENTS .....uutiiieiitieeeitteeeeetteeeeetseeeeeaseeaassseseassseesasssseaassseesaasssesessssesaassssseasssseessssssassesesssssesesnssens 3
LIMITATIONS OF USING TURBIDITY AS A MEASUREMENT ......cuuvtiiiieeiiiiiiiiereeeeesinrieeeeeesessnrrnseeessesssssssseseens 5
TURBIDITY METERS .....cccttiiiiiittieeiteeeeeetteeeesiteeeeetseseeetsseeesasaseaastseseaasssesessssesaassseseassssseessssseasssesesasssesessses 6
SUMMARY ...ittitieiitteeetteeeetteeeessteeessseaesseseeeassssesaasssseeasssseeasssseesasssseesssssessssssessssssseessssssessssseesssssseesssseeenns 6
III. Natural Background Levels of Turbidity in the Pacific Northwest.............cccccceveenneee. 7
SUMMARY ...utttiutteeteeeitteeetteetteesteeetaeeseeasseeesseessseeanseessseeessessssseassessssesssseesnsessssessssesssseesssesssseesssesssseesssesnsses 8
IV. Effects of Turbidity and Suspended Solids on Salmonids............cccecvverciierieniienieennnn. 9
RANGE OF EFFECTS ON SALMONIDS ......uuuiiiiitieeeeitieeeeeeeeeeeiteeeeeeteeeeeeaeeeeeaeeeeeesaeseeeseeeeenneseseeareseeeseeeeenneas 9
CUMULATIVE EFFECTS ...ttt e e e e et e e e e e e eaee e e e eaae e e eeaaeeeeenaeeeeeneeeeenneas 10
ENVIRONMENTAL FACTORS AFFECTING THE EFFECT OF SEDIMENT ON SALMONIDS.........ccoovvieeeeiuneeeennne.. 11
REDUCTION IN BUFFERING CAPACITY ...uveeuveeitriesereenieeeneeetreesseeessseesseesssseessessssssessesssssssssessnsessssessnsessnsees 12
RESEARCH SUMMARY ....eottieiiieeiiiienteeiteesteessseessseessseesssesssseesssesssssessessssssessessssssessessnsssessessssessssessnseesssees 13
NOTE ON TURBIDITY AND SEDIMENT STUDIES .....cccuuterttertttertieestreenseeessreeseeessseesseesssssessesssssessssessssseseeses 14
A. PHYSIOLOGICAL EFFECTS ...ttiieiutieieeitieeeiitteeeeteeeeetteeeesaseeeaasssesesssssesssesaassssesessssesssssesssssssesessssens 14
GIIIU T VQUIA ... e e 15
BIOOA PRYSIOIOZY ..........oooveiieiieieiieeeeeete ettt ettt et sbe e sne e ene e 16
OSMOFEGUIALION ...ttt ettt 17
Reproduction And GFOWER .................cccciuiioiiiiiiiet ettt 17

B. BEHAVIORAL EFFECTS ....ccuuttteeitvteeeetteeesirteeessseseasssaeesssssesasssssessssssessssssssssssessssssssssssssessssssessssssens 19
AVOUAANCE ..ottt ettt e e 19

T FTLOFIAITLY ... ettt ettt ettt ettt e ae e et et et et e s e eneenneenneeeeenes 20
Foraging and Predtion ...................cocccoiviiiiiiiii oottt ettt 21
Abundance and DIVerSity Of PFeY.........c.oociiii ittt 25
MECTOFAUIA ..ottt ettt a ettt et b e ettt e s e enee e 26
PUIMATY PUOGUCTION ...ttt sttt e s e e e s e e ssb e e s sbaensseansseensseas 27
HOMING QNA MEGVALION ...ttt ettt ene e 28

C. HABITAT oottt e e et e e et e e e e ata e e e s ataaeeeabeeeaaatseeesassseeetseeaensssesennnneas 29
Increased EMBEdAdeduess...............ccccc.euiiiieaeeeiiiieeeeeeeee ettt 29
Reduction in Habitat Complexity and ADURAANCE....................cccoccooiioiiciiiiniiiiiiiieteeeee e, 30
REJUGIA. ...ttt e 30
Alterations t0 HYPOFREIC INPULS..............ccoiouiiieiiie ettt eneeeaeeeaeens 30
INOTE OF BUIL THOUL ...ttt 31
Specific Road and Devegetation Effects ...............ccuiiiiiiiiiiiiiiieie ettt 31
PREVIOUS LITERATURE REVIEWS : LLOYD (1987) AND NEWCOMBE AND MACDONALD (1991) ............. 32

V. Assessment of Whether Emulsion Characteristics of Turbidity have a
Significant Differential Effect on Salmonid Survival, Growth, and

ReProduCtion. ........eiiiiiieiie e e e 44

SUMMARY ...ttt sttt e b s ettt a e s h e b s e a et b e s 46
VI. Current State and Provincial Turbidity Standards. .........ccccocceviiniiiiniiniininiinicee 47
SUMMARY ...ttt ettt sttt et ettt et bt sh e bt st e as et et e s st e e bt sb e e bt et e s e s et e b saeebeeueean e enne e 50
VII. Turbidity Requirements for HatCheries...........cccveviiriieiiiiiieiiecieeeece e 51
CONTROLLING TURBIDITY AND SUSPENDED SOLIDS IN HATCHERY WATER ....cc.cocueieieniniinienienerererennens 51
OUTFLOW FROM HATCHERIES .....c.eotiitintintinteniteiietetetesteste st et et easenteteste st ebesueeus et ensenaesaesbesueeneeneennensens 52
SUMMARY ...ttt sttt ettt ettt sttt st ettt et e be et b e eaeeat et et e b e st e bt sbeeat e st esa et et e besae e bt eaeeane e ennenee 52
VIII. ReCOMMENAAtIONS ....ccuuiriieiieiieiieitiesie ettt ettt ettt et et e bt et e st e steeneesenens 53



RESEARCH, MONITORING, AND MANAGEMENT RECOMMENDATIONS.......ctttiiiieeiniieeeniiieeeniieeeenireeesanees 53

MEOASUFCINCHL ...ttt e e e e e e e e et e e e e e e e e e e e e e e e e e e e e ennes 53
SCOATMENE EffECES. ..ottt ettt ettt ettt 54
MANGGEMENL ... ettt ettt ettt 54
ESTABLISHING BASELINE TURBIDITY VALUES.......cuutitiiiiiiieiiiieeeeeeeeeeiitrereeeeeeesitaereeeeeeesssasseeeseseeesnsseeeees 55
REGULATORY SUGGESTIONS IN THE LITERATURE .....cccetiiiiiiiieiieeeeeeeeieeeeeeeeeeeeenneeeeeesesssnnnaneseesesssnnnnsseeeess 55
IX . SUMIMATY eiiieiiiiiee ettt e e e et e e e st e e e snnsaeeeeensaeeeesnsaeeesnnnees 57
Bibliography ......oouiii e e 58
IV D SIS . . ettt e et e e e e et ae e e e —————————aaareraa———— 65
Appendix A 1999 Washington State Water Quality Data ............ccoceeviiiiienieniiieieeenee, 1
Appendix B Tables from Newcombe and MacDonald (1991) ........cccceeveiveviiiiniiiecieee, 1
Appendix C Individual State Turbidity Standards............ccceeevierieriiieniiiniieieeieeeeeee 1
ALASKA STATE TURBIDITY STANDARDS . ....uuuvtttteiiiiiitttteteeeeeeiistereeeseeessssssseesesssssasseeesssssmsssseeesssssssssseeeees 1
IDAHO STATE TURBIDITY STANDARDS......uuutttiieeiiiiitierteeeeeeieirreeeeeesessaaseeseesssensrssressssssmsssesesessssmmsisseeeees 2
OREGON STATE TURBIDITY STANDARDS ....vvvviieiiiiiittereeeeeeeiiituereeeeeesesssaseeseesssesssassessssesmmsssssessssssmnsssseeeees 3
WASHINGTON STATE TURBIDITY STANDARDS .....otiuutttiieeeeiiitieeeeeeeeeeeiieeeeeeeeeeensssereeessesssssesessessssssnnsesees 4
BRITISH COLUMBIA STANDARDS ....cooiiiiiiiitterieeeeeeiiitterteeeeeeieiisrreeeseeeessissssssseseesnisresessssesmsssssssesessmnsissesses 5
EUROPEAN INLAND FISHERIES ADVISORY COMMITTEE (EIFAC) .....oooviiiieiieiieiecieceee e 6
Appendix D Total Maximum Daily Loads ..........cccoocueiiiiniiiiiiiieiieiecee e 1
UMATILLA TMDL (OREGON) ...eiiuttieiieeiieeteeeiteeteeeteeeveeeteeesseessaeessessssaaasseesssesassessssssssessssessssessnsesassenns 1
LOWER YAKIMA TMDL (WASHINGTON) .....ceiutteiieeseteenteessreessseessseessseessseessseessseesssesssssessssssssessssesssssensseses 1

J 107N S (O LY 1 D) B3RP RRRRRRTR 3
SUMMARY ettt ettt eeeee e e e e e e ettt e e e e e eeeaaaaa e e e e eeseaaaaaeeeeeeseaaaaaeeeeesseassstsaseeeseeessssaseeeeseesanssaseeeeeeennnnes 3

vi



Tables
Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.
Table 8.

Table A-1.

Table A-2.

Table A-3.

Table B-1.

Table B-2.

Table B-3.

Table C-1.

Table C-2.

Table C-3

Effects of turbidity on salmonids ...........ccceeeeiieeriiieeniiiecee e 10

Some reported effects of turbidity and suspended sediment
concentrations on salmonids outside Alaska (Lloyd 1987)......cccccceuvvenneen. 35

Summary of suspended sediment effects on selected salmonids
commonly present in the Yakima River basin ..........ccccccveeviieenciieenieeennnn. 38

Some reported effects of turbidity and suspended sediment
concentrations on salmonids: 2001 update. .........cccceeeviieeiiieeiiieeieeee, 39

Classification of suspended solids and their probable major effects

ON freShWater €COSYSTEIMS .....uviiiiiiiiiieeciie et e et evee e e e e e aree e 45
Sediment particle size (modified from Waters 1995) .......cccooevveviiiciennnne 45
2001 comparison table of state and provincial turbidity standards............. 49

Numerical turbidity standards for protection of fish and wildlife habitats
in Alaska and other states. ... 50

Discharge (cfs) and turbidity (NTUs) measured in Western Washington
streams during 1988-99 ........coouiiioiiieeee e 1

Turbidity (NTUs) measured in three Western Washington
streams during 1988-99 ........coouiiiiiiieee e 1

TSS (mg/l) measured in three Western Washington streams
during 1988-99 .....ooieeeeee e ]

Summary of data (in situ observations) on exposures to suspended
sediment that resulted in lethal responses in salmonid fishes. ...................... 1

Summary of data on exposures to suspended sediment that resulted
in sublethal responsesin salmonid fishes..........ccccoeeiieviiiiicieenee e, 4

Summary of data on exposures to suspended sediment that resulted

in behavioral responses in salmonid fishes. ..........cccooeeviiieiiiiiiiiicieees 6
Alaska state turbidity standards............cccceeeveeriiiiiieniieiieeee e 2
Washington state turbidity standards ...........cccceeeevieeriiieniieeie e 4
British Columbia turbidity and suspended sediment standards.................... 5

Vil



viii



Summary

Human activities in Northwestern watersheds, including logging, grazing,
agriculture, mining, road building, urbanization, and commercial construction contribute
to periodic pulses or chronic levels of suspended sediment in streams. Suspended
sediment is associated with negative effects on the spawning, growth, and reproduction of
salmonids.

Effects on salmonids will differ based on their developmental stage. Suspended
sediments may affect salmonids by altering their physiology, behavior, and habitat, all of
which may lead to physiological stress and reduced survival rates. A sizable body of data
(laboratory and field-based) has been gathered in North America focusing on the
relationship between turbidity, total suspended sediments, and salmonid health. The
controlled environment of laboratory studies tends to give clearer results than field
studies.

Understanding the relationship between turbidity measurements, suspended
sediments, and their effects on salmonids at various life stages will assist agencies
implementing transportation projects to devise techniques to reduce temporary and
chronic erosion and sedimentation associated with these activities. There are three
primary ways in which sediment in the water column is measured: turbidity, total
suspended solids, and water clarity. While these measures are frequently correlated with
one another, the strength of correlation may vary widely between samples from different
monitoring sites and between different watersheds. Turbidity is currently in widespread
use by resource managers, partially due to the ease of taking turbidity measurements. In
addition, current state regulations addressing suspended sediment are usually NTU-based.
The disadvantage of turbidity is that it is only an indicator of suspended sediment effects,
rather than a direct measure, and may not accurately reflect the effect on salmonids.

Protection of Washington State’s salmonids requires that transportation officials
consider the effect of suspended sediments released into streams during transportation
projects.

Many state and provincial criteria are based on a threshold of exceedance for
background levels of turbidity. However, determining natural background levels of
turbidity is a difficult endeavor. Turbidity measures may be affected by 1) differing
physical processes between watersheds including geologic, hydrologic and hydraulic
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conditions; 2) legacy issues (activities historically conducted in the watershed); and 3)
problems with instrumentation and repeatability of turbidity measurements. Altered
systems may not provide accurate baseline conditions.

The inconsistent correlation between turbidity measurements and mass of
suspended solids, as well as the difficulty in achieving repeatability using turbidimeters
contributes to concerns that turbidity may not be a consistent and reliable tool
determining the effects of suspended solids on salmonids. Other factors, such as life
stage, time of year, size and angularity of sediment, availability of off-channel and
tributary habitat, and composition of sediment may be more telling in determining the
effect of sediment on salmonids in Northwestern rivers.

Although salmonids are found in naturally turbid river systems in the Northwest,
this does not necessarily mean that salmonids in general can tolerate increases over time
of suspended sediments. An understanding of sediment size, shape, and composition,
salmonid species and life history stages, cumulative and synergistic stressor effects, and
overall habitat complexity and availability in a watershed is required.

For short-term construction projects, operators will need to measure background
turbidities on a case by case basis to determine if they are exceeding regulations.
However, transportation projects may also produce long-term, chronic effects. Short-
term pulses will presumably have a different effect on salmonids than chronic exposure.

To adequately protect salmonids during their freshwater residence, TSS data on
physiological, behavioral, and habitat effects should be viewed in a layer context
incorporating both the spatial geometry of suitable habitat and the temporal changes
associated with life history, year class, and climate variability. Spatial and temporal
considerations provide the foundation to decipher legacy effects as well as cumulative

and synergistic effects on salmonid protection and recovery.



I. Introduction

Human activities in Northwestern watersheds, including logging, grazing,
agriculture,

mining, road building, urbanization, and commercial construction have often
resulted in periodic pulses or chronic levels of suspended sediment in streams.
Suspended sediment is associated with negative effects on the spawning, growth, and
reproduction of salmonids (e.g., Noggle 1978, Berg 1982, Lloyd et al. 1987, Reid 1998).

Effects on salmonids will differ based on their developmental stage. Suspended
sediments may affect salmonids by altering their physiology, behavior, and habitat, all of
which may lead to physiological stress and reduced survival rates. A sizable body of data
has been gathered in North America focusing on the relationship between turbidity, total
suspended sediments, and salmonid health.

Recent listings of salmonids under the Endangered Species Act (ESA) and the
desire to protect and restore declining stocks have increased interest in the relationship
between the release of fine sediment and salmonid productivity and survival. The
purpose of this report is to provide an analysis of the current state of the science
regarding the relationship between turbidity levels and the survival, reproduction, and
growth functions of salmonids. We will also examine research that measures the effect
of total suspended sediment on the health of salmonids.

Transportation projects often include activities that may negatively affect water
quality, via disturbance of instream sediments for bridge and culvert construction or
stormwater runoff from transportation construction sites (E. Molash, pers. commun.).
Road-related erosion may significantly increase chronic turbidity levels in streams (Reid
1998). Roading may also affect subsurface flows, affecting upwelling in the stream
(Sedell et al. 1990). It should be noted that much of the research on the effects of roads
on suspended sediment and turbidity has focused on unpaved forest roads.

Understanding the relationship between turbidity measurements, suspended
sediments, and their effects on salmonids at various life stages will assist agencies
implementing transportation projects to devise techniques to reduce temporary and
chronic erosion and sedimentation associated with these activities. Methods such as soil

covers, project staging, land clearing windows, and water treatment systems could be



implemented to prevent occurrence of critical turbidity levels (E. Molash, pers.

commun.).



II. Definitions

Measurements

There are three primary ways in which sediment in the water column is measured:
turbidity, total suspended solids, and water clarity. Although these three metrics measure
different aspects of suspended sediments, they are often incorrectly used in research
papers (A. Steel, pers. commun.). While these measures are frequently correlated with
one another, the strength of correlation may vary widely between samples from different
monitoring sites and between different watersheds (Duchrow and Everhart 1971, A.
Steel, pers. commun.). For example, parent material in a basin, weathering rate, texture
of sediment and soils produced through weathering and erodibility all have a great
influence on the amount, texture, and behavior of fine sediments in streams (Everest et al.
1987).

Turbidity is an optical property of water where suspended and dissolved
materials such as silt, clay, finely divided organic and inorganic matter, chemicals,
plankton, and other microscopic organisms cause light to be scattered rather than
transmitted in straight lines. Measurements of turbidity have been developed to quickly
estimate the amount of sediment within a sample of water and to describe the effect of
suspended solids blocking the transmission of light through a body of water (Lloyd
1987).

Turbidity is usually measured by nephelometry — the relative measurement of
light scattering through a restricted range of angles to the incident light beam. Typically,
nephelometers detect light scattered by a water sample usually at 90° to the incident
beam. Nephelometric turbidity units (NTUs) are used as a rough index of the fine
suspended sediment content of the water (Davies-Colley and Smith 2000). In the past,
turbidity was measured using Jackson Turbidity Units (JTUs). The Jackson Candle
Turbidimeter was limited in that it could not measure turbidities lower than 25 JTU and
was dependent on human judgment (Web Site Ref. #3). At high turbidities, JTUs and
NTUs are roughly equivalent (Lloyd 1987). Please note that JTUs are only used in this
report in tables culled from previous literature reviews.

Total Suspended Solids (TSS) represents the actual measure of mineral and

organic particles transported in the water column. TSS is an important measure of



erosion, and is linked to transport of nutrients, metals, and industrial and agricultural
chemicals through river systems. Suspended sediment consists primarily of silt and clay-
size particles that may be rapidly transported downstream and locally deposited on
floodplains and overbank storage locations or may infiltrate into gravel interstices of the
bed (Everest et al. 1987). Note that in older literature, TSS may also be referred to as
suspended sediment concentration (SSC). This term will be used in the literature review
where appropriate. Fluctuating TSS levels may influence aquatic life from fish to
phytoplankton. Fine particles may carry substances that are harmful or toxic to aquatic
life.

TSS is determined by measuring the residue in a well-mixed sample of water
which will not pass a standard (glass fiber) filter. The residue trapped on the filter is
dried (103-105 °C) and reported in units of weight per volume (typically mg/I) (Sorenson
etal. 1977).

Water clarity, a direct measure of visible distance through water is another
important measure related to the presence of sediment in the water column. Visual water
clarity describes the distance that an organism can see underwater. Water clarity is
affected by suspended and dissolved materials (Davies-Colley and Smith 2000).
Correlations between visual water clarity and turbidity (NTU) or TSS may vary
dramatically between watersheds.

Changes in water clarity alter the balance between predators and prey and may
have a strong effect on individual behaviors (A. Steel, pers. commun.). Historically,
water clarity has been measured with a Secchi disk, a black and white disk submerged
vertically into the water until it can no longer be seen (Davies-Colley and Smith 2000).

Three water quality tests are related to sedimentation in streams:

Turbidity Total Suspended Solids Water Clarity

Measure of the refractory Actual measure of the Measure of visual distance
characteristics of material in | amount of sediment in the water column

the water. Not always suspended in the water

correlated with total column

suspended solids




Limitations of Using Turbidity as a Measurement

The widespread use of turbidity as a water quality standard and indicator of
suspended solid concentration can, at least in part, be attributed to the ease and cost of
using a nephelometric turbidity meter in the field (Davis-Colley and Smith 2000) in
comparison to the direct measurement of suspended solids. Duchrow and Everhart
(1971) noted that direct measurement of settleable solids is difficult and time consuming.

Turbidity cannot always be correlated with suspended solid concentrations due to
the effects of size, shape, and refractive index of particles (Sorenson et al. 1977).
Duchrow and Everhart (1971) noted that turbidity measurements are primarily useful if:
1) a major portion of the total turbidity is contributed by settleable solids; 2) a
relationship exists between turbidity readings and weight per unit of volume of suspended
sediment and; 3) if a reliable meter is available.

Duchrow and Everhart (1971) tested different materials to determine if similar
turbidity readings were obtained at the same concentration. At higher turbidity readings,
they found a poor correlation between readings and suspended sediment concentrations
(SSC) for all materials tested. Duchrow and Everhart (1971) questioned the use of
turbidity as a parameter for establishing water quality standards, as too many factors must
remain constant before a turbidity measurement can be converted to a corresponding
SSC.

The relationship between turbidity and SSC may also change along a downstream
gradient from a sediment source. Larger particles, which generally produce less turbidity
per unit concentration than smaller particles, gradually settle out, thus shifting the
turbidity versus SSC relationship to a higher NTU per unit SSC in reaches progressively
farther down stream (Lloyd 1987).

Davies-Colley and Smith (2000) have suggested that water clarity is a more useful
measure for determining the effect of suspended solids. These researchers suggest that
turbidity is only a relative measurement that has no environmental relevance in itself,
unless calibrated to clarity or some other absolute optical quantity or to suspended

sediment mass concentration, at each site of interest.



This research implies that turbidity may not be a reliable tool for determining the
effects of suspended solids on salmonids. The inconsistent correlation between turbidity
measurements and mass of suspended solids, as well as the difficulty in achieving

repeatability using turbidimeters contributes to concerns regarding this technique.

Turbidity Meters

The consistency of turbidimeters is an issue of concern. Duchrow and Everhart
(1971) tested three different turbidimeters and found that there was a highly significant
difference between readings on the same sample of suspended sediment. Further
examination revealed increasing variance between readings with an increase in turbidity.
Highly significant differences were also present between readings obtained on the seven
materials for each meter. Recent studies in King County also noted problems with

reliability and consistency of turbidimeters (D. Booth, pers. commun.).

Summary

Turbidity, TSS and water clarity are three common measures used to determine
the effect of suspended sediment on salmonids. Turbidity is currently in widespread use
by resource managers, partially due to the ease of taking turbidity measurements. In
addition, current state regulations addressing suspended sediment are usually NTU-based.
The disadvantage of turbidity is that it is only an indicator of suspended sediment effects,
rather than a direct measure, and may not accurately reflect the effect on salmonids.

Other factors, such as life stage, time of year, size and angularity of sediment,
availability of off-channel and tributary habitat, and composition of sediment may be
more telling in determining the effect of sediment on salmonids in Northwestern rivers.
In addition, many watersheds have been affected by land use that alters sediment input
and transport, and therefore do not provide accurate baseline conditions. Unaltered
systems display wide ranges of turbidity over space and time, and therefore long-term

data are needed to understand baseline conditions.



III. Natural Background Levels of Turbidity in the Pacific Northwest

Determining natural background levels of turbidity is a difficult endeavor.
Turbidity measures may be affected by 1) differing physical processes between
watersheds; 2) legacy issues (activities historically conducted in the watershed); and 3)
problems with instrumentation and repeatability of turbidity measurements (as mentioned
in the previous section).

Turbidity can vary between watersheds, based on the geology of each particular
basin. For example, systems fed by glacial meltwater often have higher turbidities than
other systems (Lloyd et al. 1987). In addition, tributaries and stream segments within the
same system may have widely divergent background turbidities. Headwater streams tend
to be less turbid then mainstems or estuaries — faster flowing water transports suspended
sediment downstream quickly. The patchiness of turbidity, both spatially and temporally,
influences how salmonids use a river system in various life stages (Sedell et al. 1990).

In Northwestern watersheds, natural background turbidity varies on a seasonal
basis depending on when precipitation and runoff occur (higher in spring in the Fraser
River, Servizi and Martens 1987) and depends on the hydrologic regime (lowland
Washington streams typically see higher turbidity in fall and winter; Appendix A).
Increased rainfall and storm events usually produce an increase in erosion and transport
of sediments deposited in streams. Monitoring at specific sites throughout a watershed
would allow managers to understand the range of change that occurs at a particular site
and across the watershed. Methods of monitoring turbidity vary in quality and
convenience and their effectiveness changes with stream size (E. Ritzenthaler, pers.
commun.).

The State of Washington’s 1999 Water Quality Data Report provides water
quality data points for a number of Washington state creeks and rivers, including
turbidity measurements (Web Site Ref. #11). Twelve measures were taken between the
end of 1998 and September of 1999. Monthly values for turbidity from this report for
four sites (two on the Stilliguamish, one on the Skagit, one on the Samish) are in
Appendix A. Note the fluctuation in turbidity at some of these monitoring stations over
a twelve month period. In order to determine “natural background turbidity,” continuous

measurements would be necessary over time and across space. Historical and current



changes to the system affecting sediment input and processes, load, and transport must
also be understood. This data set does not provide enough context to determine “natural
background turbidity.” In addition to state water quality data, a sample of data collected
by King County METRO is included in Appendix A. Three rivers were sampled in
1988-1999 to determine where turbidity and total suspended solids were of concern.
Without continuous monitoring throughout a basin, turbidity data only provides a
series of scattered data points that are not linked to temporal or spatial parameters of the
watershed. Without this context, it is difficult to make a determination regarding how
turbidity levels are affecting the system. This problem is inherent in the collection of

water quality data and development of water quality criteria.

Summary

In order to develop “natural” background turbidities, a stratified sample allowing
one to differentiate between different physical and biological processes affecting
watersheds is necessary. Continuous sampling across these systems may also provide
information on how salmonids persist within highly variable systems. The historical
legacy of systems is also an important and necessary factor to consider in evaluating this

information.



IV. Effects of Turbidity and Suspended Solids on Salmonids

Sedimentation derived from land use activities is recognized as a primary cause of
habitat degradation in the range of west coast chinook, steelhead, cutthroat, and bull trout
(USFWS 1998, Web Site Ref. #6). Land-use practices, through alteration of vegetation,
hydrology and soil structure can alter the delivery of fine and coarse sediments to
streams, thus affecting salmonid habitats. Sediment delivery rates and composition are
controled by topography, climate, geology, hydrology, and vegetation (Spence et al.
1996).

The alteration of upslope hydrological and erosional processes with associated
changes in instream hydrological, erosional, and depositional processes has resulted in a
reduction in channel depth and increased fine and course sediment load. Logging,
grazing, irrigation, stream channelization, chemical and nutrient applications, mining,
agriculture, road construction, dam development and operation, and urban and rural
development have played a role in altering upslope and instream physical and biological

processes (Berman 1998).

Range of Effects on Salmonids

A range of studies have illustrated the effect of turbidity levels beyond natural
background on the physiology and behavior of salmonids (Lloyd 1987, Everest et al.
1987, Newcombe and MacDonald 1991, Gregory and Northcote 1993). Lloyd (1987)
suggested that high levels of suspended solids may be fatal to salmonids, while lower
levels of suspended solids and turbidity may cause chronic sublethal effects such as loss
or reduction of foraging capability, reduced growth, resistance to disease, increased
stress, and interference with cues necessary for orientation in homing and migration.

Salmonid populations not normally exposed to high levels of natural turbidity or
exposed to anthropogenic sediment sources may be deleteriously affected by levels of
turbidity considered to be relatively low (18-70 NTU) (Gregory 1992). Low levels of
turbidity appear to correspond to sediment concentrations that may adversely affect

coldwater salmonids (Lloyd 1987).



Newcombe and MacDonald (1991) grouped effects of sediment on salmonids into

three categories: lethal, sublethal and behavioral.

Lethal effects kill individual fish, cause overall population reductions, and
damage the capacity of the system to produce future populations. This category
includes reductions caused by sublethal or behavioral effects.

Sublethal effects relate to tissue injury or alteration of the physiology of an
organism. Effects are chronic in nature and while not leading to immediate death,
may produce mortalities and population decline over time.

Behavioral effects are described by any effect that results in a change of activity
usually associated with an organism in an undisturbed environment. These
changes may lead to immediate death or population decline or mortality over
time.

It is apparent that salmonids have the ability to cope with some level of turbidity

at certain life stages (Gregory and Northcote 1993). Evidence of this is illustrated by the

presence of juvenile salmonids in turbid estuaries prior to leaving for the ocean and in

local streams characterized by high natural levels of glacial silt, and therefore high

turbidity and low visibility (Gregory and Northcote 1993).

Table 1. Effects of turbidity on salmonids

Physiological Behavioral Habitat
gill trauma avoidance reduction in spawning habitat
osmoregulation territoriality effect on hyporheic upwelling
blood chemistry foraging and predation reduction in BI habitat
reproduction and growth homing and migration damage to redds

Cumulative Effects

Ecological setting, landscape and evolutionary processes, and the physiological

and behavioral response to sediment regime alteration are each important and contribute

to our understanding of species response to turbidity. Therefore, it is important to

examine a system as opposed to single effects or sites — without ecosystem based options

for salmonids, species flexibility is diminished in responding to variable sediment loading

(Berman 1998).
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Anthropogenic disturbances often differ from natural disturbances in magnitude,
frequency, and duration of events. Cumulatively, anthropogenic disturbances may
decrease system heterogeneity, as well as connectivity. This reduces refuge options
available to species during disturbance events. Altered levels of turbidity are just one of
many conditions that may have a cumulative effect on the health and survival of salmon
stocks.

While many laboratory studies have been performed to determine the effect of
sediments on salmonids, the cumulative effect on salmonids is difficult to capture. Many
of the effects on salmon are synergistic in nature; one effect can lead to a host of other
effects that may affect the growth, reproduction, and survival of the fish. The following

factors mediate effects of sediment on salmonids.

Environmental Factors Affecting the Effect of Sediment on Salmonids

Duration of exposure

Frequency of exposure

Toxicity

Temperature

Life stage of fish

Angularity of particle

Size of particle

Type of particle

Severity/magnitude of pulse

Natural background turbidity of area (e.g. watershed position, legacy)
Time of occurrence

Other stressors and general condition of biota
Availability of and access to refugia

Salmonid response (often measured in terms of physical stress) is dependent on
environmental factors such as duration of exposure and temperature (Servizi and Martens
1992). Rogers (1969) suggested that the variability in tolerance to suspended sediment
could be explained by sediment particle characteristics, water temperature, species
differences and other stressors that might have synergistic effects.

An example of a synergistic effect of sediment can be illustrated by examining the
avoidance response of salmonids to turbid water. Life history stages and populations
sensitive to sediment loads may be forced to move to other areas of the system to avoid

negative effects on survival. These “turbidity refugia” must be available and accessible.
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Stream reach or segment emigration is a bioenergetic demand that may affect the growth
or reproductive success of the individual.

To illustrate seasonal and population differences, an example from the Western
Olympic Peninsula is provided. H. Michael (pers. commun.) suggested that fish respond
differentially to TSS in summer and winter. He noted that protective mucous secretions
are inadequate during summer months and thereby expose individuals to increased risks.
There are also salmonid populations that thrive in glacially turbid streams. However,
biological and physical mechanisms related to these systems are unclear. Finally,
“turbidity refugia” such as tributaries, sloughs, off-channel habitat, and lakes are
important during different parts of the year. Organismic response to variables such as

TSS require further understanding and evaluation.

Reduction in Buffering Capacity

The overall buffering capacity of a system may be reduced by frequent sediment
loading. Salmonids are known to use refugia in a river system to escape negative water
quality conditions, such as high temperatures (Berman and Quinn 1991). For example,
bull trout seek out side channels in the winter during high flow periods for protection
(USFWS 1998). Sediment may also cover intergravel crevices fish use for shelter
(Waters 1995). In laboratory experiments, it has been shown that salmonids will move to
less turbid waters, if available, after a short-term pulse (Berg and Northcote 1985).
Bisson and Bilby (1982) illustrated the displacement of salmonids in water with
turbidities greater than 70 NTU. These results suggest that salmonids in a river system
might seek out turbidity refugia when subjected to short-term pulses of sediment.

Loss of acceptable habitat and refugia as well as decreased connectivity between
habitat reduces the carrying capacity of streams for salmonids. In systems lacking
adequate number, distribution, and connectivity of refugia, fish may travel longer
distances or to less desirable habitat and may encounter a variety of other conditions
including increased bioenergetic demands.

Reid (1998) summed up the cumulative effect created by turbidity upon

salmonids in a disturbed system:
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“Salmonid strategies for coping with high turbidity are likely to include use of
off-channel, clean-water refugia and temporary holding at clean-water tributary
mouths. These coping strategies are partially defeated by the spatial distribution
of roads: road runoff discharges into low-order channels that once would have
provided clean inflows, and riparian roads restrict access to flood-plain and oft-
channel refugia. The temporal distribution of the high-turbidity inflows also
decreases the effectiveness of coping strategies: turbidities are high even during
low-magnitude events when flows may not be sufficient to allow access to
refugia. The combined influences of increased turbidity and restricted
opportunities for escape from the effect constitute a cumulative effect. Further,
traffic-related turbidity is highest during the day, when salmonids feed, and traffic
produces high turbidity even during small and moderate storm flows of autumn
and spring, when water is warmer than during winter floods. Because salmonid
metabolic rates are temperature-dependent, salmonids may be particularly
sensitive to these unseasonable bouts of high turbidity.”

In consideration of the effect of increased turbidities upon salmonids, the current
state of available habitat and refugia must be examined. Can a watershed, given past
management practices, provide the protection needed to salmonids at various life stages if
additional sediment pulses are released?

It is also important to note in reviewing the following section that much of the
research undertaken to examine turbidity effects on salmonids was performed in
laboratories, where control turbidities do not necessarily reflect field conditions, such as

prey quantities and other potential synergistic effects.

Research Summary

The purpose of this section is to review recent research regarding the effect of
turbidity and suspended sediments on salmonids. The research is summarized in three
sections:

A. Physiological effects

B. Behavioral effects

C. Habitat effects

Physiological effects cover stressors to the physical health of salmonids attributed
to the presence of high turbidity or high levels of suspended solids. Some indicators of

stress to salmonids that have been studied include gill trauma, blood sugar levels, and

osmoregulatory function.
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Behavioral effects cover changes in activity attributed to increased sediment in
the water column. Behavioral effects reviewed here include avoidance, changes in
foraging ability, responses to predation risk, and reduced territoriality.

Habitat effects cover changes to spawning and rearing habitat of salmonids.

Note on Turbidity and Sediment Studies

Most laboratory studies examine the effect of sediment on salmonids in a
controlled environment, where individual variables are tested. Everest et al. (1987) note
that there are significant difficulties in extrapolating laboratory findings to the field.
Many laboratory survival studies use simplified unnatural gravel mixtures to test
incubation and emergence of salmonid fry. Other factors that may affect results include
disease organism presence, temperature, and prey availability.

The authors note that factors in streams, such as structural roughness and
spawning behavior of females complicate field application of laboratory studies. Studies
dealing with effects of sediment from forest management in natural environments have
been less conclusive, as increased fine sediment from forest management is almost
always accompanied by other environmental effects (Everest et al. 1987).

In general, studies focusing on physiological effects (gill trauma, blood chemistry,
osmoregulation, and reproduction and growth) were conducted in a laboratory
environment. Research on behavioral effects included both laboratory and field studies.
Studies related to avoidance, territoriality, foraging and predation were primarily
performed in artificial holding tanks. Field studies, however, were conducted in projects
focused on abundance and diversity of prey, primary production, and homing and
migration. Research related to the effect of sediment inputs on habitat were primarily

performed in the field.

A. Physiological Effects

Turbidity is associated with a number of physiological effects in Pacific salmon
(Berg 1982). Researchers have used several physiological indicators to determine the
effect of incremental increases of suspended sediment on salmonids. The outcome of a

stress response is dependent on synergistic factors such as duration of exposure,
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frequency, magnitude, temperature, and other environmental variables (Servizi and
Martens 1992). Some physiological indicators used by researchers include gill trauma
(Berg 1982; Berg and Northcote 1985), increased levels of blood glucose, plasma
glucose, plasma cortisol, and osmoregulatory ability (Redding et al. 1987; Servizi and
Martens 1987). The stress response itself may compromise the organism’s immune
system (increasing disease susceptibility) thereby affecting mortality rates (USFWS
1998).

Among salmonids, some species may be more sensitive to suspended sediment
than others, and the sensitivity of the egg and juvenile stages of most species seemingly
exceed that of adults (Lloyd 1987). Owing to their extended fresh water residency,
juvenile chinook, coho, and steelhead may be more sensitive to increases in suspended
sediment (Noggle 1978), as opposed to pinks and chum, which spend very little time in
streams after hatching.

Gill Trauma

The presence of suspended sediments in the water column has been shown to
produce gill trauma in sockeye underyearlings (Servizi and Martens 1987), gill flaring in
response to short term sediment pulses (Berg 1982; Berg and Northcote 1985), and
increased coughing frequency (Servizi and Martens 1992).

Fish gills are delicate and easily damaged by abrasive silt particles. As sediment
begins to accumulate in the filaments, fish excessively open and close their gills to
expunge the silt. If irritation continues, mucus is produced to protect the gill surface,
which may impede the circulation of water over gills and interfere with fish respiration
(Berg 1982).

Laboratory Studies

Servizi and Martens (1987) found that the lethality of Fraser River sediments on
underyearling sockeye salmon (Oncorhynchus nerka) increased with increasing particle
size. Fines (0-740 um) lodged in gills and caused gill trauma at 3,148 mg/1 or 0.2 of the
96 h LC50 value. This value is consistent with normal levels of suspended solids
measured at Hell’s Gate on the Fraser River. Particle size and shape may also affect the
degree of damage to the gills (Servizi and Martens 1992). The LC50 decreased as

particle size increased, for particles described as angular to subangular, in their work with
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Fraser River sediments. Sockeye exposed to volcanic ash by Newcomb and Flagg (1983)
experienced greater mortality at lower concentrations, indicating that the combination of
slightly larger, more angular particles in volcanic ash may cause higher mortality.

Cough frequency is a sublethal effect that impairs the respiratory ability of
salmonids. Servizi and Martens (1992) examined the effect of sublethal concentrations
of Fraser River suspended sediments on underyearling coho salmon. Cough frequency
was elevated eightfold over control levels at 240 mg/1 (turbidity of 30 NTUs). Berg
(1982) examined the effect of a short-term sediment pulse (initially 3 days at 60 NTU,
then a reduction on the seventh day to 10 NTU) on coughing frequency of juvenile coho.
In two of four tests, coughing rates increased significantly when turbidity was raised to
60 NTU. As turbidity declined to 10 NTU, coughing declined or remained at
pretreatment levels. Noggle (1978), upon histological examination, found suspended
sediments damaged gill structures. Berg and Northcote (1985) reported increases in gill
flaring after a short-term sediment pulse, reaching 60 NTU. Flaring continued as
turbidity dropped to 30 and 20 NTU.

Blood Physiology

Measures of elevated blood sugars (Servizi and Martens 1992), plasma glucose
(Servizi and Martens 1987), and plasma cortisol have all been used as indicators of stress
in fishes. Physiological stress in fishes may decrease immunological competence,
growth, and reproductive success.

Laboratory Studies

Servizi and Martens (1987) identified increases in plasma glucose in juvenile
sockeye salmon exposed to fine sediment. Plasma glucose levels of adult sockeye
increased 150 and 39% as a result of exposures to 1,500 and 500 mg/I respectively of fine
sediment. Servizi and Martens (1992) noted elevated blood sugar levels in underyearling
coho salmon exposed to sublethal concentrations of Fraser River suspended sediments.

Redding et al. (1987) exposed yearling coho salmon and steelhead to high (2,000-
3,000 mg/1) or low (400-600 mg/1) concentrations of volcanic ash, topsoil and kaolin clay
for 7-8 days. Plasma cortisol levels were elevated in both species after exposure to high
levels of topsoil. Yearling steelhead exposed to high or low concentrations for 2 days

also showed elevated plasma cortisol levels.
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A change in blood physiology is an indicator that a fish is experiencing some
level of stress. At the individual fish level, stress may affect physiological systems,
reduce growth, increase disease incidence, and reduce ability to tolerate additional
stressors. At the population level, the effects of stress may include reduced spawning
success, increased larval mortality, reduced recruitment to succeeding life stages and
overall population declines. Stress to salmonids can affect the parr-smolt transformation,
resulting in impaired migratory behavior, decreased osmoregulatory competence, and
reduced early marine survival (Wedemeyer and McLeay 1981).

Osmoregulation

Laboratory Studies

The process of smolt transformation is critical to successful transfer of juvenile
salmonids from fresh to marine waters. Disruptions of this process lead to osmotic
imbalances and produce sublethal effects and eventual mortality (Redding et al. 1987).
During the smolt transformation process, there appears to be an increased sensitivity to
total suspended solids. Noggle (1978) conducted studies to assess the effects of
suspended sediment upon juvenile salmonids in the stream environment. Results
indicated seasonal changes in tolerance of salmonids to suspended sediment. Bioassays
conducted in summer produced LC50’s less than 1,500 mg/l, while autumn bioassays
showed LC50’s in excess of 30,000 mg/l. Spring/summer bioassays were coincidental to
smolt transformation periods. Sockeye smolts suffered a slight impairment in
hypoosmoregulatory capacity when exposed 96 h to 14,407 mg/1 of fine sediment
(Servizi and Martens 1987).

Reproduction and Growth

Salmonids require gravels that have low concentrations of fine sediments for
successful spawning and incubation (Spence et al. 1996). Chronic turbidity during
emergence and rearing of young anadromous salmonids could affect the quantity and
quality of fish produced (Sigler et al. 1984). Organic matter entering substrate interstices
depletes oxygen and reduces dissolved oxygen concentrations, harming eggs (Spence et

al. 1996).
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Settleable solids may prevent eggs from receiving necessary oxygen and inhibit
removal of waste products within the redd and may create a physical barrier to fry
emergence. The greater the proportion of fine sediments in redds, the greater likelihood
that fry hatching from normally developed embryos will be entrapped and unable to
emerge (Everest et al. 1987). Eggs, larvae, and fingerling fish are generally more
susceptible to stress by dissolved or suspended solids than are adult fish. Intrusion of
fines may occur initially in the upper 10 cm of the streambed gravels (Beschta and
Jackson 1979). The intrusion or infiltration of fines into streambed gravels can thus alter
the quality of the bed for spawning by fish or for use by other instream biota (Everest et
al. 1987).

Sediments may also alter hyporheic inputs thereby reducing the availability of
upwelling areas and potentially decreasing egg to fry survival. Transportation projects
may affect these zones both by contribution of sediment and interception of sub-surface
flow by road networks (Sedell et al. 1990, Poole and Berman 2001).

Intragravel water flow (Vaux 1962; Cooper 1965) and availability of dissolved
oxygen for developing embryos (Cooper 196