.
F‘ﬂ

Turbidity Technical Review DEQ

Summary of Sources, Effects, and Issues Related to Revising the 2 "

Statewide Water Quality Standard for Turbidity il
Quality

Last Updated: 09/7/10
By: Aron Borok
10-WQ-022



This reportprepared by:

Oregon Department of Environmental Quality
811 SW &' Avenue
Portland, OR 97204
1-800-452-4011
www.oregon.gov/deq

Contact:
Aron Borok
(503) 2295050



Table of Contents

EXECUTIVE SUMMARY. ..ottt tmmmee sttt e e et e s smmmmms s e s e e ae e e e e s mmmmme e eeas A
CHAPTER 1. BACKGROUDIAND PURPOSE........cciiiiiiiiiiiitmmmmme e e 4
1Yol [V ox 1o o PO P PR PPRPURRPPRPRRT 4
History of the CUrrent STANAAN............oooiiiiiiiiii e e 5
Scope of the Turbidity Water Quality Standard REVIEW.............ccoiiiiiiiiimiiie it 6
Organization Of thiS HOCUMENT..........uiiiiiiiie ittt ettt e e s ennne s 8
CHAPTER 2. OVERVIEW OFURBIDITY ..ceeiiiiiieie et eeeme e ammmmme e 9
Definition and Relationship to Suspended SOlids............ccooioioiiiiiiie e 9
Sources Of INCreased TUIDIAILY .. .......cccoiiii i e e e et e e e seeeseereeeesamssssneeeeeeeeees 9
Turbidity and Other Measures of Water CIAILY..........cooiiiiiiiiieiiee e 10
Variability among turbidimeters and turbidity UNItS...........ccccooiiiiiiiiin e 12
hiKSNI {41 6§S4Q...0.dzNDB.ARALE .LNAASNR L oo 14
CHAPTER 3. EFFECTSFONCREASED TURBIDIY ON BENEFICIAL USES....... 19
0 [T I = SO 19
ReCreation/AESTNELICS. ......ocviii e DT
WaALET TTEAMEBNT......co i mr e e s e r e e nenens 48
CHAPTER 4. NATURAL XRIABILITY IN TURBIDITY ..ouniiiiiiieeeeece e eemmmme e 51
ConcentratiorDuration-Frequency ANAIYSIS..........coooii i e 52
Turbidity-Discharge Relationships and Land Use IMPaCES.........ccccccvvvivimiimieiinieiiiiiiieeiseeeeseeeeeenennes 55
Longitudinal Patterns in TUrbIdity...........ooooie oo e s n e s amrennnnees 63
CHAPTER 5. CONCLUSNS AND DATA GAPS......oo e 66.
(D F- 1= W 7= 1< TSP TROPP 68
REFERENGCES.......oo it emmmme et sttt e e e et s smmnmme s s et e e e eana s 70.
APPENDIX A. SOURCESF TURBIDITY IN OREGN.........cccoveeiiie e ceeeeme e, A-83



List of Figures

Figure 1. Effects of turbidity that are the focus of this analysis (circled boxes). From USEPA.2006...7

Figure 2. Comparison of readings from two turbidimeters on 77 water samfilesm New Zealand rivers

(DaviesColley and SMIth 200L)-.....ccoiuuiiiiiiiiee ittt et et bbb e e asb e e e ebe e e br e e e e nees 12
Figure 3. Relationship among turbidity readings for eight sensors testetl0 Coast Range, California
watersheds. Colored lines represent one location. Source: Lewis, et al. (2007)......ccccccvvvveernimnnen. 13
Figure 4. Relationship of turbidity to Compensation Point in plageined streams in Alaska (Van
Nieuwenhuyse) andgexperimental streams in Minnesota (Parkhill and Gulliver)............ccccvvvveeeiinns 20
Figure 5. Relationship between turbidity and primary productivity from Lloyd, et al. (1987).............. 21

Figure 6. Relationship of Turbidity and Periphyton Prodocti(Data from Davie€olley, et al. 1992)....21

Figure 7. Relationship between macroinvertebrate density and turbidity ir Biew Zealand streams. Data
from QUINN, €t Al 1992, ——— 23

Figure 8. Relationship between sediment pulses (23 NTUs) duration, in hours, and macroinvertebrate
abundance (black circles) and richness (white squares) at 9 days (top graph)&ddys (bottom graph).

Source: Shaw and RiChardSON (2001)........cuveieeiiiiieieieieeeeeeie et e e e e e e e e e 24
Figure 9. Relationship between PREDATOR score anttdngformed turbidity at Oregon sites. (summer

0 == ) TP 24
Figure 10 Relationship between macroinvertebrate scores and winter turbidity in Oregon Coast Streams.
Data from Mulvey and Hamel 1998.........ccoo ittt e e 25
Figure 11. lllustration of turbidity effects on fiSh...........oooiiiii e, 27
Figure 12. Relationship okactive distance and turbidity for brook trout. Source: Sweka and Hartman
120 1 - TSSOSO 27
Figure 13. Relationship between turbidity and foraging success of cutthroat trout and coho salmon.
Source: Harvey and WhiIte 2008...........ceuiiiiiiiiiiiiii ettt ettt et e e e e e e e e e e e e e e e e e e e s e e e e e aaaaae s 28
Figure 14. Feeding rates of juvenile Chinook salmon on surface, planktonic, and benthic prey at different
turbidity levels. Source: Gregory (L1994)... ..ottt et e 28
Figure 15 Effect of increased turbidity on specific growth rate of brook trout. Source: Sweka and Hartman
02010 ) T USSR 29
Figure 16. Predation of juvenile Chinook salmon by piscivorous fish in streams of different turbidities.
Source: Gregory and MEIGS 1998.... ..o r—ran————————— 30
Figure 17, SEV for various exposure durations and turbidities. Data fromvdéenbe 2003................... 32

Figure 18. Relationship between turbidity and compensation point for Alaskan lakes. From Lloyd, et al.

Figure 19. Relationship between zooplankton density and turbidity in Alaskan lakes. Pata Lloyd, et
L S SNSRI 40

Figure 20. Relationship between turbidity and reactive distance of trout at different light intensities
(Mazur and BeauCham 2003)-.......iuuiiieieeieiit ettt ettt e e e e e s e e e e e e e s bbb e e eme e e e e e e e nnebeeas 41


../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620897
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620898
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620898
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620900
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620900
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620901
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620902
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620903
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620903
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620904
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620904
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620904
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620905
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620905
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620906
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620906
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620907
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620908
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620908
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620909
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620909
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620910
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620910
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620911
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620911
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620912
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620912
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620913
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620914
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620914
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620915
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620915
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620916
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620916

Figure 21. Relationship between turbidity and feedimgte of Lahontan cutthroat trout and redside shiner

(VINYArd @and YUAN 1996).......uuiiieeieiiiieiieeesie e s ittt e e e e e s sntat e e e e s s ams s nteaaeeeeessntetaeeeeesssmsnssseeeeessnnnseneeesd 41
Figure 22. Relationship between eelgrass lower depth limit and light attetiora coefficient in the

Yaquina estuary (Brown, €t @l. 2007)........eeeiiuiieiiiiieeiimieee ettt sime e 46
Figure 23. Relationship between turbidity and feeding rates of juvenile Chinook salmofdifex

(T o] gV RS IS0 ) T TP PO PP PP PP PPPPPTPPPPRN 46
Figure 24. Relationship betweeturbidity and angler catch rate of largemouth bass in an experimental
PONA (Drenner, €1 Al 1997) .. .ii it ciieii e s e e s e s ee e e e e e st ramr e e e s s st e e e e e e e s nnbeae e e e e e e e annraneeeeeennnd 48

Figure 25. Turbidity in Middle Fork Hood River Tributaries, 1999. Source: DEQ LASAR database..51
Figure 26 Turbidity in the North Santiam River basin (data from http://or.water.usgs.gov/grapher/). 52
Figure 27. Turbidity CDF Curves fou8oFork McKenzie River above Cougar Lake. Data from USGS3
Figure 28. Turbidity CDF Curves for Little North Santiam River at Meh&tation. Data from USGS...54

Figure 29. Example of hysteresis effect in turbidity vs. flow relationshkipthe Clackamas River at

Estacada station. Data from USGS (http://or.water.usgs.gov/graphers)........ccccccccvviiiiiceieenennenene. 55
Figure 30. Location of turbiditgata stations in Johnson Creek and Clackamas River from
http://or.Wwater.USQS.QOV/GIAPNEI.. .....ueeiieeeeeeeeeeeeee ettt ettt e e e e e 56
Figure 31. Turbidity vs. Flowlpohnson Creek at Regner Road, 2008. Data from USGS Data Grapher,
http://or.Water.USOS.QOV/GIaPNEI]. .....coiiiiii ettt et st e et e e e smareeeean 57
Figure 32. Turbidity s. Flow, Johnson Creek at Milwaukie, 208@08. Data from USGS Data Grapher,
http://or.Water.USOS.QOV/GIAPNEI]. ....ccoiiiiie ittt ettt et e s smareeeean 57
Figure 33. Turldity vs. Flow, Clackamas River at Estacada, 20089. Data from USGS Data Grapher,
http://or.Wwater.USQS.QOV/GIAPNEI.. .....ueeeieeeeeeeeeeeeee ettt e e e e 58
Figure34. Turbidity vs. Flow, Clackamas River at Oregon City, ZI®. Data from USGS Data Grapher,
http://or.Wwater.USQS.QOV/GIAPNEIT. .....eeeeieeeeeeeeeeeeee ettt 59
Figure 35. Location of turbidity data stations in South Fork McKenzie River from
http://or.Water.USOS.QOV/GrAPNEI]. .....coiiiiie ettt ettt e e s s ee e 60
Figure36. Turbidity vs. Flow, South Fork McKenzie River upstream of Cougar Lake2P085 Data from
USGS Data Grapher, http://or.water.usgs.gov/grapheri...........ooeoiiiiiiimieee e 60
Figure 37. Turbidity vs. Flow, McKenzie River near Vida, 200®. Data from USGS Data Grapher,
http://or.Wwater.USQS.QOV/GIAPNEI.. ....eeeeeieeeeeeeeeeeeeee ettt 61
Figure 38. Location of turbidity data stations in the Rogue River station Sdéutk McKenzie River from
http://or.Water.USOS.QOV/GIAPNEI]. .....coiiiiie ittt ettt e e e e s smareee e 61
Figure 39. Turbidity vs. Flow, Rogue River at Eagle Pab@42005. Data from USGS Data Grapher,
http://or. Water.USOS.QOV/GIAPNEI]. .....coiiiii ittt st e e et e e s smbeee e 62
Figure 40. Turbidity vs. Flow, Elk Creek, 2D05. Data from USGS Data Grapher,
http://or.Water.USgS.gOV/GIraPNEIT. ... e e e e em s 62

Figure 41. Turbidity at 26 Willamette River sites in August 1983. Source: Hughes and Gammon (B37).
Figure 42. Turbidity at four sites on the McKenzie River, OR, 1831. Data provided by NCASIL......64
Figure 43. Turbidity at four sites on the Willamette River, OR, 1:28D9. Data provided by NCASI....64


../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620917
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620917
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620918
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620918
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620919
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620919
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620920
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620920
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620921
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620922
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620925
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620925
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620934
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620934
../../SharePoint%20Drafts/deqshpnt/sites/WQ/standards/turbidity/Shared%20Documents/Turbidity%20Technical%20Review%202010%2009%2002.docx#_Toc271620937

List of Tables

Table 1. Water Quality Criteria for Turbidity for Western States and British Columbia...................... 15
Table 2. Turbidity levels and exposure duration at which ill effects are expected to occur to clear water
L A LIS L) T TP PPPPRPION 32
Table 3. Summary of effects of turbidity on aquatic life in Streams...........ccooveiiiiiie s 34
Table 4. . Summary of effects of turbidity on aquatic life in lakes and reservairs............cccccooevvvvenen. 43

Table 5. Relationship between visual clarity and suitability of water for swimming and overall aesthetics.
Data from Smith and Davie€olley, 1992..........c..uviiii i s e s re e e e e s s snraaeeeee s 47

Table 6. Occurrences of exceeding "concentration/duration” effects thresholds for two continuous
turbidity stations in Oregon. The numbeiis parentheses in the first column correspond to the duration
(hours) at which the turbidity levels are expected to result in an SEV of 2 and 4, respectively)........ 54



Acknowledgements

| would like to acknowledge and thank the many people who have provided valuable contributions and
input during development of this document. In particular, | would like to thank members of the peer
review paneivho reviewed multiple drafts of this document. This document is much stronger thanks to
their critical insight. Members of the panel include Chauncey Anderson (U.S. Geological Survey), Dr.
Robert Beschta (Oregon State University), Dr. Cheryl Brown (BlSironmental Protection Agency
(EPA), Western Ecology Division), Camille Flinders (National Council for Air and Stream
Improvemen{NCASI), Dr. Bra Harvey (Humboldt State Uwersity/U.S. Forest Service Pacific

Southwest Research Station), Dr. Yangdoag fPortland State University), and Dr. Richard Peterson
(Portland State Universigmeritug. Steve Stratto(NCASI) provided turbidity data frorthat

or gani koagtarno Rebes/ing Water Study, which provided some insight on longitudinal turbidity
patterns. Jim KaldyU.S. EPA Western Ecology Divisiopyovided some insight regarding the effects

of turbidity on submerged aquatic vegetation in Oregon Estuaries.

Several DEQ staff provided input on specific sections of this report. Robin Leferdisctedinitial
research andid thedata crunching for the section on natural variabdgywell as thelata analysis

related to the correlation of turbidity and macroinvertebrate assemblages. Shannon Hubler and Doug
Drake also provided insight regardifugbidity and macroinvertebrate scores. Josh Seeds provided
input for the discussion of the effect on turbidity on drinking water treatnigorinie Lamb provided

insight on turbidity patterns in glacial systems. Jim Billings and Beth Moore reviewem@amdented

on the ASour ces FHknally Thanksta JaninitenWbgal sDelrat Stuaevant, and Doug
Drake for reviewing various iterations of this report. | apologize to any | may have missed; your
contributions were in no way less valuable.

Vi



Executive Summary

The Oregon Department of Environmental Quality (DEQ#i8sing its water quality standard for

turbidity, which has been largely unchanged since 1977 and curpeokijpitsmore than a ten percent
cumulative increase in natural stream turbidities relative to an upstream controlpB®@twill use his
documento inform the developmerdf water qualitystandardegulations bBsed on best available

science DEQ will also congler aspects of how the standard is expressed, including the duration of an
exceedance that would result in not meeting the water quality standard, exceedances that are limited in
duration, and other issues. DEQ expects this rule development effastmwilitely requiresome

difficult policy choices, which will be discussed by an external workgroup of affected parties in the
summer and fall of 2010.

Turbidity is a relative measurement of reduced visual clarity (scattering and absorption of light by
paricles in water) versus a calibrated standard. Increased turbidity levels are caused by suspended
particles, dissolved organic matter, goidnktonic organismm the water column.

Chapters 1 and 2 of this report include an introduction, a discussilbea définition of turbidity,

turbidity measurement instrumentation and associated uncertainties, sources of turbidity, and other
statesd6 turbidity criteria. Chapter 3 presents
including aquaticife, recreation, and treatment of domestic watgplies Chapter 4 presents data

regarding natural variability of turbidity in Oregon. Chapt@révidesconclusionsaind identifies data
gaps

Turbidity readings can differ based on instrument desigerator, substrate and other factors. These
differences ptentialy affect the approach that DEQ takes in expressing its water quality standard.
Turbidity measuringnstrumentsusedifferent types of light sources and detection arrangements.

Turbidity measurements on the same sample using different instruments, even those employing the same
type of light and detector arrangement, can yield different reséllierative measures of water clarity,

such as Secchi Depth, black disk measurement, and ismwsnetry, have been used in samgulatory

settings

Elevated turbidityn streams and lakesmnaffect primary productivity, zooplankton density (lakes

only), and fish.Although not a direct effect of reduced visual clarity, turbidity is correaitd

reductions in measures of macroinvertebrate density and diveFsigyextent of effects can depend

both on the level of turbidity and the duration of exposure. For exampmd, But chronic(several

months or longerincreassin turbidity levelshave been shown tiecreasgrowth and reproduction of
some algae and macrophytes, although some, but not all of this could be due to abrasion of algae by
suspended sediment during periods of high flow. Studies show that remtimady productivitydueto
turbidity canresult in decreased zooplankton and fish demsitgkes Some studies show that aquatic
plantsand periphytortan compensate for the decrease in PAR by increasing photosynthetic efficienc
however, such an effect comes at a net energy and growth loss to the plants.

Studies indicate that reduced water clarity affects the ability of visadbyted fish to detect and
capture prey due to decreased reactive distance, which is the elistamaich a fish detects and orients
toward a prey item. Literature has shown that this effect results in decreased feeding success in fish in

Vil



short trials (a few minutes to a few hours) without a corresponding increase in food availability.
Neverthelessstudies do indicate that fish exposed to moderately high turbidity levels in natural settings
are able tdeed although at a lower rate and with increased energy expenditure due to a more active
foraging strategy. Over a period of several days or maetluced feedingesulting from increased

turbidity can translate inteeduced growth rates. In natural regimaesreased food availability that can
accompany turbidity spikes somewhat countenaxiuced feeding succesAt the same time, studies
showthat increased turbidity causes fish to switch from a passive to an active searching strategy,
resulting in overall energy loss, which would further reduce growth.

A few studies have linked increased turbidity with other behavioral effects in fishaswzhanges in
territorial behavior, avoidance of turbid water, and increases in blood sugar levels; however, in some
cases, it may be difficult to separate the visual effects from direct effects of suspended sediment.

Several studies have documentedube ofturbid waterdy juvenile fish as cover from prey. Some of

these studies also have shown that streamside vegetation appears more impofiaotithanu cas n e s s 0
coverMor eover, models indicate that t hhelossefe of fcl
feeding efficiency, unless accompanied by an increase in food availability.

Research in estuaribssfocusel on the effects of turbidity on growth of submerged aquatic vegetation
(SAV) and algae Recent research in Oregon has indicatatilater clarity is a major controlling

factor in determining where SAV grows in the Yaquina Bay Estuary, but data from other Oregon
estuaries have proven inconclusive. EPA has recommended waterlelaisyexpressed as light
attenuation factorfo protect SAV inthe Yaquina Bay Estuary. Research on turbidity effects on juvenile
fish feeding and growth rates in estuariaticatesthat these fish prefer moderately turbid water over
clear or highly turbid water.

One important consideration for settiagvater quality standard for turbidity is not only the level of
turbidity expected to result in an impact on beneficial uses, but also duration of exposure. As such,
DEQ has examined the duration of exposure in the various studies cited. This informihtssist

DEQ and the policy workgroup that it is convening to evaluate this aspect of the standard

A major caveat in interpreting the effects literature on aquatic life is that many studies use different
instruments to report turbidity readings orm report instrumentation at all. Given the variation
between meters in reporting turbidity, comparability of such studies is subject to great uncertainty.

There is a limited body of research on the effectedficed water claritgn the desire opeople to
recreate in streams and lakeStudies on turbidity effects on aesthetics and swimmiagrimarily
limited to surveys conducted in New Zealand. These surveys show that relatively low (~3
nephelometric turbidity units, NTU) turbidity levelseazonsidered unsuitable for swimming and
aesthetic purposes.

As turbidity in drinking water source areas increases, the cas¢étSafe Drinking WaterAct-
mandatedurbidity levels similarly increasedue to increased material and maintenancescda
addition, somgpublic water systemisi Oregonusing slow sand filtration must shut down wisemirce
watersexceedd NTU.

Natural weathering and decomposition of rocks, soils, and dead plant materials and the transport or
2



dissolution of the weatherd pr oducts i n water contcausilgut es a
suspended and dissolved materials to natural waters. This natural component of turbidity varies
tempoally and geographically due thfferences in precipitation, gradieggology,flow, and natural
disturbances, such as landslidés some cases, natural background can be quite variable even in
different subbasins of the same watershd®educed water clarityn some lakes and estuaren result
from high levels of phytoplankton énom dissolved organic matter, which causes waters to .caior
estuaries, the mixture of the mardeminated and riverindominated portions of the estuary results in
high levels of suspended particulate matter and low visiluditiedthe estuarine tbidity maximum
(ETM). Potential anthropogenic sources of turbidity include industrial and municipal discharges,
forestry, agriculture, construction and urbanization, mining, awothémnel use of equipmeratsin
dredging.

DEQ data indicatéhat durirg the summer dry season, median turbidity levels are very low throughout
the state (2 NTU). Howeverduring the rainy season, turbidity levels are much more varialdbud®
yearround turbidity data sets available for this analyseselimited to coninuous turbidity monitoring

iba

stations maintained by the U.S. Geological Sufi¢yGS) DEQ per f or me d -daratibre onc e nt

frequency anal ysi slisturbkedsitesn Thetaaatysisondicatedtimt natera Isvels of
turbidity occasionall exceed levels that are shown to have adverse effects. DEQ also examined
turbidity and discharge data frastations in four watershedis examine natural turbidity pattetnBive

of the eight stations showed similar relationships between dischargerbiity. Moreover, in some

cases, effects of land use on baseline turbidity levels were quite apparent. However, at other stations,

effects of reservoirs confounded the analysis.

In summary, the literature indicates that chronic and low levels oflityl§as low as B8 NTU) are
correlated with adverse effects on aquatic life, such as primary productivity. Such effects are shown
cascade into higher trophic levels, resulting in populdéeel reductions to zooplankton and fish. In

the Yaquina Bay Hseary, literature indicates reduced light penetration is a major controlling factor for
SAV presence, but there is insufficient information at this time to evaluate light requirements for SAV
growth in other estuaries in Oregon. Reactive distance ofiéisteases with increasing turbidity levels;
consequential effects on fish growth and feeding generally are reported are8ddNZW for

exposures lasting a day or more and around 50 NTU for exposures lasting less than ddeadstydy

has shown thaekding rates of fish in lakesin decreasehen exposed th0 NTU infor only 5 hours.

At the same timeseveral studies have documented fish feeding even at reldtigelyurbidities.

Juvenile fish are adapted to and benefit from higher levels of turbidity in estuaries. Studies indicate that

turbidityaslowas5 NTU can affect peopleds perception
Increased suspended sediment levelsat@btssociated with turbidity have a small effect on drinking
water treatment costs; however, levels as low as 5 NTU can cause some drinking water treatment
operators to shut down their operations.

A major caveat to the results presented conclusiasepted above is that levels reported in studies are
subject to some uncertainty due to differences in instruments used to measure turhidityicertainy

can impact the approach that DEQ takes in setting the water quality standard for turbiditly lbed w
addressed during policy discussions.
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Chapter 1. Background and
Purpose

Introduction

Turbidtymeasures the fAcloudinesso of water; more pre
scattered and absorbed by suspended sediment, dissoijaguic matter, and, to a lesser extent,

plankton and other microscopic organisms (Clesceri, et al. 1994). Turbidity is measured using a variety

of instruments that detect the amount of light that is scattered by a sample and detected at a specific
angleor angles. DEQ regulates excess turbidity resulting from paimtt norpoint sources of pollution

into Oregon waters that can adversely affect aquatic life and other beneficial uses.

DEQis currently in the process of reviewing its water quality stahttaaddress turbidity (Oregon
Administrative Rule 34@41-0036). Section 303 of the Clean Water Act requiBtates to periodically
reviewtheir water quality standardsDEQ is undertaking such a reviewitgorporatethe best available
science regardmthe effects ofurbidity on beneficial uses of Oregon water§he purpose of this
document is to summarize data and literature that are releviduateffects of turbidityon beneficial
uses of Oregon waters

The water quality standard for turbidityas last reviewed 2003006. Although a proposed water

quality standard for turbidity underwent public notice and hearthgs=nvironmental Quality
Commission ultimately did not adogtrevised rule. This document builds on the research and
information i n D E QrafsTechriicl Basis for Revising Turbidity Criterid hisdocument
incorporates additional scientific literature published s@@5 additional literature that was not
consideredn theearlier documentand data and literature that QEeceived as a result of a Call for

Data sent out to interested parties in early 2010. In addition, this document addoetbseextent data
and information are availablepmments DEQ received from the Independent Multidisciplinary Science
Team a seentific panel that advises the State of Oregomattters of science relatedftsh recovery,
watershed health, and water quality improvements

Unlike pollutants such as toxics, whé&tBA has developea standardized method fdeveloping
criteria, there is no standard methoddewelopingeriteria for turbidity. Some of the effects
documented in the literatuneay support more than ormnclusion regardinigvels of turbidity
protective of beneficial usesAs a result, is reportdoesnot contain conclusions regardiagspecific
criterion orsetof criteria for turbidity in Oregon waters. Inste&8E Q dtentin writing the technical
review isto present the literature and data available on the effects of turbidity on beneficahdgses
document andiscuss areas of uncertainty with respect to developing revised tuditbtya DE Q0 s
review is focused primarily on the effects of turbidity (i.e., reduced light penetration) on beneficial uses;
it does not in general addressadir effects of suspended sediment or bedded sediment, nor other water
quality parameters often associated with turbidity, such as toxics, nutrients, or bacteria. In some cases,
it is difficult to separate out the effects of turbidity from direct effettsuspended sediment, which
contributes to and is generally highly correlated with increased turbidity levels. In addition, the report
considers effects of suspended sedinoentreatment of domestic water supplies. Such effects are
generally reportechithe literature in terms of turbidity and controlled under the Safe Drinking Water
Act through limits placed on turbidity in finished drinking water.
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DEQ will use his documento inform the developmerdf water qualitystandardegulations bsed on
best available scienc@his rule development effort willlitimately requiresome difficult policy choices,
which will be discussed by an external advisory group in the summer and fall of 2010.

History of the Current Standard

Oregonds turbidity 51978 and laas lwkenwexised dncersisce thaatihe pt e d |
current rule states:

No more than a ten percent cumulative increase in natural stream turbidities may be
allowed, as measured relative to a control pommediately upstream of the turbidity
causing activity. However, limited duration activities necessary to address an emergency
or to accommodate essential dredging, construction or other legitimate activities and
which cause the standard to be exceededbraauthorized provided all practicable

turbidity control techniques have been applied and one of the following has been granted:

(1) Emergency activities: Approval coordinated by the Department with the Oregon
Department of Fish and Wildlife under conditiaghsy may prescribe to
accommodate response to emergencies or to protect public health and welfare;

(2) Dredging, Construction or other Legitimate Activities: Permit or certification
authorized under terms of section 401 or 404 (Permits and Licenses, Fedtal W
Pollution Control Act) or OAR 14085-0100 et seq. (Removal and Fill Permits,

Division of State Lands), with limitations and conditions governing the activity set
forth in the permit or certificate.

The turbiditystandard is basddoselyo n  E P AGcsterid fér Bolids (Suspended, $sble) and
Turbidity developed to protect freshwater fish and other aquati(UiBEPA 1976) Theonly change to

Or e g wated qality standarfbr turbidity in 1990wasa shift from measurement using Jackson
Turbidity Units (JTUs)which are measureable at turbidity levels of 25 units and gréater,
Nephelometric Turbidity Units (NT$), which can be measured at turbidity levels of less than 1 and
higher At the time ofthis change to the water quality standard for turbjglitiplic comments noted that
naturally occurring fluctuations for turbidity in many streams would violate the proposed standard and
requested consideration of an approach that considers these fhattwations. At that time, DEQ

adopted the change in units and recommended that a scientific panel be established for review of
literature on effects of turbidity, suspended and settleable solids, and accumulated fines and make
recommendations on appragie standards and criteria (ODEQ 1990). This type of review has not been
completed to date.

Under clear water background conditions (<5 NTU) that are prevalent in Oregon much of the year,

i mpl ementation of the cur r eprdgramst(eagn NRDESIpermittingD E Q06 s
section 401 certifications for dredging activities) has focused olenmmgnting the narrative limited

duration exceedance allowaneehich lacks specificity regarding what duration and/or frequency of
exceedances would cstitute an exceedance of the standard (e.g., instantaneous, daily average, monthly
average, etc.). As a result, DEQ identified the need to review the standard to address this issue, as well
as to develop revisions to the turbidity standard based on scienc



Scope of the Turbidity Water Quality Standard Review

The current analysis will focuses on effects of increased levels of turbidity and other measures of
reduced visual clarity on the following beneficial uses:

e Aquatic life
0 Reduced primary producticand cascading effects on higher trophic levels
o Effects onfish prey-predator dynamicand subsequent growth effects

e Recreation
o Swimmingand aesthetics

e Domestic water supply

In addition, DEQ examined the correlation between increased turbidity levels anticeslin

measures of invertebrate density and diversity. Although this effect is not directly related to reduced
clarity, but rather is attributable to suspended and bedded sediment, some literature recommends that
turbidity be used as a surrogate to alment such effects (Wagener and LaPerriere (1985).

Effects on aquatic life are separated into effects in streams, lakes/reservoirs, and estuaries to assist DEQ
in determining whether separate water quality criteria for these types of waters are ajgpropriat

In examining effects of increased turbidity levels on reduced primary production in streams and lakes,

DEQ examined studies that were conducted worldwide, in part because literature has noted that
responses of aquatic plants (phytoplanktonraadrophytes) to reduced light penetration is fairly

consistent and only one Oregon data set was identified. In addition, DEQ considered studies that looked

at the effect of shading on plants, which can serve as a surrogate for increased turbiditjinimgxa

effects of turbidity on primary production (particularly growth of submerged aquatic vegetation (SAV)

in estuaries, DEQds review focused on studies co
differences in tidal ranges and regimes, terapee, and winter irradiance make it impractical to

extrapolate studies from other locations.

DEQ6s discussion of the eff ec tpedamfdynamios geaesalye d t ur
focuses on research done on fish that are found ino@y@g such effects depend on the relative sensory
capabilities of predator and prey (B.C. Hanpeys. commn).

Effects of reduced visual clarity on the desire of people to use waters to recreate is limited to

consideration of a handful of studies coaidal in New Zealand, as this was the only relevant research

DEQ was able to identify. Such studies merit consideration, as local conditions in New Zealand and
Oregon (in particular, west of the Cascades) are sufficiently similar, indicating that ticeptpmer of

what can be considered fAigoodod wat er [Petersenersi mmi ng
comm.) DEQ also has included a brief discussion of effects of increased turbidity levels on decreased

catch rates for fishing. However, thierature identified on this category of effects is limited to

anecdotal reports and cannot be used to equate a specific water quality criterion for turbidity.

DEQ6s review of the effects of increasdad turbidi
economic studies in the U.S., including one in the Willamette Valley, that examine the relationship

between increased turbidity and drinking water treatment costs. DEQ also reviewed the findings of a
recent study it conducted thetamined changes turbidity patterns at eight public water systems in
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Oregonds Nort h an dheMtudy dxaneinebve changes iR tarhidjtelevels can
affect these systems and how human impacts can minimize or worsen those (DaQY2610)

Where informabn is available, DEQ attempted to take into account both magnitude and duration of
exposure of aquatic life in experiments. Such information will allow DEQ determine if there is a need
for different criteria based on exposure duration (e.g., chroniacuré criteria; criteria based on daily,
weekly, and monthly averages, or some other similar approach).

DEQ recognizes thamcreasedurbidity levels are generally correlated with changes in other water

guality parameters (Figure 1). Suspended sediment upstream that results in increased turbidity can

result in high levels of bedded fine sediment, which can directly affeettebrate populations afigdh

health and populatiothroughegg smotheringnd lower dissolved oxygen (Waters 199S)uspended

sediments that increase turbidity levels can also be important transporters of nutrients, bacteria and toxic
compounds (Sorees, et al. 1977). While cognizant of these relationships, DEQ considers that these
parameters are best addressed as separate narrative or numeric criteria (e.g., toxics; nutrients; excess fine
sediment; integravel dissolved oxygen).

DEQ has not focsed on direct effects of suspended sediment on aquatic life, such as gill abrasion in

fish. In our review of literature, such effects generally occur at suspended sediment levels higher than
those expected to cause effects due to reduced visibilityingativater quality standard based on

effects of reduced water clarity (due to suspended sediment) would likely also protect beneficial uses
from direct sediment effects. In some cases, it may be difficult to separate direct sediment effects versus
thosecaused by increased turbidity levels (e.g., reduced primary production vs. algal abrasion in
streams). Moreover, DEQ considered the effects of suspended sediment (expressed in terms of
turbidity) on treatment of domestic water supply to ensure reguledmsistency with the Safe Drinking

Water Act, which sets specific turbidity limits for finished drinking water.
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Organization of this document

Chapter 2 of this document provides an overview of turbidity, sources of turbidity, turbidity regulations
in otherstates, and a discussion of turbidity measurement technologies and uncertainty with respect to
turbidity measurement.

Chapter 3 discusses effects of turbidity on beneficial uses including aquatic life, recreation, and
drinking water. DEQ bases its water quality standards on effects of a pollutant (e.g., turbidity) on the
most sensitive beneficial uses. Effects of turbidity ame#iq life are presented by type of water body
(streams, lakes/reservoirs, and estuaries), to assist DEQ in determining whether separate criteria are
needed to protect aquatic life for different categories of waters.

Chapter 4 includes a discussion oftural variation in turbidity. DEQ examined continuous turbidity

datasets collected by the U.S. Geological Survey (USGE) analyzed two USGS datasets using a
iconcedischaagefireemuencyo analysis that i stualseful to
turbidity levels would result in exposures of sufficient magnitude and duration to cause potential
impairment to beneficial uses. DEQ aésaminednedian turbidity levels, flow vs. turbidity

relationships, and impact of land use on turbidity leirelight USGS datasets.

Chapter 5 of this document includes a discussion of general conclusions and areas of uncertainty with
respect to natural and anthropogenic influences on turbidity and variability, turbidity measurement, and
the impact of turbidityy n benef i ci al uses of the Statebs water

Appendix A includes a summary of literature regarding sources of turbidity.



Chapter 2. Overview of Turbidity

Definition and Relationship to Suspended Solids

Turbidityme asur es t he A crhoceypredselyeisneasures the exirit to which light is
scattered and absorbed by suspended sediment, dissolved organic matter, and, to a lesser extent,
plankton and other microscopic organisms (Clesceri, et al. 1994). From a technical standpwity, t

is a relative measurement of scattering versus a calibrated standard, usually a formazin suspension
(DaviesColley and Smith 2001)Increased levels of turbidity reduce the amount of ligat can
penetrate into the water column, which can advems#gctaquatic life and other beneficial uses.

Turbidity is generally well correlated witiotal suspended solids concentratioth@watercolumn and

can often be a less expensive alternative to measuring suspended solids (GippeH®R®&)er, the

relationship between turbidity and solidsconfounded by variations in particle size, particle

composition, and water col@Gippel 1995). As a result, there is no universal relationship between

turbidity and suspended solids. In Oregon-sjecific elationships have been developed for a few

sites, such as the Santiam River Basin (Uhrich and Bragg 2003pak Creek and Flynn Creek

watersheds (Beschta 198 owever, even these relationships can vary from storstorm,

seasonally, and froiyearto-year (Beschta 1980). cBregionatspecificsuspended sedimentrbidity
relationships have not been devel oped to DEQ6s Kk

Sources of Increased Turbidity

Natural and amropogenic inputs of sediments and dissoleaghnic matter into the wer columncan
result inincreasedurbidity levels Algae, whether natural or induced by anthropogenic nuineots
also canincrease turbidity levels, but to a lesser extent than suspended sediMajuscontrolling
factors of turbidity magnitudeluration, frequency and composition include precipitastneam
gradient, geology, natural disturbance and land use, all of which can be highly variable. Land use
practices and wildfires, particularly preceding large stormsresuit inmassive inpts of turbidity
causing sediment to stream channels (May and Lee 2004).

Once in the system, turbiditsausing materials may be conserved in the water column, deposited in the
channel, washed out into the flood plain, or transported downstr8alnsequet high flow eventgan
re-suspendurbidity-causing sedimentato the water column Larger, heavier particles tend to settle

first, while smaller clay particles remain suspenfied longer period of timecontributngto

downstream turbidity levelsOrganicmatter(i.e. phytoplanktorandzooplankton) cameduce light
penetratiorin some lakes, which can impact predgicey relationships (Beauchamp, et al. 1999).

Certain types of land uses can also resulhanagasedurbidity, especially if bestnanagement practices

(BMPs) are poorly followed In agricultural and grazing areas, removal of vegetation and compacting of
soil can cause runoff to carry eroded topsoil into rivers. Improper application of fertilizer also may
increase loads of nutrienthat result in turbid algal growths. In areas with forestry operations, past
timberharvesting practices, road construction, slash disposal, and site preparation can increase inputs of
turbidity-causing sediment to streams. Overalbanization prevda rain from penetrating into the soil,
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resulting in transport of soil into streams directly or in stormwater outfalls. Erosion of soils at
construction sites without proper controls can result in turbatysing soil loadings. Placer mining
operationspast and present, expose saisl carresult inchronicturbidity issues. Industrial effluents

and stormwater directly input turbiditgden water into streams. Once sedinsettiesout of water,

activities such as dredging without proper controts reesuspendine sediments, which may persist in

the water column in some conditions. Moreover, erosion of stream beds and banks that are destabilized
through removal of vegetation or altered hydrology can contribute to turbidity.

Appendix A provides aummary of literature regardirsgurces of increased turbidityfvlany waters in
Oregon are subject to multiple types of sources, as well as natural sources of taguigiig sediments
and algae.

Turbidity and Other Measures of Water Clarity

This section describes different types of turbidimeters, as well as other methods for measuring water
clarity. Beginning in the early Stcentury, turbidity was measured using a Jackson Candle
Turbidimeter, which consisted of a special candle and -®dd#bnmed glass tube (Sadar 1996). The
Jackson Candle turbidimeter was calibrated by a series of standard suspensictiatosnageous

earth in distilled water. Measurement was made by slowly pouring a turbid sample into the tube until
the image of the candfeam diffused to a uniform glow (Sadar 1996). Eventually, formazin became the
primary standard for Jackson Candle Turbidimeters (and nephelometric units). However, Jackson
turbidimeterscannotmeasure turbidity lower than 25 JTalecumbersome, and depd on human
judgmentto determine the extinction point.

Eventually, photoelectric detectors were developed and became the accepted method to measure
turbidity. Since thenmeasurement of turbidity has been dondliffgrent methodologies and

instrumens involvingdifferentlight sourcesand detectoarrangemerst Some instruments are
Airatiometric, o6 with multiple detectors arranged
turbidity using a ratio of the light received by the different detescThe U.S.G.S. has developed a data
reporting protocol &sed on the type of light source and detector arrangewfevasious turbidity

instruments (Anderson 2005The headings for each of the instruments described below include

reporting units usinthe U.S.G.S. protocol.

Nephelometric instruments

Turbidity is most commonly measured using nephelometry, which measures light scattering through a
restricted range of angles, typically 90°, to the incident light beam relative to a standard suspension,
usually of formazin

Non-ratiometric, white light (Nephelometric Turbidity Units, NTUS)

One type ohephelometric instrument ism@n-ratiometric, white light turbidimetewhich hasa single

detector centered at 96om the incident light path. Neratiometric, white light turbidimeters are

compliant with EPA Method 180.1 for determining turbidity by nephelometry, which requires that the

light source for the nephelometer be a tungsten lamp (white light) operated at a color temperature of
22003000° Kand that the detector is centered at 90° from the incident light path and does not exceed *
30° from 90° (EPA 1993). The accepted range for such meted#0$N\OdU. Or egonds current
quality standard for turbidityequires that turbidity bexpresse in terms of nephelometriarbidity

units (NTUS).
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Ratiometric, white light (Nephelometric Ratiometric Turbidity Units, NTRUS)

The ratio turbidimeter desiga also considered compliant with EPA Method 180.1. The difference
between a ratiometric and moatiometric instrument iadditionalphotodetectors located at angles other
than 90° from the incident light. Thatiometricturbidimeter combinesignals from each of these
detectors mathematically to calculate the turbidity of the sanid¢io nephlmeters purportedly
perform bettevith colored samplethan traditional nephelometers (USEPA 1999)

Near infra -red (IR) light, non -ratiometric and ratiometric (Formazin Nephelometric Unit, FNU

and Formazin Ratiometric Turbidity Unit, FNRU

Near IR instuments utilize dight-emitting diode with wavelengt®60 = 60 nm The detector angle
must not exceetl 2.5°from the 90 incident path. These types of nephelometric turbidimeters are
compliant with the ISO 7027 standard, which is commonly used in Eufidpeyvast majority oin situ
turbidimeters conform to thigeometryincluding theU.S.G.S continuous turbiditynonitoting stations

in Oregonthe data ofvhich areused in this report in the discussion of natural variability in turbidity in
Chapter 4

Backscatter/ratiometric turbidimeters, white light or near IR light (Backscatter Unit, BU or
Formazin Backscatter Unit, FBU)

Backscattter turbidimeters use incident beams at 30°+15° to the incident sample for high levels of
turbidity and nephelometric detection (90° angle) for-lewels. Such devicesetermneturbidity using
light scatter from or near the surface of a geam These types of meters are most appropriate for high
level turbidities (up to 10,000 units).

Multiple -beam turbidimeters, white light or near IR light (Nephelometric Turbidity

Multibeam Unit, NTMU or Formazin Nephelometric Multibeam Unit (FNMU)

Multiple-beam turbidimeters have multiple light sources and detectors to provide reference and active
signals with at least four independent measurements for each reading. The final reading is determined
with a ratio algorithm.

Other methods for measuring water clarity

Light transmissometry

In contrast to nephelometry, transmissometry measures light extinction in a water column as a function

of both scattering and absorbance of light from a sealed submersible light source and a detector
optimized for maximumransmissionn situby a selective filter. Transmissometers display data as

percent transmissignolume attenuation coefficient (Telesni@ad Goldberg 1995). Some authors

have expressed a preference for using transmissometry over nephelometry for measuring visual clarity
because it is an absolute measurement and can be used to calculate a scattering coefficient which is more
explicitly related to suspended solids concentrations (Devakey and Smith 2001).

Secchi Depth

Since the 19 century, vater clarity has been measured in lakeservoirs and estuariessing a Secchi

Disk. The Secchi Disk ian alternating blackndwhite diskwith a 30 cm diametdhat is lowered into

water by a rope until the disk is judged to disappear from vigeecchi depth, g provides a simple (and
inexpensive) indicator for the clarity of natural wat@seisendorfer 1986)Secchi depth can vary

depenling on the reflectance of the white face of the disk and the reflectance of the water. Secchi depth
readings aréhus dependent on lighting conditicssdaredifficult in shallow systemgDaviesColley

and Smith 2001)However, Smith (2001) has recommded procedrtes for increasing precision.
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Black disk measurement

Recently, researchers, particularly in New Zealand, have utilidéteeentdevice for measuring

clarity, cdled black disk measurementBlack disk measuremeistthe maximum sighting disnce of a
perfectly black target, viewed horizontally, instead of the vertical measurement of the Secchi disk.
Because the target is viewed horizontally, black disk measureaeie used in both shallow and deep
waters. Researchers have usdddk dik measurement to estimate a beam attenuation coefficient with
reasonable precision at a wide range of conditions (D&adlsy and Smith 2001)However, the
relationship between turbidity and black disk measurements is stifipgtfic. Tis method hs not
gained wide use Oregon, if at all, and thus ot appropriate for regulatory purposes unless site
specific relationships can be developed.

Variability among turbidimeters and turbidity units

Turbidimeters, even those employing the same lightcsgoand detector arrangement, can produce a
range of turbidity readings for the same water sample due to optical differealdesation techniques,

and the userThe uncertainty in turbidity readings can confound extrapolating from effects levels that
are expressed in the literature presented in this paper, especially as many of the papers cited do not
report which meter was utilized to measure turbidifins stdement is particularly true at turbidity

levels above 10 NTU, the levieélowwhich Telesnicki and Goldberg (1985) observed that turbidity
could be accurately determined based on correlations with light transmission measurements.

In an early studyDuchrow and Evenhart (1971) found that the relationship between turbidity and
concentration of solutions of seven different materials differed among three different types of
turbidimetersln a study comparing turbidimeters of different technologies, Gippel, (1991) found

that an attenuance turbidimeter gave absolute readings of 2.5 to 4 times higher than a nephelometric
turbidimeter despite being identically calibrated. The authors
noted that the attenuance turbidimeter was more sensitive to
presege of color, particularly at low levels of suspended
sediment.

1000

100

DaviesColley and Smith compared turbidity readings from a
nonratiometric and a ratiometric nephelometer from the sam
manufacturer, on 77 water samples from New Zealand riverg
The results from the study, as shown in Figure 2, indicate tha
readings fron the ratio nephelometerereconsistently higher
by about 3006 (Figure 2; DaviegColley and Smith 2001)Barter
and Deas (2003psted readings of primary formazin standard 01 J
(five replicates for each of six standarldgfive portable 0.1 1 10 100 1000
nephelomedrs (two on-ratiometric, white light meters; one Hach2100A turbidity (NTU)
ratiometric white light meter, and two IR light, noatiometric

Hach2100AN turbidity (NTU)
=

meters)andfound that coefficients of variatidmetweerthe B o
meters ranged from 1.5 to 668 The difference between the Dephelomeler erice) et gt heam) and s e,
maximum and minimum reading wapproximately 13% for the  ideat ight beam) were used side-by-side on the same
10 NTU calibration, 10% for the 40, 100, and 200 NTU b el o el et 1 ety

calibrations, 5% for the 400 NTU calibration, and 21% for theFigure 2. Comparison of readings

800 NTU calibration.When using the same turbidimeters to t€; . two turbidimeters on 77 water

the turbidity of different effluents and receigimwaters, samples from New Zealand rivers

coefficients of variations ranged from 6.6% to 44.1%. In that (DaviesColley and Smith 2001).
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study, highercoefficiens of variation wereassociated with the samphith the low mean turbidity
readingg0.141.6 NTU) and high or very high mean turbidities (6%.96.04 NTU) Lower coefficients
of variation were generally for samples withv-to-medium mearnurbidities (2.8110 NTU).

Lewis, et al. (2007) studied measurements from eight turbidiméteydR-light, backscatter

instruments; four IRight, nephelometric instruments; and two white light, nephelometric instruments)

of samples created with filtered sediment from 10 Coast Range watersheds in Cal8otrufithe
instruments studied wene situ, one was a portable device that could be used in the field, and one was a
benchtop deviceThestudy found thathe mean errdoetween sensor pairingsas 12%, but maximum
errors occasionally exceeded 10(Btgure 3) In Figure 3 black lines repreent the relationship if x=y.

The x variable for a given plot is the sensor whose name appears on the diagonal in the same column.
The y variable for a given plot is the sensor whose name appears on the diagonal in the same row.
Lewis, et al. (2007) madseveral conclusions in comparing instruments:

e Sensors that conform to the same standards (backscatter, EPA Method 180.1 or ISO 7027) do not
necessarily give similar turbidity readings.

o Relationships between sensors of the same design were more consisifferent sediments,
than relationships between sensors that used different methods.

o Conversion ofn situsensor readings to laboratory readings is prone to relatively large errors
unless the laboratory meter is set to use the same methodmasitheneter.

Figure 3. Relationship among turbidity readings for eight sensors tested in 10 Coast Range, California watersheds.
Colored lines represent one locationSource: Lewis, et al. (2007).
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In addition to effects of different technologies, the choice of calibration standard can significantly affect
turbidity measurements. Telesnicki and Goldberg (1995) tested the relationship between light
transmittance and turbidity readings for field saespnd calibrations of Formazin and marl. The study
found that a field turbidity reading of 4.4% was equivalent to 29 NTUthésame light transmittance,

the formazin calibration produced a turbidity of 14.5 NTU (50% difference) and the marl catibratio
produced a turbity of 22 NTU (24% difference).

Anothermajorsource of uncertainty is the effect of dilutions on turbidity readifgh U.S. EPA

method 180..nd ASTM standard D7316G/7 recommend dilutingamples exceeding 40rbidity units

and agusting the turbidity measurement proportionally to the dilution (e.g., for a 5:1 dilution measuring
of 30 NTU, turbidity would be reported as 180 NTU) (USEPA 193TM 2007). However, both

methods also say to avoid dilutions, which can dilute the m@ix the liquid part of the samp)dhus
changing particle distribution and solubility gradient. This, in turnskam turbidity values (M. Sadar,
HACH Corporationpers. comn).

Human error also plays a big part in variatedriurbidity measuremnt. As part of a workshop on

turbidity and sediment surrogates, Landers (2002) asked fourteen participants to calibrate nine different
turbidimeters and measure samples of three different concentration/substrate combinations. Although
by its own admigsn, the exercise was not quantitative, the results indicated fairly high coefficients of
variation ranging from 21% for samples with a sediment concentration of 150 mg/L (median turbidity

53 NTU) to 42% for a samples with sediment concentrations of 600 ang 9394% fines (median

NTU 268 NTU). The study indicated thfatctors associated with the operator,-saimpling, and other

factors in an uncontrolled environment could contribute to variability.

Theissues related teariability in turbidity measurements affect the choice of an absolute \eersus

relative standard. If an absolute standard is adopted, choice of turbidimeter could potentially result in
either underor overestimation of water quality exceedances andirmeats. On the other hand, if a

relative approach is adopted, with use of the same calibrated instrument for {sotlrcg and down

source readings, measurement variability will become less of an issue, except at high turbidities. As
noted elsewhere ithis report, there are other advantages and disadvantages to both of these approaches,
but for the sake of minimizing instrumentation errors, a relative approach has a decided advantage.

Other StatesOTurbidity Criteria

U.S. EPA conducted a study of published criteria for turbidity and other seeliatatetd water quality

standards in all states (USEPA 2006). According to the study, 30 states had numeric criteria for

turbidity. These were in the form aflimited increasabovebackground, such as the current Oregon
criteria, or absolute values (e. g. 6 cihierimffomgr eat er
select states in the western U.S., as well as British Columbia. Northwest states and territoag gener

have statewide criteria that differ depending on beneficial use. California and Nevada have developed
regionat, or sitespecific criteria that are based on beneficial uses found in that region or waterbody

Most western states and British Columbavé relative criteria, meaning that turbidity is measured
relative to fAbackgr orsamdsindlarmetrcA ruir a0 n & @ NsbeEdf toenrsi,
the sitespecific criteria in Nevada are absolute criteria. For exarfgl@rotection of agatic and

wildlife in cold water fisheries in Arizona, turbidity cannot exceed 10 NTU in rivers, streams, other

flowing waters, lakes, reservoirs, tanks and ponds.
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Tablel. Water Quality Criteria for Turbidity for Western Statesld@ritish Columbia

State/Territory

Turbidity Criteria or Guidelines (by Beneficial Use)

Alaska

Drinking, Culinary, and Food Processing Water SupplyMay not exceed 5
NTU above natural conditions when the natural turbidity is 50 NTU or less, a
may not have more than 10% increase in turbidity when the natural turbidity
more than 50, not to exceed a maximum increase of 25 NTU.

Agricultural and Ind ustrial Water Supply. May not cause detrimental effects
on indicated use.

Aquaculture Water Supply and Aquatic Life. May not exceed 25 NTU above
natural conditions. For all lake waters, may not exceed 5 NTU above natural
conditions.

Contact Recreation.May not exceed 5 NTU above natural conditions when th
natural turbidity is 50 NTU or less, and may not have more than 10% increas
turbidity when the natural turbidity is more than 50, not to exceed a maximun
increase of 15 NTU. May not exceed 5 N&hbve natural turbidity for all lake
waters.

Secondary Contact RecreationShall not exceed 5 NTU above natural conditi
when natural turbidity is 50 NTU or less, and not have more than 20% incread
turbidity when the natural condition is more th&hNTU, not to exceed a
maximum increase of 15 NTU. For all lake waters, shall not exceed 5 NTU o
natural conditions.

Arizona

The following water quality standards fiurbidity , expressed as a maximum
concentration in Nephelometric Turbidity Units (N);@hall not be exceeded:

Full body contact and incidental human contactNot to exceed 50 NTU in
streams, or 25 NTU in lakes.

Aquatic and Wildlife (cold water fishery): Not to exceed 10 NTU in rivers,
streams, other flowing waters, lakes, reservoirggand ponds.

Aquatic and Wildlife (warm water fishery) : Not to exceed 50 NTU in rivers,
streams, and other flowing waters. Not to exceed 25 NTU in lakes, reservoirg
tanks and ponds.

California

Each region of Californi @dsslevaldpede r
separate criteria, as follows:

North Coast Region. Turbidity shall not be increased more than 20 percent a
naturally occurring background levels. Allowable zones of dilution within whig
higher percentages can be tolerated magdfimed for specific discharges upon
the issuance of discharge permits or waiver thereof.

Central Valley Region. Where natural turbidity is less than 1 NTU, controllab
factors shall not cause downstream turbidity to exceed 2. Where natural turl
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is between b NTU, increases shall not exceed 1 NTU. Where natural turbidit
between 50 NTU, increases shall not exceed 20 percent. Where natural turk
is between 500 NTU, increases shall not exceed 10 NTU. Where natural
turbidity is greater thn 100 NTU, increases shall not exceed 10 percent.
Exceptions are allowed for a dilution zone for dredging. There are some wat|
body-specific criteria, as well.

Central Coast Region. Waters shall be free of changes in turbidity that cause
nuisance omdversely affect beneficial used/here natural turbidity is between (
and 50 Jackson Turbidity Units (JTU), increases shall not exceed 20 percent
Where natural turbidity is between 50 and 100 JTU, increases shall not exce
JTU. Where natural tuiidity is greater than 100 JTU, increases shall not exce
10 percent.

San Francisco Bay RegionWaters shall be free of changes in turbidity that ca
nuisance or adversely affect beneficial uses. Increases from normal backgrc
light penetration or tioidity relatable to waste discharge shall not be greater tH
10 percent in areas where natural turbidity is greater than 50 NTU.

Los Angeles Region.Waters shall be free of changes in turbidity that cause
nuisance or adversely affect beneficial uséere turbidity is between 0 and 5(
NTU, increases shall not exceed 20%. Where natural turbidity is greater thar
NTU, increases shall not exceed 10%. Allowable zones of dilution within wh
higher concentrations may be tolerated may be defined fordéscharge in
specific Waste Discharge Requirements.

San Diego Region.Waters shall be free of changes in turbidity that cause
nuisance or adversely affect beneficial usBlse transparency of waters in lagoc
and estuaries shall not be less than B®%e depth at locations where
measurement is made by means of a standard Secchi disk, except where les
transparency is caused by rainfall runoff from undisturbed natural areas and
dredging projects conducted in conformance with waste discharge reqotseof
the Regional Board. Otherwise, turbidity limits are as follows:

Natural Turbidity Maximum Increase
0-50 NTU 20%
50-100 NTU 10 NTU

Greater than 100 NTU 10%

Santa Ana Region. Estuaries, enclosed bays, and inland waters shaikbef
changes in turbidity which adversely affect beneficial ubke.secondary
drinking water standard for turbidity is 5 NTU. Otherwise, turbidity limits are
follows:

Natural Turbidity Maximum Increase
0-50 NTU 20%
50-100 NTU 10 NTU
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Greater thad00 NTU 10%

Lahontan Region. Waters shall be free of changes in turbidity that cause
nuisance or adversely affect the water for beneficial uses. Increases in turbid
shall not exceed natural levels by more than 10 percent.

Colorado River Basin Region Waters shall be free of changes in turbidity tha
cause nuisance or adversely affect beneficial uses.

Idaho

Cold Water Aquatic Life: Turbidity, below any applicable mixing zone, shall
not exceed background turbidity by more than 50 NTU instantaneously or mc
than 25 NTU for more than 10 consecutive days.

Small Public Water Supplies: shall not exceed background turbidity by more
than 5 NTU above natural background, when background turbidity is 50 NTU
less, or increase by more than 10% above natural background, not to exceec
NTU, when background turbidity is greater than 50 NTU.

Nevada

Nevada has numerous sgpecific instantaeous and annual average turbidity
requirements. Some of these are absolute criteria that range-56riNBU.
Others are relative criteria requiring no more than a 10 NTU or JTU increase
Extinction coefficient is used as the metric for water claritizake Tahoe.

Washington

Char Spawning and Rearing; Core Summer Salmonid Habitat; Salmonid
Spawning, Rearing, and Migration; and Noranadromous Interior and

Redband Trout: 5 NTU over background turbidity when the background
turbidity is 50 NTU or lesspr a 10% increase in turbidity when the background
turbidity is greater than 50 NTU.

Salmonid Rearing and Migration Only; and Indigenous Warm Water Species:
10 NTU over background turbidity when the background turbidity is 50 NTU ¢
less, or a 20% increase in turbidity when the background turbidity is greater t
50 NTU.

Specific mixing zone requirements apply.

British
Columbia

Treated Raw Drinking Water, Livestock Watering, and Recreation &
Aesthetics. Change from background of 5 NTU when background is <50 NTU
change from background of 10% when background is >50 NTU.

Untreated Raw Drinking Water. Change from background of 1 NTU when
background is < 5 NU; change from background of 5 NTU at any time.

Aquatic Life. Change from background of 8 NTU at any one time for a durati
of 24 hours in all waters during clear flows or in clear waters; change from
background of 2 NTU at any one time for a duratdB0 days in all waters durin
clear flows or in clear waters; change from background of 5 NTU at any time
background is &0 NTU during high flows or in turbid waters; change from
background of 10% when background is >50 NTU at any time duringlbigh

or in turbid waters.
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Wildlife Irrigation and Industrial Water Supplies. Change from background ¢
10 NTU when background is <50 NTU. Change from background of 20% wh
background is >50 NTU. should not exceed 10 NTU when background is < ¢
NTU, nor should be greater than 20% of background when background is > 5
NTU. For industrial water supplies only, there is a narrative criterion requiring
induced increase in turbidity that interferes with established industrial water
supplies.
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Chapter 3. Effects of Increased
Turbidity on Beneficial Uses
Aquatic Life

Effects ofincreased turbidity levelsn aquatic life varwith the magnitude of turbidityduration and
frequency of exposure, tipdysical characteristics of the mateaaldother factorsThese factors can
resultin decreased claritgndaffectthe sensitivity of the organisms present in a body of wéier
example, some fish have been shown to be more tolerant to turbid conditions thanTaHseter
understand the potential effects of turbidity on aquaticIMeQ reviewed thdollowing types of
literature:

e DEQ consideredgerreviewed literature and agency publicatioegarding effects of turbidity
on primary productivityregardless oivhere the research was conduct&dhile our review
found that there are sispecific differences in the relationship between turbidity and primary
productivity, Lloyd, et al. (1987) found that effects of turbidity on these endpoints was similar in
Alaskaand other regions of the count&s such, DEQ considered that general findings of
research that was conducted outside of Oregon and the Pacific Northwest could be extrapolated
to local conditions

e DEQ considered research regarding cascading effeotslofed primary productivity on higher
trophic levels (e.g., zooplankton and fish).

e Literature regarding effects of turbidity on submerged aquatic vegetation in estuaries relies
primarily on investigations conducted on the West Coast. While this tapiodea studied in
depth on the east coadtthe United State®specially in the Chesapeake Baiyd in northern
Europe, Thom, et al. (2008) and others note that systems in the Pacific Northwest differ
substantially from those areas, due to differencéislah ranges and regime&s a result, DEQ
focused its review to literature on West Coast estuarine effects.

o Fish-effects literatureexamireseffects of turbidity orboth native Oregofish species and
recreationally important nenative fish speciesWater quality standards are designed to protect
a broad range of aquatic organisms, and DEQ accordingly included a broad éiglxefiécts
literature. In its review, DEQ highlightd@tle potentiakffectsof turbidity on native species)
addition to ts review of potential effects to other species of.fish

DEQ presented effects separately for streams, lakes, and estuaries to determine if separate water quality
criteria are necessary to protect aquatic life for each type of ecosystem. A summaryreieed

literature is providedt the end of the streams and lakes/reservoirs sedpages 33 and 41,

respectively) The tables present effects in order of increasing turbidity measurements. In addition,

DEQ presented information regarding duratidrexposure for each study (e.g., chronic, 5 days, 1 hour,
etc.), as effects of short, but sharp increases in turbidity levels are expected to be different from those of
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chronic, low level turbidity increases. Such information will assist DEQ in devejopater quality

criteria that include magnitude, duration, and frequency considerations. The summary table also notes
whether each study was conducted in the laboratory or the field, and what instrument was used to
measure turbidity, if reported at all.

DEQ did not provide a summary table for the estuary se(piage 43ps the different metrics used to
describe turbidity effects in estuaries (e.qg., irradiance, attenuation coefficient, NTU, suspended sediment
concentration) makes it impractical to comgatudies to one another.

Turbidity Effects in Streams

Primary Productivity

Primary productivitywhich isthe growth ofperiphytonand aquatic plantprovides the base of thedd
chainin aquatic systemapfluencing food available for invertebratasdafish Primary productivity
depend®n theavailability of light in the wateibody, among other thingsincreasedurbidity levelscan
decrease available light the water column, potentially decreasing productivity, which, in turn, can
have cascading effects on higher trophic levels (Sorensen 1BA&)USEPA based itecommended
1976 turbidity criteria, whicls purportedlythe basis foOr e g o n 6 s ndand,rom pgimary st a
productivity, and specifically on the compensation point, which is the depth in the water column at
which photosynthetic rates are equal to respiration.rdi®Arecommended that the

Combined effect of color and turbidity should nbainge the compensation point more
than 10 percent from its seasonally established norm, nor should such a change place
more than 10% of the biomass of photosynthetic organisms below the compensation
point (USEPA 1976)

Theability of light to penetraté¢hrough watedependsipon the irradiance or reflectivity of the water
surface theabsorptiorof light by color and the reflectioand absorptiownf light by particlesand other
matter in the water columnLight penetration through watesr representedybthe BeefLambert law:
1,=10e™%?; wherel,is the irradiance at the water surfaés the irradiance with a penetration of light at
depth =z, andwhere the light attenuation with depth is relateth®light attenuation rate,qm™).

With respect to productivity, Kis termed the photosynthetically active radiation (PAR) attenuation
coefficient, which is the vertical attenuation rate for
the photosynthetic waveband (400-7@0 nm) (Kirk >
1985). The proportion of light making it through 4
water is dependent dfy, which isitself affected by
turbidity.

3 Van

\ Nieuwenhuys
2 ~—— e (1983)
~ = == Parkhilland

b

The relationship between light penetration and
increasedurbidity levelsis curvilinear, but varies in
different streantonditiors. For exampleyYan
Nieuwenhuyse (1983) related light penetration to
turbidity in placermined Alaska streams using the Turbidity (NTU)
equation }=10%°°"% where Nwas the total
extinction Coe.fﬁCiem and Was. related to turbidity Figure 4. Relationship ofturbidity to Compensation
(NTU). accordlng_to the equation1.00 + 0.'0_24*T' Point in placer-mined streams in Alaska (Van
Parkhill and Gulliver (2002) developed a similar  Njeuwenhuyse) and experimental streams in
Minnesota (Parkhill and Gulliver).
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equation for experimental streams in Minnesotas R.619 + 0.129*T. The relationship between
turbidity and compensation point (the point at which irradiance is 1% of that at the water surface) using
these two equations is shown in Figure

As a result of the reduced penetration of light,

research shows thainall, yet chronic reduicins in STREAM DEPTH
*«0.1m

water claritydecreaseaquatic primary produdtity.
Van Nieuwenhuyse (1983) and Van Nieuwenhuyse
and LaPerrier¢1986) related gross primary
productivity in Alaska streams and found a linear
relationship between productivity and incident PAR
and PAR available at mean depths, themselves
dependent on turbidity. Using these relationships,
Lloyd, et al. (1987) develau equations linking gross o '
FIGURE 5.—Reduction in plant production with in-

primary productivity to turbidity. This relationship | creased turbidity in artificially turbid streams of various
indicatedthat a 5 NTU increase in turbidity above depths in interior Alaska (derived from equation 7); NTU

clear water conditions could potentially decrease | ° ePneiomeme urbidity unit
primary productivity in clear streams byl3%, and a
25 NTU increase codldecrease primary productivityFigure 5. Relationship between turbidity and primary

in clear streams by 180 %,depending on stream Preductivity from Lioyd, et al. (1987).

depth (Figuré). Negative effects on primary production in streamesepredicted to be even larger at

depths of greater than 0.5 meteksoyd, et al. (1987) cautioned thidne model was conservative

because the light extinction coefficient of clear water was greater than had been measured in clear water
elsewhere.
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A field studyon aNew Zealandtream receiving
chronically increased turbidighowedsignificant
decreases in periphyton productivity and bionsss
six paired upstream (low turbidity) and downstream
(high turbidity) site{Davies-Colley, et al. 1992)

The study suggested that turbiditbgreases were
responsible fothese effectand ruled out effects of
color, nutrient levels, and other sources of shadimg
periphyton productivity and biomas$hedata from
DaviesColley et & (1992)indicate a significant
(r>=0.815)logarithmic relationship between
periphyton primary productivitgndturbidity (Figure
6). Based on these dathe authors estimated50% Turbidity (NTU)
decrease in production atchronic increase of 1.1
NTU overbackground These observations indicate Figure 6. Relationship of Turbidity and Periphyton
that low level itreases in turbidity that ooctor an ~ Production (Data from Davies-Colley, et al. 1992).
extended period can have a large impact on primary produdtivittyeams.
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Blanch, et al. (1998) studied the effect of irradiance levels and turbidity on vgrmugh measures of a
submersed macrophyte. The study found that the relative growth rate was negatively impacted by
turbidity (RGR=210.047*Tu, f=0:933; P < 0.0001). The authors concluded that in highly turbid water
the macrophyte maintains roots anahsins in preference to leaves, providing a reserve for rapid leaf
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production when turbidity declines. They found that shoot recruitment was lower at 209 NTU than at 90
NTU, and zero at 504 NTU. However, the turbidity levels studied were much highenhdisen t

normally found in Oregon streams except during major storm events; as a result, the study may not be
applicable to a water quality standard for turbidity in Oregon

Somestudiesexamined the effects of shaded conditiongomary productivity. Alttough it would be
difficult to translate such studies into water quality critestaressed in turbidity, such stud@®svide a
good surrogate for examining the impact of increased turbidity on primary production. Mclintire and
Phinney (1965) found in abaratory study that primary productivity increased with increasing carbon
dioxide in lightadapted periphyton communities, but not in skadiepted communitieddowever,
photosynthetic #iciency was lower in the lighgrown community than the shade commty. The
light-grown community stabilizedy theend of third monthwhereas it took longer for the shagi®wn
community to stabilize Consistent with other studies, the results of the Mcintire and Phinney study
indicate that, while plants can acclinzatto shaded (or turbid) conditions, there is still a growth cost
from reduced light.

Il n a study of a shaded stream i nshddesgnifeandyee, Hi | |
constrained primary and s e doand grimaryproductiordtaubet i on . 0
saturated at a photon flux density (PFD) of 7 m&tan. A study modeling the interaction of light,

primary productivity, and pressure from a grazer (zebra mussel) in the Hudson River indicated that
decreasing the light@nuation factor associated with suspended sediment from™1t@ @2 ni,

resulted inncreaseahlorophyll alevels despite the associated increased grazing (Caraco, et al. 1997).

While the literaturandicates that chronic water clarity issues casult in reduced productivity, other
factors such asncreased velocity analgal abrasiomy suspended sedimembay also play a roje
particularly during flood events=or exampleFrancoeur and Biggs (2006), irseries olaboratory
experimens, foundthatincreased water velocity (up to 1.8 m/s) removedl@% of algae. The studies
also found that addition aluspended sedimer@moved additional algae; as TSS concentrations
increasedpercent chlorophyll rema@d increasetbr looselyattached algadommunities, but not with
tightly-attached communitiedn addition, suspended clay particles can get entrapped in the epilithon,
reducing primary productivity and food quality for invertebrates (Da@ieey, et al. 1992).

While velocity and algal atasion nay play a role irredudng primary productivitythe studieselating
increased turbidity levels to decreased primary productivity (e.g., Van Nieuwenhuyse and LaPerriere
1986; DaviegColley, et al. 1992)emainrelevant to setting a water diiya standard for turbidity for the
following reasons

- The studies were conductatsites withirthe same watershed or within a relatively small area
which would seem to imply that any effects of flooding and increased velocity would be similar
among sites;

- Turbidity measurements were conducted several times over a long enough period (e.g., weekly
for two months, or daily for several months) that the effects of periodic episodes of flooding
would be less important thahronic turbidity levels.

One source afincertainty in relating turbidity to reduced primary productivitsesearctihathas
documented instaes in which plants have shown an ability to grow under more turbid conditions than
previously thought.For exampleParkhill and Gulliver (2002jpundin a study of eight experimental
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streams in Minnesota that turbidity had little effect on daily photosynthetic production of a species of
macrophytdmeasured ashlorophyll g, but found thaturbidity affectedvhole stream metabolism at
25-35NTUs. Theauthorsconcluded thatwhile turbidity may affecutotrophic productivity less due to
increased photosynthetic efficiency, whsleeam metabolism in the test streams confirmed that even
small loads of sediment in the system decreased overall biolagtoaty in streamgParkhill and

Gulliver 2002) This is consistent with Odum (1985), who suggested Wiate plants can ag to

higher turbidity levels, such adaptatiorwould divert energy from growth and production to
maintenance (Odum 1985).

The results presented here lead to some general conclusions. First, in field conoltideels of
chronicturbidity appear to decrease primary productioa negative exponential relationslpstreams
where production is ligHimited. Even in case where plants may be able to adapt to turbidity with
higher photosynthetic efficiencthere is an overall energy cost, which can lead to reduced growth and,
presumably, cascading effects up the food ct&éeond, the relationship betweerbidity andprimary
productivityis affected by local condition#cluding stream depth, color, nutrient levels, shading, and
background turbidity leveldeading to the different relationships shown in Bragies-Colley et al.

(1992), Van Nieuwenhuyse (1983), aratkhill and Gulliver (2002) studies

Benthic Invertebrates

A number of studies correlate increds
turbidity with decreasd benthic 500
macroinvertebrate healthnh some cases, this
may result from reductions in availability of
food due to decreased primary production
resulting from chronic turbidity increases.
However,in some casegprrelations betwen
turbidity and benthic invertebrate health are
the result of bedded sediment (often correlat
with turbidity), which reduceterstitial

space on the stream bottoolggging habitat
andcausing macroinvertebratéodrift (move
with the current), disrupting their habitat and
decreasing macroinvertebrate density.
However Wagener and LaPerriere (1985) Turbidity (NTU)
recommended using turbidity as a surrogate
for sedimentation of streambedehich alters Figure 7. Relationship between macroinvertebrate density an
invertebrate habitatAs a result, while redzed turbidity in six New Zealand streams. Data from Quinn, et al.
clarity is notnecessarilghe cause of reduced 1992.

benthic macroinvertebrate healthis section includesdiscussion of the literature and available data
correlating turbidity with reduced macroinvertebrate density.

+*¥
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+ Macroinvertebrate
300 Density
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Macroinvertebrate density/m?

Reduced food availability for invetebrates

Quinn et al (1992), in a loagrm study of miningmpacted streams in New Zealand, found invertebrate
density decreased with increasing turbidity between all six upstream and downstream paired sites
studied. Effects of nvertebrate taxonomicaliness decesed significantly between dut two of the
upstream/downstream pairs. Even relatively small increases in turbidity resulted in decreased
macroinvertebrate density. The authsuggestd that loweprimaryproductivity and degraded food
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qudity, bothpotentially affected by turbidityverethe I|ker explanatloefor the decreased invertebrate
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DEQ only found one published study in the

peerreviewed literature equatj a specific
turbidity levelto reductions in

Figure 8. Relationship betweersedimentpulses (23 NTUs)
duration, in hours, and macroinvertebrate abundance (black

macroinvertebrate density and divergitye to circles)and richness(white squares) at 9 days (top graph) an

increased drift Shaw and Richardson (2001)19 days (bottom graph) Source: Shaw and Richardson

found in an experimental stream in British ~ (2001).

Columbia that sediment pulses of 23 NTU for nine daysl&dhys decreaskeabundance and species
richness of benthic macroinvertebrates, and that such decreases were more prominent as the length of
the pulsancreasedAs Figure 8 demonstrates, the Shaw and Richardson study indicates that, as the
duration of the pulses increas@bundance and richness decrease. The effect is more pronounced after
19 days of exposure of invertebrates to sediment pulesse findings are consistent with the findings

of Culp et al. (1986)whoshowed increasimacroinvertebrate drift in BrittsColumbia with increasd
concentrations dine sediments Theirresults also indicata reducedbenthic macroinvertebrate density

and diversity in the benthos.

Oregon Data

As demonstrated belolEQ data indicate a negativ
correlation between turbidity amdeasures of
macroinvertebrate density and divershyt this
correlation may be confounded by covarying chang
in temperature and other water qualitgasures
(IMST 2006) For this report, DEQ examined
available paired turbiditynacroinvertebrate data
from approximately250 sites collected during
summer lowflow periods. Macroinvertebrate data
werescor@lusingDEQ&6s mul ti vari
predictive model, the PREDictive Assessment Tool
for Oregon (PREDATOR), which compares observ

macroinvertebrate taxa versus expected (bixdoler

PREDATOR score
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032

log(Turbidityh

2007). PREDATOR scores weggaphed against
log-transformed turbidity (Figre9). The results

Figure 9. Relationship between PREDATOR score

indicate a significantf only moderately explanatory, @nd log-transformed turbidity at Oregon sites.
24 (summer data).



negative correlation (p<0.0%=0.29) between turbidity and PREDATOR score.

DEQ also conducted a relative risk analyssngthe
paired turbidityPREDATOR scores tassess the
relative importance of a givestressor to the
macroinvertebrate community (Van Sickle, et al.
2006). The relative risk analysis measures the
likelihood that the biological condition will be
impaired if the condition of an indicator is also poor.
For the relative risk analysis, sitesis conducted at 0 , ,
the same site during the same year were averaged. 0 20 40 ) ]
Turbidity values were ¢ Turbidity (NTU) 16 o0F
and O6Poor 6 categories b e
benchmarks developed by DERubler 2007b).
DEQ excl uded ai0ih thesrelgtive ds§ Figure 10. Relationship between macroinvertebrate

analysis. The calculated relative risk for turbidity is Scores and winter turbidity in Oregon Coast Streams.

1.8, with a 95% Confidence Interval of 1.2 to 2.6, Datafrom Mulvey and Hamel 1998.

indicating that, if a site has a O6Poor6 turbidit
impaired macroinvertebat e community than at a site with a 0C
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In another studyDEQ compared observed biotic integrity measurement with observed winter turbidity
measurement in a study completed in 188Z7first to third order coast ecoregion strea(Mulvey and
Hamel 1998).The studyusedcontinuous turbiditymneasurements (using Data Sonde 3 Hydrolabs) at
four north coast streams for eight days, during which there were two storm,evehtdthreemid coast
streams fofour daysduring which there was one storm eventalissamplesvere takeri-3 times at

20 additional locations and turbidity was measured using a Hach 2100P turbidimeter in the field and a
Hach 2100 AN turbidity in the laboratory. Pooled data fromsthdy indicate aignificant ¢=0.77)

linear relationship between mean turbidity and measures of riffle macroinvertebrate scores when two
outliers were removed (Figufi®). Based on the data, a turbidity of approximately 8 NTU would result
in moderatempairment using the scoring method described in Mulvey and Hamel (1G8&)n
differences in how data were collected (e.g., different maddferent time frames, ef¢.such results

are subject to uncertaintilowever, they are consistent with othd&t@data that indicate benthic
macroinvertebrate impairment at turbidity levels of approximatel® RTU (Drake pers. comn)

Fish
In this section, DEQ has reviewed literature regarding the following categories of effects of increased
turbidity on fish:

Modified natural movements and migrations
Behavioral and physiological effects

Reduction of food abundance and availability

Effects onprey detection, feeding success, and growth

Behavioral and physiological effects associated with increased turbidity levels may in fact be due to
direct suspended sediment effects; however, they have been reported in terms of specific turbidity levels
in the literature and thus are included in tieigort. With regard to thehird category, DEQ was unable
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to identify any relevant studig¢lat studied such effects in strean@ne study (LIloyd 1987) relevant to
lakes is discussed in that section of this report.

In the subsequemnliscussion of effets of reduced water clarityndish, DEQ focused on fish that are

found in Oregon. In additioMEQ incorporaté discussion of exposure duration where possible, as this
may be important for setting a water quality standard for turbidity.

Modified Natural Movements and Migrations

A few studies examined fish avoidance of waters with increased levels of turbidity. Bisson and Bilby
(1982) found thatyvenilecoho salmon acclimated to clear water exhibited significant avoidance
response to suspendedigrent at ~ 70 NTU$30 minute exposuresyhile similar test fish acclimated

to more turbid water conditions (25 NTUSs) exhibited significant avoidance response at ~ 100 NTUs
(Bisson and Bilby 1982 However, Noggle (1978) in a laboratory study fotimak juvenile coho did

not avoid waters with turbidities commonly found in nature. Servizi and Martens (1992) found that
coho salmon exposed to a gradient of suspended sediment preferred the surface, where suspended
sediment concentrations were lower hitghan, et al. (1982) found that adult male Chinook salmon
preferred clear water over akdden water.

Behavioral Effects

A few studies in the literaturexamired behavioral reponses tancreased turbidity levelsBerg (1982)
conducted several experints to examine the effects of turbidity pulses on different aspects of juvenile
coho salmon behaviofMhestudy found that juvenile coho exposed to pulses of 60 NTU spent
significantly more timenthe bottom substrate thamthe water columi§3-day expsure, although
movement to the substrate was repaebout 4 hours after exposurdjishreturned to the water

column as turbidity levels were lowered to2@ NTU. Territorial behavior decreased and activity

levels increased in 60 NTU turbidity puld@sdays)hen began to return to normal levels at 10 NTU.
Turbid (20 and 60 NTU) treatments also increased the frequency of collisions between fish. Berg and
Northcote (1985) performed similar studies on juvenile coho and found that territorialitygredsagn
decreased &30 NTUexposure for one hour

Servizi and Martens (1992) conducted several studies on sublethal responses of coho salmon to
suspended sedimerftem the Fraser Rive Mean blood sugar levels, a secondary stress indicator,
increased positively with turbidity, with 25% and 50% increases corresponding to turbidities of 42 and
80 NTU, respectivelyHowever, it is unclear whether such increases are related to reduced visual
clarity, other effects of suspended sediment (e.g., giisaan), or some combination.

These behavioral studies indicate timareasedurbidity levels are associated witeducederritorial
behavior and stress indicatorshreshold levels forugeh effects appear higher than those shown to
affect feedingas describeth the section belophowever, sdeeding effects may be the more important
endpointfor setting a water quality standard for turbidigsed on the most sensitive beneficial use

Effects of turbidity on prey detection, feeding, and growth

Increasedurbidity levelsreduce the range at which visuatiyiented fish can detect a contrast between

a prey item and its surroundings. This effect reduces the distance at which these fish can detect their
prey, called thereactive distance, whiatanreduce foraging success, growth rate, and femm
survivalassuming constant food concentratifdtne-Palm 2002) In addition, as visibility decreases

due to increasing turbidity, piscivorous fish change from passive to active feeding strategies|lyotenti
resulting in decreased growth rate due to extra energy expenditure (Sweka and HartmanT2@3&b).
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effects aremore pronounced for piscivorous fish, which detect pitdgnger distancesore than
planktivorous fish (DeRobertis, et al. 2003).

In the context of setting water|
quality criteria to protect
aguatic life, the pertinent
guestions in examining effects
of increased turbidity on fish
are AWhat <cons
effect?0 and
duration of turbidity are

Relevant
Turbidity Level

Relevant
Exposure Time

Low to Moderate

Decreased
Population

Year or more

Low to Moderate

Decreased
Growth Rate

Afew days to a few weeks

sufficient to cause such an
effect?0 A g
illustrate such effects is using
an inverted pyramid (Figure
11). Atthe base of the
pyramid are studies examinin
reductions in reactive
distance.Such effects do not
depend on duration. The nex
level corresponds twrb'd'ty Figure 11. lllustration of turbidity effects on fish.

levels/exposure durations that

result in decreased foraging rates. These studies generally (but not exclusively) look at moderate
turbidity levels (30 NTU and higher) wihort durations (a few minutes to a few hours). At the next
level are studies examining how turbidity naffiect growth rates in fish. Such studies are generally
conducted at lowwio-moderate turbidity levels (2P0 NTU) over a period of several days tiew

weeks. At the top level are studies that model the effect of increased turbidity over a season or longer.
These studies typically focus on population reductions in fish.

Decreased

Moderate Feeding Rate

Minutes to hours

Reduced
Reactive
Distance

Low or higher Immediate

Reactive Distance Studies
A few studies have looked at

how turbidity reduces reactive
distance of fish by studying the
distance at which a fish visually|
orients itself to a prey ita.
These studies indicate that
reactive distances of adult fish
decrease exponentially with
increasing turbidity levels
(Sweka and Hartman 20Q01a
Barrett, et al. 1992 For
example, Sweka and Hartman
(2001a) found that, compared tq

z 100 p R = 90.14-¢/(-0.08NTU+0.0007NTU?)
o
o 801
<9
E
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a
.g 40 1
s
g 207
=
0 T T T T v
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FIGURE 1.—Model describing the reactive distance of brook trout at turbidity levels ranging from 0 to 43
nephelometric turbidity units (NTU). Data from two depths (15 and 25 cm) and all turbidity levels were pooled
for model estimation (N = 39).

clear water, reactivdistanceof

brook troutdecreased by 20% alFigure 12. Relationship of reactive distance and turbidity for brook trout.

around 3 NTU and 50% at 10 Source: Sweka and Hartman 2001a.
NTU. Atthe same time, once a fish had reacted to its prey, the probability of capture was not affected
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by turbidity. Berg and Northcote (1985) found thagctive distance in juverilcoho salmon decreased

from 30 cm to 10 cm in a turbidity pulse of 60 NTU and did not recover to normal levels when turbidity

decreased to 0 NTUs peseatment.

Feeding Studies

A number of studies have shown that increased
turbidity levels result in decreased feeding rates
fish. For exampleloggle (1978) found that
feeding rates of juvenile coho salmon on aquati¢
insects decreased to zero above 300 mg/L of
suspended sedimenBerg (1982) found that
juvenile coho salmon consumed significantly les
prey when exposed to a turbidity pulse that was
initially at 60 NTU (for 3 days)and gradually
decreased oven additional 3 daysPrey
consumptiordecreaseéven when turbiditietell

to 10 NTU. Juvenile oho also had more mis
strikes at 10 NTU in
response time was significantly higher at 10, 20
and 60 NTU. Berg and Northcat#985) found
thatprey capture success was significantly
reduced at 20, 3@nd 60 NTU, and most prey at

these turbidity levels were captured downstrean-

of the captor, whereas they were almost
exclusively captured upstreamclear water
conditions

Cutthroat trout
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In contrast with therecedingstudies, dew

studies havelemonstrate that, even at moderate foraging success of cutthroat trout and coho salmon.

turbidity levels, fish can successfully feed

Figure 14. Relationship between turbidity and

Source: Harvey and White 2008.

d

However, these studies also indicate that such {
feed more in the benthic zone during periods of
higher turbidiy. In a field studyWhite and
Harvey (2007) found that feeding success of
rainbow trout and coastal cutthroat trout collectd
from two northern California streams did not
differ sharply for fish collected in high turbidity
(66-317 NTU) and low turbidity2-11 NTU)
conditions. Harvey and White (2008) tested the
foraging success of juvenile cutthroat trout and
coho salmon on drift and benthic prey at
turbidities ranging from-@00 NTU. Proportion
of drift prey consumed fell sharply at 50 NTU an
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Benthic foraging success exceeded 50% up t0 lyrace, planktonic, and benthic prey at different
NTU and fell sharply at higher turbidities (Figureturbidity levels. Source: Gregory (1994).

14). The study also found that foraging success

of
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cutthroat trout feeding on live, mobile oligochaetes wasadesed at 50 NTU as compared to a clear
water control. Gregory (1994) found that smalind mediurrsized juvenile Chinook salmon exhibited
reduced feeding rates on surf&®sophilaat all turbidity levels tested (18, 35, 70, 150, 370, and 810
NTU) with almost no feeding at 370 and 810 NTlLArgesized juvenile Chinook maximized feeding
on Drosophilaat 150 and 370 NTU. deding orthe planktonArtemiawas generally not affected except
at 370 and 810 NTU for all three size classes. Foraging on bé@nihifexwas highest for all size
categories between 18 and 150 NTUs (Fidi)e The Gregory (1994) study did not report overall
feeding rates.

Growth Studies
A few studies have looked at how increased

turbidity may affect grovvth ragdn fish. Such Fig. 4. Regression of specific growth rate (¥) on mean trial tor-

ff It f bi ) f1 bidity (X). Specific growth rates decreased significantly with in-
e ectsmaY.resu t from a com |nat|0n of: 1) a creasing turbidity (F = 33.87, p < 0,01). Individual fish did not
reduced hility to detect prey; 2) a switch from a | differ from each other (F = 0.61, p < 0.78). .
passive to an active foraging strategy, resulting in 012y
increased energy expenditure; and 3) reductions T Y=0051 - 001X, p <001
food availability. Sweka and Hartmaf2001b) g5 0o

g% 006

found that, even though mean daily consumption
was unrelated tomcreasedurbidity, specific growth
rate wasaffected byincreasedurbidity, as fish used T .
active foraging at higher turbidities, thus expendir] - - ey " —

. . 0 10 20 30 0
more energy (Figurg5). In that study, a linear rurbidity (1) * *

relationship was developed between turbidity andrigure 15 Effect of increased turbidity on specific
growth ratan 5-day experimentghe relationship  growth rate of brook trout. Source: Sweka and
corresponddto a 50% decrease growth rateat 50 Hartman (2001b).

NTU and a 20%lecrease &t0 NTU.

T
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Sigler, et al. (1984) examined how chronic turbidityreasesffected density and growth of newly

emerged steelhead and coho salmon. In a laboratory test in an oval channel, weight and length gains of
newly emerged steelhead were significantly less in a 19 day exposure at 45 NTU compared to clear test
waters. In aaceway channel, weight and length gains by steeliveagialso reduced in a 19 day

exposure at 38 NTU. Newly emerged coho salmon exposed to 22 NTU for 11 days in oval channels,
and to 1332 NTU for 14 days in raceway channels also experienced smaligh lend weight increases
during exposure. In raceway channels, biomass of juvenile Chinook was significantly reduced across the
range of test levels (349 NTU) compared to the clear water contrdlhe Sigler study suggests that

juvenile fish exposed teven moderate levels of turbidity for several days would experience decreased
growth assuming that food availability is constant.

Shaw and Richardson (2001) found teatlimentpulses of 23 NTUhatreleased every other day into an
experimental strearfior various durationsedu@d rainbow trout length and weight increase. Length
gain was significantly reduced compared to control when turbidity pulses lasted a minimumtof four
five hours; weight gain was reduced when turbidity pulses lastagn@imum, five to six hours.

Population Studies

A few studies have examined how different turbidity levels over a long time can affect abundance,
reproduction, biomass, and other measures of fish population health. For example, Harvey and
Railsback (2004) madedhow turbidity affectedish abundancécoastal cutthroat trougnd biomass in
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twelve-year simulations. Turbidity was modeled based on data from two creeks in northwestern
California and was assumed to reduce reactive distance, while simultaneolusiyng the risk of
predation. Model results indicated that the high turbidity regime consistently correlated with lower
levels of abundance, reproduction, and biomass than low turbidity regiroegt in instances where

food availability doubled. Furér elaborating that model, Harvey and Railsback (2009) examined how
different patterns in food availability and foraging strategy influenced populewehoutcomes in 15
year simulations of different turbidity regimes. In the model, thetlowidity regime produced modest
variation in biomass over time within individual simulations. However, fish abundance under the high
turbidity regime fell to zero unless the fish utilized a sedr@bed strategy at least @ércentof the

time. Results for intermeéate-turbidity scenarios with the drifhased food calibration suggested
significant effects on fishesulting frommodest increases in turbidity. Biomass was insensitive to
feeding regimes in the low turbidity regime.

The preceding studies indicatebidity canaffect the ability of fish to detect and capture prey.
Reductions in ability for fish to react to prey occur at even very low turbidities, although translation to
feeding andyrowth effects is not apparent at such levéiserature showshat fish can feed in

moderate to high turbidity regimdsit that lower feeding rates and a more active feeding strategy may
result in reduced growthGrowth rates in salmonidgve been shown ttecrease by as much as 266
turbidities as low as 10 NTand 50% reduction at 50 NTid exposures lasting as few as five days
Modeling efforts indicate that moderate turbidity regimes can reduce overall fish abundance and
biomass and high turbidity regimes can completely eliminate fish populations.

Use of tubidity by fish as cover
Several papers indicate thavenile fishu s e A c | g0 A Frequency of occurrence of fish prey
watersas cover from predator€onsideration of - Prscvorse
literature regarding use of cloudy waterjbyenile fish, - o
as described below, suggests that, while there is a
temporary benefito increased turbiditythis benefit
may be outweighed by other factors, such as effect o
turbidity on growth rates of fish. Moreover, streamsid
vegetation (i.e., sh&) appears to be more important fq
use as cover than turbid waters.

Salmon smoit

Non-salmonids

Percent containing fish prey

Gregory (1993) found that juvenile Chinook salmon

exhibited a startled response to models of predators
clear water conditions, but not in turbid (23 NTU) 4.0 —B- Predators with prey
conditions. Abrahams and Kattenfeld (1997) found th

fathead minnows useoseﬁndar§3.0~ . 13 t h
proximity to a predator) more often in turbid (13 NTU) £ 1

water than clear water, indicating that perceived risk | & 20 A

less in turbid waters. Howevéurbidity did not affect |~ 1 B | J i B
mortality rates of minnows in a paralle_l experiment 10 Hairison River INiGfien Sioaghl Frasec River |
conducted at 11 NTU ovenree days.Ginetz and <1NTU 1-6 NTU 27-108 NTU

Larkin (1976) foundeducedpredation of juvenile Figure 16. Predation of juvenile Chinook salmon
sockeye salmon by rainbow trout under turbid by piscivorous fish in streams of different

conditions. In a study in British Columbjaregory and tUrbidities. Source: Gregory and Levings 1998.
Levings (1998) foundignificantly lespredation on
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juvenile Chinook salmon byigrivorous fish in the highly turbid Fraser River (27 to 108 NTUSs) than in
the clear water Harrison River (<1 NTU) and slightly turbid Nicomen SloughNTUs) (Figurel6).

While many of the studies presented in this section support the argument that turbidity is beneficial to
juvenile fish,the positive effects of turbidity must besighedagainstpotentialnegativeeffects. For
examplein individuatbased model simulatispHarvey and Railsback (2009) found that if salmonids
mainly rely on drifting prey, any benefit of elevated turbidity via reduced predation risk is more than
offset by the loss of feeding efficiency. These simulations suggested that the effect aftonbid
predation risk for fish might offset negative effects on feeding only if elevated turbidity was
accompanied by a substantial increase in food availability.

In addition,literature suggesthat vegetation may be more important than turbidity asrcior

important fish species in Oregon. For exam@adomski and Parsley (2005) fouthecreased

predation of white sturgeon with increasing turbidity; at the same time, vegetative cover also was
associated with decreased predation. This is consisténth& findings of Gregory and Levings (1996)

who found thastreamside vegetatiamasmore important than turbidity in providing cover for juvenile
salmonids.Given these consideration, it appears that these studies, while important, do not pose a good
argument for setting a less stringent water quality standard for turbidity.

The preference gtivenile fishf or fAc | oiudry®t waniever sal . For exampl
(1982) found that brook trout showed no preference for moderately (5.8 NHghty turbid (56

NTU) water. Johnson and Hines (1999) found that razorback suckers preferred clear over turbid (68 and
541 NTU) waters, althoughigher rates o$urvivaloccurredn predation trials at 541 NTU than in clear

water or at 68 NTU.

Meta-analysis of turbidity effects on fish

A difficulty in developing water quality criteria for turbidity based on the studies presented above is that
duration of exposures very differentfrom studyto-studyand thussuch studies amdifficult to compare

to each other Basing water quality criteria on losigrm studies at high turbidity levels would overstate
effects in waters that only experience shiertm turbidity spikes. Conversely, water quality criteria

based on shoterm stdies could understate chronic effects. As a way to incorporate turbidity levels
andexposure duration into effects analydiewcombg2003) developed a metmalysis that assigned

a severity of ill effect (SEV) score (Table 2) to the results of labyratad field experiments. Turbidity
effects considered for the model include fish reactive distance, predator prey dynamics, egg and larval
development growth rates, and habitat alteration efféé¢svcombe (2003) assign&EV scores to the
results of tle studiesand therregressed against water clarity measurements and exposure duration from
literature to develop a lelinear regression. Table 2 presents levels of turbidity and exposure durations
that would result in various levels of impairment ddsexliin Newcombe (2003figurel? presents
various turbidity | evels and duration that would
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Table 2. Turbidity levels and exposure duration at which ill effects are expected toccur to clear water fish (NTUs).

Slight impairment Moderate Impairment Severe impairment
Effect Changes in feeding and Reductionsingrowthrate | Poor ficondi ti
other behaviors or habitat size alienation

SEV Score 0.51 3.5 3.51 85 8.51 14.5
1 hour 38 160
2 hours 28 120
3 hours 23 100
8 hours 15 65 710
24 hours 10 39 440
5 days 5 19 215
3 weeks 3 10 115
>10 months 3 35
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Figure 17, SEV for various exposure durations and turbidities. Data from: Newcombe 2003.

The Newcombe model isseful inthat itprovides a method testimatehe potetial risk of impairment

over arange of turbidity conditions and durations of potential exposfieets to clear water fish.

However, the IMST (2006) questioned reliance on it to develop water quality criteria for turbidity and

noted that it is not definitive in its conclusiomsnd t hat it wasndét clear i f t
Moreover,Newcombecalibrated thenodel based on studies reporting visual clarity as a black disk

sighting range and beam attenuation, rather than turbidityOfsagter Zor a discussion of these

measures of clarity). For the purposes of presenting the informatitable 2 and Figur#b, black disk

sighting range was transformed to turbidity using an equation bagacdbadity data taken from New
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Zealand. The relationship between turbidity and other measures of clarity ispigfic As such,

caution should bexercised when extrapolating these results to Oregon or other geographic locations.
Another caution in usinyl e wc 0 mb e dsghatntwad deVeloped from turbidigffects literature
reported from around the world. Thus, the model is not specific to fish species native to or found in
Oregon.

While caution should be exercised in relying on this model to develop water quality stdndards
turbidity to protect beneficial uses in Oregon, it can serve as a useful reference during development of
such criteria to see if they would be generally protective of species over theosthangterm.

Summary of turbidity effects on aquatic life in streams.

Table 3 summarizestudies presented in this section that could be used to equate a specific turbidity
level topotentialeffectson aquatic life in streamsThe table includes relevantichtion of exposurdata

where available. One of the majancertainties in presenting such a table is that the studies utilize
different instruments to measure turbidity and some do not describe their instrumentation at all. Thus,
comparison of studies is subject to some uncertainty. Oneéonaddress thisncertainty is to provide

some margin of error in the results. Based on the findings of Lewis, et al. (2007), mean errors between
turbidimeters were approximately 12%; to be conservative, BDE€d a25% margin of erroin each
summary of study resultfRows that are highlighted in grey indicate studies demonstrating use of
turbidity by juvenile fish as cover.
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Table 3. Summary of effects of turbidity on aquatic life in streams

Turbidity Duration Effect Source Turbidity Type of Study
Level Measurement
(margin of
error)
Effects atreported turbidity levels atO5 t ur bi dity uni ts
1.6 NTU Chronic 25% decrease in periphyton production irf DaviesColley, et al.| Hach 2100A Field
(.27 2.0) New Zealand stream 1992
2.6 NTU Chronic 50% decrease in periphyton production irf DaviesColley, et al.| Hach 2100A Field
(.97 3.3) New Zealand stream 1992
2.6 NTU Chronic 50% decrease imacroinvertebrate density Quinn et al. 1992 | Hach 2100A Field
over in shallow (0.20.4 m) streams
background
(1.97 3.3)
5 NTU none given | Decrease in primary productivity in clear | Lloyd, etal. 1987 |Hac h A P o r| Field
(3.81 6.3) Alaska streams by-33% (stream depth 0.]

i 0.5m)
Effects atreported turbidity levels from 6-10 turbidity units
8 NTU n/a Moderate impairment in macroinvertebrai Mulvey and Hamel,| Data Sonde 3 Field
(67 10) scores in Oregon stream riffles (winter dg 1998 Hydrolab

(continuous) and
Hach 2100P (grab)

9 NTU n/a 20% decrease in PREDATOR score usin| ODEQ turbidity n/a Field
(6.87 11.3) Oregon data data
10 NTU 5 days 20% decrease in brook trout growth Sweka and Hartmai Lamotte 2020 Laboratory
(7.57 12.5) 2001b turbidimeter
10-60 NTU | 4-6 days Decrease in prey consumption by juvenil¢ Berg 1982 DRT-150 Laboratory
(7.57 75) coho salmon; also, higher response time Turbidimeter

increased number of msrikes at prey.
Effects atreported turbidity levels from 11-20 turbidity units
11 NTU 14 days Reduced weight and length gains in newl| Sigler, et al. 1984 | Hach 2100A Laboratory
(8.31 13.7) emerged coho salmon (raceway runals) Turbidimeter
13 NTU n/a I ncreased use of i (Abrahamsand Not reported Laboratory
(9.871 16.3) fathead minnows Kattenfield 1997
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Turbidity Duration Effect Source Turbidity Type of Study
Level Measurement
(margin of
error)
15 NTU n/a 20% reduction in rainbow trout reactive | Barrett, et al. 1992 | Not reported Laboratory (artificial
(12.37 distance stream channel)
18.8)
18 NTU 1-10 minutes | Reduced feeding rates sihallmedium Gregory 1994 FisherDRT-400 Laboratory
(13.57 juvenile Chinook salmon on surface prey Turbidimeter
22.5)
Effects at turbidity levels from 21-30 turbidity units
22 NTU 11 days Reduced weight and length gains in newl| Sigler, et al. 1984 | Hach 2100A Laboratory
(16.57 emerged coho salmdoval chamels) Turbidimeter
27.5)
23 NTU 1-6 hour Reduced abundance and species richneg Shaw and Not reported Laboratory
(a7.31 daily pulses | benthic macroinvertebrates. In addition, | Richardson 2001 | (converted from
28.8) over 9 and 19 reduced rainbow trout length anaight suspended sedime

days gain when turbidity pulses lasteeb4and 5 concentrations, but

6 hours, respectively. does not report
relationship)

23 NTU 12 days Reduced startleesponse by juvenile Gregory 1993 Fisher DRF400 Laboratory
(27.31 Chinook salmon Turbidimeter
28.8)
25 NTU none given | Decrease in primary productivity in clear | Lloyd, etal. 1987 |Hach WA Por
(18.8i1 Alaska streams by 130% (stream depth
31.3) 0.17 0.5 m)
2535 NTU | 3 months Decrease in whole stream metabolism | Parkhill and Not reported Controlled field
(18.8i1 Gulliver 2002 (laboratory streams
43.8)
27 NTU 1.5 hours Predation rates on juvenile Chinook salm| Gregory and Fisher DRF100 Field
(20.371 by piscivorous fish significantlyeduced in | Levings 1998 Turbidimeter
33.8) the Fraser River
30 NTU n/a 55% reduction in rainbow trout reactive | Barrett, et al. 1992 | Not reported Laboratory (artificial
(22.51 distance stream channel)
37.5)
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Turbidity Duration Effect Source Turbidity Type of Study
Level Measurement
(margin of
error)
30 NTU One hour Decrease in reactive distance, capture | Berg and Northcote| Fisher 400 DRT Laboratory
(22.57 success and percentage of prey ingested 1985 Turbidimeter
37.5) juvenile coho salmon. In addition,

dominance hierarchies broke down and ¢

flaring occurred more frequently
30 NTU 24 hours Increased cough frequencies in coho salr| Servizi and Marteng HF Instruments Laboratory
(22.51 1992 DRT 100
37.5)
Effects at turbidity levels from 31-50 turbidity units
38 NTU 19 days Decreased weight anength gains of newly Sigler, et al. 1984 | Hach 2100A Laboratory
(28.57 emerged steelhead (raceway channel) Turbidimeter
47.5)
42 NTU 96 hours 25% increase in blood sugar levels in col Servizi and Marteng HF Instruments Laboratory
(31.51 salmon 1992 DRT 100
52.5)
45NTU 19 days Decreased weight and length gains of ne| Sigler, et al. 1984 | Hach 2100A Laboratory
(33.871 emerged steelhead (oval channel) Turbidimeter
56.3)
50 NTU 5 days 50% decrease in brook trout growth rate | Sweka and Hartmal Lamotte 2020 Laboratory
(37.51 2001b Turbidimeter
62.5)
50 NTU 15 minutes | Decrease in proportion of drift prey Harvey and White | DTS-12 Laboratory
(37.51 consumed in juvenile cutthroat trout and | 2008
62.5) coho salmon
50 NTU 15 minutes | Decrease in proportion of live oligochaetg Harvey and White | DTS-12 Laboratory
(37.51 drifting along an experimental stream 2008
62.5) bottom by juvenile cutthroat trout
Effects at turbidity levels >50 turbidity units
70 NTU 30 minutes | Avoidance ofjuvenile coho salmon to Bisson and Bilby | Not reported Laboratory
(52.51 turbid waters 1982
87.5)
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Turbidity Duration Effect Source Turbidity Type of Study
Level Measurement

(margin of

error)

80 NTU 96 hours 50% increase in blood sugar level in cohq Servizi and Martens HF Instruments Laboratory
(607 100) salmon 1992 DRT 100

150 NTU | 15 minutes | Decrease in proportion of benthic prey | Harvey and White | DTS-12 Laboratory
(112.51 consumed by juvenile cutthroat trout and| 2008

187.5) coho salmon

541 NTU | 10 minutes | Increased survival of razorback suckers i Johnson and Hines| Not reported

(405.81 predation trials 1999

676.3)
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Turbidity Effects in Lakes/Reservoirs

Primary Productivity

The effects ofncreasedurbidity levelson primary productivity in leesaresimilar to that in streams
Turbidity can cause a decrease in compensation point, reducing the voltiraevatter body in which
photosynthesis can occl?AR) (Kirk 1985; Lloyd, et al. 1987)DEQ identifiedone studyconducted in
Oregonrelating increased turbidity to primapyoductvity. Shrader (2000) studied the interactions of
turbidity, phosphorus, and productivity in Prineville Reservoir on the Crooked &wdeconcludedthat
turbidity may significantly affect energy allocation and transfer between trophic levels (from
phytoplankton to zooplankton to fish) in the Prineville Reservbire study alsmoted that phosphate
adsorbing onto turbiditgausing clay particles might be partially responsible for decreased chlorophyll
alevels found in the reservoir, althoughstbifect was minor with respect to tleffects of decreased

light in the water column.

Lloyd, et al (1987)noted hat aseasonal 5 NTU increase in

turbidity above clear water conditions reduced the volunieAdt Rt Shyensi st
of naturally clear lakem Alaskaby as much as 80%Figurel8). N
Koenings, et al. (1990) foursignificantly lowerchlorophylla
levels in glacial lakes than in clear or stained lakésch the
authors hypothesized was due to a combination of higher turbig
and lower temperature and food leveldoyd, et al. (1987) noted
that the decreases in productivity in glacial Alask&eda
correspond with decreases in production of fish food organismg

production of juvenile sockeye salmon and return of adult SOCK{  pume 1 —compeasion it septs vesa o
salmon to lake systems. Lloyd, et al. (1987) also suggested th{  pids or several Alaskan lakes; NTU s nephelometric
compensation of photosynthetic efficiency for dight conditions

is limited in moderate to higturbidity (30 NTUs and higher).
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Figure 18. Relationship between

. : turbidity and compensation point for
Asin streams, some literature demonstrates that plants can Amskaﬁ lakes. Fr‘;m Lioyd 2t al. 198"

compensate for low light conditions by increasing photosynthetic

efficiency (see Kraus@ensen and Sanensen (1998) faa detailed review). Barko and Filbin (1983)
foundhighertotal chlorophyll levels in low light conditions (PAR= 168 m’s ') in three species of
submerged macrophytes than in medium @B&i°s*) and high light (150@ E m*s'*) conditions.

Temperatire also was highly correlated with total chlorophyll levels. The authors noted that the
relationship between total chlorophyll levels and light was not universal, however. Moreover, these
studies did not look at overall growth; thus, it is not cerfaing adaptation to low light conditions

comes at a growth cost. Based on the findings of Blanch, et al. (1998) regarding response of a stream
macrophyte to turbid conditions, even with such adaptations, lower light would result in reduced growth,
at leas until conditions became less turbid.

Zooplankton and invertebrates

DEQ found fewstudies linking turbidity to zooplankton and invertebrates in lakes and resenvioysl.

et al. (1987)llustrateshow turbidity levels that decrease primary productivitgy also have cascading
effects on higher levels in the food chabatafrom Lloyd, et al. (1987) indicate high correlation
betweerincreased turbidity levelsndreducedzooplankton densitieis Alaskan lake€r’=0.93 Figure

19). Turbid lakes exhibitebtbss tharb% of the zooplankton densities often associated with clear lakes
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(Lloyd, et al. 1987) However, some literature sugges| % 2000

that increased turbidity is beneficial to large = 20000 4 ZD=11220Tu"*” (r’=0.93)

zooplankton due to decreases in susceptibility to § 15000

visually searching predators.(.,Fiksen and Giske 3

1995). 2 10000 # zooplankton
g - Predicted

Other studies of tunesarai| < °°° erteb
o

not as conclusive in their findings. For example, = 0 - - —

survival of the opossum shriniysis relictawas not g 0 100 500 300

significantly affected byigh levels otturbidity (760

and 1500 NTU) after two, four, six, and eight days Turbidity (NTUs)

(Gregg and Bergerson 1998). Van deuiter, et al. Figure 1_9._Re]ationship between zooplankton density
(2005) found that damselfly larvae showed increaseoand turbidity in Alaskan lakes. Data from Lloyd, et al.
activity (swimming and walking) in turbid conditions than in clear conditions, but did not show any
change in foraging behavior. However, vegetation density seemed to have a more pefiémitidan
turbidity in damselfly larvae survival in the presence of a fish (Van de Meutter, et al. 2005).

Fish

In lakes, as in streams, researclttemeffects of reduced water claray fish bcuse primarily on

changes in predatgrey dynamics due tchanges in reactive distance of predatory, fistparticular
species otentrarchidagsunfist). Results from these studies indicate feeding effects at turbidity levels
as low as 5 NTU for relatively short (342.6 hour) exposures. However, studiegehfaund that

certain fish in lakes and reservoirs, such as crappie, appear to be more tolerant of turbid conditions.

One study discussed behavioral changes and fountchtneasedurbidity levelsdecreased the response
of fathead minnows to a chemi@darm signal at 21 NTHartman and Abrahams 20004 few
studiesfocus onchronic turbidityeffectsonfish density presumablydue to decreased food availabijity
however these studies are generalipecdotahnd ae not useful for setting a water quality standard for
turbidity.

Changes irfeeding behavior

As in riparian systems, increased turbidityake systembas been shown to affect reactive distance in
fish, which may result in reduced feeding rates in tloetdbrm, reduced growth rates over several days,
and reduced biomass and population over months and years.

Reactive Distance Studies

Vogel and Beauchamp (1998etermined that reaet distances in lake trowd juvenile rainbow and

cutthroat troutlecreaed at 3.18 and 7.40 NTUs but not at the lowest turbidity level tested (0.9 NTUS).
Mazur and Beauchamp (2003) found that reactive d
decrease when turbidity increased from 0.08 to 0.55 NTU, but did decaed.50 NTU (Figur20),

suggesting a threshold turbidity exists between those levels, consistent with the findings of Vogel and
Beauchamp (1999)Crowl (1989) foundhereactive distance of largemouth bé&sde significantly less

in turbid ~18JTU)waterthan in clear waterMiner and Stein (1996) found in a laboratory experiment

that reactive distance of bluegill decreased as a power function of turbidity with a 50% reduction
occurring at 1.2 NTU. Si mi | ar éagtiyve digtanneyobbtuehillsa nd 06
to daphnia decreased with increasing turbidity laachmemore pronounced as prey size increased.
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Feeding rate studies

Some studies focusing on fishlakesdescribe effects -
of turbidity on prey consumptionn general, these 008-05 NTU
studies indicatéhat turbidity levels affecting fish
feeding rates are netgnificanty differert between
rivers and lakesDEQ is unable to conclude whethel
the effects of turbidity on growth rates are different
between rivers in lakes sinoene of the studies
reviewed examined overall effects on growth rate. n

Reacticn distance (cm)

Feeding rates of Lahontaedside shiner and cutthrod
trout on daphnia decreased8®0 from 3.5 NTU to
25 NTU (Figure21; Vinyard and Yuan 1996).
Decreases in feeding rate were evident as lowHs 6

1204 1.50 NTU

ion 0.08-0.55 NTU

1.50 NTU

Reacticn distance (cm}

NTU, although the differences at these levels were -;;-—f—_-:f"g?}
tested for significanceCarter, et al. (2010) found th3 o SR SR A TN
prey consumption of smallmouth bass decreased a . + Famon
turbidity increased from-80 NTU, with significant )
decreases in consumption in the lowest turbidity lev oo mo e @ W@

Light (Ix)

Figure . Reaction distances of lake char, cutthroat tont, aad mmbow wout e 73 num prey fish as a fupction of light (0.00-50.001x)

tested (5 NTU). Similarly, Shoup and Wahl (2009)

found that sizeelectivity of prey by largemouth basg £ 1
was impacted at INTU (19-49 hour trials) and 40

NTU (42-77 hours), an@d reduceaverall predation Figure 20. Relationship between turbidity and

rate at 40 NTU compared to 0 and 5 NTU treatmenreactive distance of trout atdifferent light intensities
Reid, et al. (1999) in one hour trials found that (Mazur and Beauchamp 2003).

predation rate of largemouth bass were affected at 100
NTU compared to a clear water control, but not at 1 ol T S
or 37 NTU. These studies suggest that, as exposu gad |22 mm a
increases, effects will be seen at lower turbidity levg =
In a sixyear study in Lake Sorell, Tasmania, stmim gvl
contents of brown trout decreased by more than 80 %20 Cnoormynetas st nonsbany
as mean monthly turbidity increased from 26 to 141 Oy e
NTU (StuartSmith, et al. 2004)Gardner (1981) TURBIDITY (NTU)
found that prey consumption rates decreased in 100
bluegill at 60, 90, and 120 NTU compared to a clea _sof b
water control. %ol

& .
A few studies indicatthat turbidity does not affect 3:: | LAHONTAN REDSIDE SHINER S jzemm
certain fish. Rowe, et al. (20pund thatthe (Richardsonius egreglus)
feeding rates afainbow troutfrom New Zealand % s 10 18 20 25 0
lakesdid not decrease at 160 NTU over corgrol TURBIDITY (NTU)
However, the study found that in clear water, rainbq s s/ i St i i s e
trout ate primarily leger prey, whereas, selectivity L e s s v e it i

decreased asitbidity increased. The study did not regbthe change in size selectivity affected

_growt_h rates In another StUdy’r_thh rates of Figure 21. Relationship between turbidity and feedin¢
juvenile white and black crappie were not affected krate of Lahontan cutthroat trout and redside shiner

turbidities rangig from 7 to 174 FTU and growth  (Vinyard and Yuan 1996).
41



rates of adult crappie were not affected irR1#3 FTU treatments in 25 week studies (Spier and
Heidinger 2002). Crappie are generally thought to be tolerant to changes in turbidity and other measures
of water quality(Buck 1956).

Population decreases in fish

DEQ was unable to find any modeling efforts that examined how higher turbidity regimes might affect
populations. However, in one study, Lloyd, et al. (1987) noted that the number of juvenile sockeye
salmon in glacial lees in Alaska, measured as number of outmigrating smolts, related significantly
(r*=0.99) to euphotic volume, which decreases due to increases in turbidity; however, information was
not available to indicate a level of turbidity that might be associatidangpecific decrease in number

or density or smolts. Shrader (1999) predicted that a 10% decrease in suspended solids in the Prineville
Reservoir in Oregon would lead to an approximate 17% increase in fish yield due to increased primary
production. Mosother studies examining fish abundance and turbidity are anecdotal. For example,
Ewing (1991) found that chronic turbidity levels greater than 100 formazin turbidity units (FTU) were
the likely causal factor for the small fish population in a Louislasttomwood backwater system.

When turbidity levels decreased as a result of restoration of natural flood patterns, fish populations of
centrarchids, such as sunfish and bass, increased markedly. Buck (1956) found a much greater total
weight of fish per a® in clear (average turbidity 25 ppm) ponds than in interme(#&t&00 ppm) or
high-turbidity (>100 ppm) ponds in Oklahoma. He noted that bluegills and redear sunfish were
particularly affected.

Summary of effects of turbidity on aquatic life in lakes

A summary of literature presented above related to effects of increased turbidity levels on aquatic life in
lakes and reservoirs is presented in Table 4. As in the streams section, the summary includes
information on exposure duration and, where repottegtype of instrument usednmeasurdurbidity.

In addition, as in the summary table for effects of increased turbidity on streams, DEQ noted a 25%
margin of error for each result to take into account potential instrumentation differences.

In summaryin lakes and reservoirsffects ofchronicallylow increases of turbidity result in decredse
primary productivity with cascading effects on higher trophic levels (i.e., reduced populations of
zooplankton and fish. Lowo-moderate levels 20 NTU) ofturbidity decrease reactive distance of

fish (both prey and predator) andnresult in changes tgize selectivity of prey. In addition, at 5 NTU,
smallmouth bass show decreased prey consumption at durations lasting less than 2 days (Carter, et al.
2010) At moderate turbidity levels (200 NTU), additional effects include reduced response to

chemical alarm signals fathead minnowseduction of chlorophyk levels in glacial lakes, and

decreased predation rates for redside shihaisyntancutthrod trout, and largemouth bass. Effects of
higher turbidities include decreased predation rates by bluegills and largemouth bass in short trials,
decline in stomach contents of brown trout, and population level decreases of centrarchids. As noted, a
few sudies indicate the lack of effects of turbidity on certain fiSpecifically, pedation rates of

rainbow troutin a Colorado reservowere not affected dtigh turbidities; similarly, growth rates of

juvenile and adult crappies were not affedsgchighturbidity levels The crappie studies are consistent
with the findings of others (e.g., Buck 1956), who have noted that they are toletatidity.

In general, it does not appear that levels of turbiditsted toaquatic life effects in rivers are

significantly different from those in lakes. However, there are some significant data gaps, particularly
those examining effects of increased turbidity on fish growth, as well as modeling efforts looking at
effectsonfish populatiors.
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Tale 4. . Summary of effects of turbidity on aquatic lifelakes and reservoirs

Turbidity | Duration Effect Source Turbidity Lab or Field
Level Measurement

Effectsat t ur bi bitutbiditydnigsv el s O

~1.2 JTU | chronic 50% decrease in reactive distance of Miner and Stein Not reported Laboratory
(0.97 1.5) bluegill trout to avoid largemouth bass 1996

1.5NTU | 4 hours Decrease in reactive distance of lake, Mazur and LaMotte 2008 Laboratory
(1.17 1.9) rainbow, and cutthroat trout Beauchamp 2003

3.18 NTU | 4 hours Decrease in reactive distance of lake trou Vogel and LaMotte 2008 Laboratory
(2.3971 juvenile rainbow and cutthroat trout at Beauchamp 1999

3.98) optimum light intensity

3.6 NTU |[n/a 50% reductionn zooplankton density in | Data from Lloyd, et| DRT-100 Field

(2.71 4.5) glacial lakes al. 1987

5NTU n/a 80% reduction in compensation depth Lloyd, et al. 1987 | HF DRT-150 Field

(3.81 6.3) Turbidimeter

5NTU 3.57 42.6 Significant decrease itconsumption of prey Carter, et al. 2010 | LaMotte 2020 Laboratory
(3.871 6.3) | hours by smallmouth bass

Effects at turbidity levels from 6-10 turbidity units

10 NTU 1949 hour | Change in size selectivity of prey by Shoup and Wahl Cole-Parmer Model| Laboratory
(7.57 largemouth bass 2009 8391 40

12.5)

Effects at turbidity levels from 11-20 turbidity units

17-19 JTU | n/a Decrease in reactive distance of largemo{ Crowl 1989 Not reported Laboratory
(12.87 bass to crayfish (Jackson

23.8) turbidimeter)

Effects at turbidity levels from 21-30 turbidity units

21 NTU 12 hours Reduced response of fathead minnows tg Hartman and Not reported Laboratory
15.87 chemical alarm signal Abrahams 2000

26.3)

25 NTU 2 hours 60-80% decrease in feeding rates of Vinyard and Yuan | DRT-15 Laboratory
(18.81 Lahontan redside shiner and cutthroat tro| 1996 Turbidimeter

31.3) on daphnia

Effects at turbidity levels from 31-50 turbidity units

30+ NTU | n/a Limitation in compensation of Lloyd, et al. 1987 | n/a Field
(22.5+) photosynthetic efficiency for lowight
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Turbidity | Duration Effect Source Turbidity Lab or Field
Level Measurement
conditions
33 NTU n/a Reduction in chlorophylh levels in glacial | Koenings, et al. DRT-100 Field
24 .87 lakes 1990
41.3)
40 NTU 42-77 hours | Decrease in predation rate laygemouth Shoup and Wahl Cole-Parmer Model| Laboratory
(327 48) bass 2009 8391 40
Effects at turbidity levels >50turbidity units
60 NTU 3 minutes Decrease in prey consumption by bluegill Gardner 1981 DRT-100 Laboratory
(4571 75)
70 NTU one hour Decrease in predation rates by largemout Reid,et al. 1999 DRT-15B Laboratory
(52.57 bass
87.5)
100 FTU | n/a Population level declines of centrarchids | Ewing 1991 Hach DREL/1 Field
(7571 125) a Louisiana bottomwood backwater syste
141 NTU | n/a Decrease in stomach contents of brown | StuartSmith, et al. | Not reported Field
(105.8i trout in Lake Sorell, Tasmania 2004
176.3)
144 FTU | 25 weeks No effect on growth rate of adult crappie | Spier and Heidinger Hach DR2000 Field
(2087 2002
180)
160 NTU | 3 hours No decrease in predation rate by rainbow| Rowe, et al. 2003 | Hach 18910 Laboratory
(12071 trout; however, size selectivity was affectg Turbidimeter
200)
174 FTU | 25 weeks No decrease in growth rates of juvenile | Spier andHeidinger | Hach DR2000 Field
(130.51 white and black crappie 2002
217.5)

44




Turbidity Effects in Estuaries

Effects on Primary Productivity and Submerged Aquatic Vegetation

The sediment dynamics of estuaries, which affect turbidity and light levels, are extremely variable,
particularly in the region where the marir@ad riverdominated portions of the estuaries combine. In
these areas, tides force saline marine water betleatfresh river water, resulting in high amounts of
suspended sediment. This area of estuaridsfisedas the estuarine turbidity maximum (ETM) and is

an area where light attenuation is high (Cloern 198i9wever, light attenuation also is affectey

particle size (Campbell, 1987)n the Columbia River Estuary, the position of the ETM and its
concentration of suspended sediments can vary on semidiurnal, fortnightly and seasonal time scales
coinciding with changes in tidal forcing and volumealitharggMorgan 1992) Studies have shown

that the turbidity maximum is generally most pronounced during summer low flow periods (e.g., in the
Columbia River Estuary: Callaway, et al. 1988).

In many coastal plain estuarjesich as the Columbia Rivestuary, suspended sedimeatised
turbidity limits phytoplankton production (Morgan 1992; Cloern 1987). dLana, et al. (1990) found
negative correlation between ttaily phytoplankton production in the Columbia River estwargthe
light extincion coefficient, although other factors (solar irradiance, temperature, chloraphyll
concentrations, and suspended sediment concentration) also affect phytoplankton prodoetever,
populations of certain zooplankton are positively correlated witteased levels of suspended
particulate matter in the Columbia River estuary (Morgan, et al. 1997).

Much of the literature examining water clarity in estuaine®regon and elsewhefecusa onthe effect

of light on algal growth and growth of submersedcrophytes (commonly referred in the literature as
submerged aquatic vegetati@AV). Theliteratureplaces garticular focus on the effects of light
attenuation on presence and growtleelgrassZostera marina.Eelgrass serves as an important refug

for juvenile fish, protecting themmdm predation. Seagraalsomoderates current velocitiyycreases

water clarity by promoting sediment deposition, removes nutrients from the water column, and provides
other environmental benefits (Brown, et al. 2007

Several papers document thatluced light penetratidimits growth of SAV in estuaries araddecline

in eelgrassaround the worldaused by anthropogenic sources of nutri@@tesen, et al. 1990; Moore,

et al. 1996).Goldsborough and Kemp (1988und that a submerged macrophyte exposed to shaded
conditions equaling 11% of ambient light for seventeen days experienced significant reductions in
biomass and stem density; reproduction was eliminated enfirefyrte (1991%uggested that coastal
seagassesequire 11% of surface irradiance at the sea bottom in order to §fr@wv.EPA set water
quality criteria for visual clarity in the Chesapeake Bay, which range from 0.2 to 1.9 meters Secchi
Depth depending on the salinity regime and applicatiorhd@BEPA 2003). Batiuk, et al. (2000)
recommended a water clarity criterion for SAV ranging fror22% of surface irradiance depending on
salinity zones in the Chesapeake Bay.

Key differences exist between estuarine systems in the Chesapeake Baysand Oregon that

indicate that water clarity criteria designed to protect SAV in the former should not be extrapolated to
the latter. These factors includéferences in tidal ranges and regimes (Thom, et al. 2008), temperature
(Boese, et al. 2009)nd winter irradiance (Boese, et al. 20093rown, et al(2007)recommendd

water clarity criteria (expressed as the light attenuation coefficient) ofibahd 1.5m™ in the marine
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dominatedandriverine-dominatedportions of
theYaquina Bay Estuary, respectively. These
limits are based on the relationship between lig
attenuation coefficient and eelgrass lower dep
limit, which is the lowest depth at which eelgra
will grow (Figure22).

Depth (m below MSL)

One question that remains for setting water
quality criteria for visual clarityor Oregon
estuariess whether light attenuatn and
eelgrass depth limtherelationshipghatcan be
developed in locations other than the Yaquina
Estuary. Boese, et al. 2009 conductetldysof
seven Oregon estuaridet attempted to
determinewhetherthelower depth limits of
eelgrass were correlated with water clarity
differences within and across estuariggater
clarity wasrepored in terms of light attenuation
coefficient, Ky. The study onlyound a significantelationship betweeKy and lower degt limit in the
Yaquina Bay estuary, but not in the other estuatiedied The authors noted thamh addition to water
clarity, other factorsncludingcurrent velocity, sediment characteristiegtertemperature and salinity
affected the eelgrass randn addition, additionainformation is needed on light gradients and SAV
distributions in other estuaries, as well as seasonal patterns in light between estuaries ansalinity
Brown, personal communication Thus,at present, there is not suffictdnformation to develop water
clarity criteria for estuaries that would be applicable statewide.

Kq
Figure 11.7 Relationship between Z. marina maximum depth limit (m below MSL) and k.. Filled

circles represent data from Duarte (1991) and hollow circles represent data from the Yaquina

Estuary

Figure 22. Relationship between eelgrass lower depth limi
and light attenuation coefficient in the Yaquina estuary
(Brown, et al. 2007)

3.1.1.1. Fish

A few sudies examine the effects toirbidity on
fish present in Oregon estuaries. These studig
indicate that feeding is optimal at moderate
turbidity levels as compared to clear water or
highly turbid conditions. Boehlert and Morgan
(1985) found that Juvenilacific herring feed
optimally at suspended sediment concentratiot

50‘|

40
30

20

of 500-1000 mg/L, but exhibited less feeding in
clear water and in sediment concentrations
higher than 1000 mg/L. Gregory (1990),
examining foraging behavior of juvenile
Chinook salmonn estuarine conditions, found
that, while reactive distance declined inversely]

Tubifex Consumed (mg)

10

T T T

100 200 400
Turbidity (mg - L ~1)

Figure 4. Feeding rates of juvenile chinook salmon on Tubifex prey under

laboratory conditions, at different turbidity levels (vertical bars represent standard

error bars on Replicate 1).

with turbidity, feeding rates on benthic Tubifex
were highest at 5000 mg/L suspended Figure 23. Relationship between turbidity and feeding rate:
sediment, and were less in clear water and in of juvenile Chinook salmon onTubifex. (Gregory 1990)
concentrations higher than 100 mg/L (Figure

23). Gregory (1990) suggests that reduced perceived risk from predation may allow for more foraging.
Gregory and Northcote (1993) found similar results, with juvenile Chinook salmon exhibiting higher
overall feeding rates on surface, planktonic andtbemrey at 35 and 150 NTU than at 0 and 810 NTU.
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Recreation/Aesthetics

Increasedurbidity levels can affeatecreational use of waters in Oregon and elsewhere, both directly
and indirectly. Directly, turbidity reduces Vvis
swimming (Smith, et al. 1991) and fishing (Lloyd, et al. 1987). Indirectly, tuyhigituced reductions

in fish populations can reduce catch rates and r

Effects on Aesthetics and Swimming

Turbidity can have deleterious effects on perceptions of water quality, which may in turn reduce use of
waters br recreational uses and swimming. Most of the researcDE@tfound related to the effext

of turbidity and visual <c¢clarity on perceptions o
conducted in New Zealand. Smith, et al. (1998 Mew Zealand survey found th&1% of people
considered waters yieldingodack disk sighting range df2 meterdo be suitable foswimming. In the

same study90% of those surveyed considered waters yieldibpak disk sighting rangef 2.2 meters
suitable forswimming. Using an equation from Smith, et al. (1997), these measures correspond to
turbidities of 4.2 and 1.5 NTU, respectively. The study indicates that clear ecleaaconditions are
required for most people to consider water suitédrlswimming. In another stud$mith and Davies

Colley (1992) surveyed 15 fiektaff of theNew ZealandNVater Resource Survey in New Zealand with
respect to recreational bathing and aesthetic suitabilitysein streams. Results are presented in

Table 5.

Table 5. Relationship between visual clarity and suitability of water for swimming and overall aesthetics Data from
Smith and DaviesColley, 1992.

Swimming Suitability Aesthetic Suitability

Black disc Turbidity Black Disc Turbidity

sighting range | (NTUS) [from sighting range | (NTUS) [from

(meters) Smith, 1997] (meters) Smith, 1997]
Eminently suitable .7 aL 8.0 aL
Suitable <2.7-1.6 >1-2 <3.0-1.7 >1-2
Marginally suitable <1.67 1.1 >2-3 <1.7-1.0 >2-3
Unsuitable <1.17 0.5 >3- 8 <1.071 0.4 >3-11
Totally unsuitable <05 >8 <04 >11

In laboratory tests, Smith and Perrone (1988ervedhat the percent change in clarity required to
present perceptible differences to surveyed viewers decreased as the control condition for comparison
increased in turbidity. A greater than 300% (or 15 NTU) increase above a turbidity sample of 5 NTUs
wasneeded to reveal a o6conspicuousd6 difference
surveyed at approximately6 NTUs (1606) above a control sample of 10 NTUs, &0dNTUs (140%)
above a control sample of 50 NTUs. 6Somewhat of
(170%), 9 NTUs (90%), and 35 NTUs (70%) above 5, 10, and 50 NTU control levels, respectively.
6Barely noticeabl e diff er iNtUs 32%),anddUNTUse(20%)at 3. 4
above 5, 10, and 50 NTU control levels, respectivélye appearance of disparity beewn these

statistics and Table results may be due to perceived differences above perfectly clear water (0 NTUS)

and perceved differerces aboveurbidity levek of 5 NTUsor greater

b et

One area of uncertainty in presenting these studies is the applicability of New Zealand studies to impacts
on recreation in Oregon. However, there are a number of similarities between Oregon and New
Zealard. For exampleQregon(especially Western Oregoahd New Zealand have a comparable array
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of lakes, reservoirs and streams. New Zealand has many highly oligotrophic and transparent lakes as
well as many eutrophic and dystrophic lakes which are nottkamgparent. Streams and rivers include

a wide variety of turbidity regimes as wéR. Petersenpers.comm). Smith, et al. (1995 a, b) noted

that theperception of a water body depends on the use an observer expects to make of it as well as the
obserer 6s prior experience. For example, i1f the
more accepting of reduced transparency or color resulting from dissolved organic maagemuch as
people in both Oregon and New Zealand have anedquevat fr ef erence set o of
which to base their opinionthe results of research in New Zealamd applicablas a basis for setting
criteria in Oregon.

Effects on Fishing
In locations where chronic turbiditgsults in 5@
decreasefish populations and diversitg,number of
studies have notegh indirect effect on the quality of
fishing in those locations. For exampBejck (1956),
in a study of a clear araiturbid reservoir in
Oklahomafound thatfish speciegrew faster in the
clear reservoir.n addition, atch per unit effort in the
clear reservoir was reported agl3imes higher in the

Y= 0.322X + 13.530 A 1993
r2=0.760 1995

Angler Catch Rate (number fish / h)

clear reservoir than the turbid reservdirenner, et 0 5 10 15 20 25 30 35 40 45

al. (1997)found that catch rates of largemouth bassf ~~  T&00 o
. . pr . . 1GURE |.—Rclationship between number of largemouth bass caught by anglers (¥) and turbidity of ponds (X)

were significantly and linearly correlated with T 170, o s T o S e v o e it i

turbidity in an experimental pond (Figu2d). Ewing  igyre 24. Relationship between turbidity and angler

(1991) hypothesized that chronic turbidity (>100  catch rate of largemouth bass in an experimental

NTU) was the culprit for the decline in fish pond (Drenner, et al 1997).

populationgn a bottomland hardwood backwater system. Lloyd, et al. (1987) reported a 55% decline in
sport fishing downstream from mine dischargaghe Chatanika River, Alaskawhich was attributed to
avoidance by fishers of increased turbidities-®08NTU. The authors did not noteh&ther this decline

was due to a decrease in fish numbers or a preference to fish in clear waters due to safbgtior aes
concerns.

One study contradicts the findings reported above. Catch per unit effort of rainbow trout was higher in
turbid (>480 NTU) than in clear water in the Colorado River (Speas, et al. 2004).

Water Treatment

In this report, DEQ reviewed thefe€t of increased turbidity levels on drinking water treatment

operations and costs. These effects are not related to reduced visibility, but rather to meeting Safe
Drinking Water Act (SDWA) turbidityreatment maximum contaminant limitghich protect aginst
pathogens, disinfection hgyroducts, and compounds associated with suspended sediment (excess
nutrients, metals, pesticides, etc.). DEQ manages a cooperative drinking water protection program with
the Oregon Department of Human Services, whichsgamesible for implementing the SDWA in

Oregon. The water quality standards identdgmestic and private water supply a berfecial use to be
protected. The standards addressing toxic pollutants also protespbsure related to drinking water.

As ore of the endpoints generally included in wajeality standards, DEQ has coitegd relevant data
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in order toreviewthe potentiakffects of increased turbidity in the context of whether DEQ should set a
water quality standard to protect domestic watepbup

Oregon water quality regulations list domestic and private water supply as a beneficialemseyiall
fresh waters inthe state, with a few exceptiong/hile treatment and delivery of drinking water is
regulated under the Safe Drinking Water A8DWA), the level of turbidity irDregon waters that serve
asdrinking watersource areasan have a direct effect on trea&mt costs; turbidity as low as 5 NTU can
cause smaller drinking water systems to shut dods such, DEQs consideing the effecs of turbidity
on drinking water treatment to inforwhether specifievater quality standasdor turbidity should be
developed for this endpoint

Turbidity is an indicator oéxcessive levels of suspended fine sedinredtinking watey which can

reduce the effectiveness of disinfection treatments (LeChevallier et al 1981), harbor pathogens
(Meschke & Sobsey 1998), contribute to formation of disinfectieprogucts (Nikolaou et al 1999),

and carry nutrients, heavy metals, pesticides, and othierdio@micals (Lick 2008).Under the SDWA,

the level of allowable turbidity in drinking water is 0.3 NTU in 95% of samples for direct and
conventional filtration and 1 NTU in 95% of samples for other types of filtratibfest drinking water
treatment failities runby public water system$WVS9 have the capacity to remove turbididgusing
sediments during treatment of raw water; however, the amount of turbidity that can be effectively
removed depends on the treatment technology in use (US EPA 199%xdmple, water can be treated
using a flocculent/coagulant agent to collect fine sediments into larger particles which are then removed
by rapidpressurizediltration through a bed of sandviore flocculentand coagulant aneeeded as

turbidity increass (Moore and McCall 1987). Another common drinking water treatment system, slow
sand filtration, allows water to slowly percolate through a large bed of sand to be collected through an
underdrain.When source water turbidity exceeds 5 NTU, a treatmant psing thee treatment

systens will usually need toshut down National Drinking Water Clearinghouse 1996WSs with
additional préfiltration or pre-sedimentation basins can treaurcewater withturbidity higher than5 or
10NTU (US EPA 2003 Some systems1 Oregonwith frequent high turbidity install advanced

filtration systems that can treat water with turbidity higher than 50 or 100 NUttheseystems are
expensive and may not be affordabledtiismall PWS{ODEQ2010.

Turbidity, epecially during periods of heavy rainfadiffectsthe ability of Oregon cities to provide safe
drinking water to residents. In 1996, a heavy storm caused a dramatic spike in turbidity, causing the
City of Salem to shut down their PWS for eight days aedeiasing turbidity at many other drinking

water intakes in the Willamette and Lower Columbia River basins (USGAO 1998).rézeqxly

released study of turbidity for public water systems (PWSs) in Oregon with drinking water source
areas (DWSASs) in the dith and Mid Coast Ranges (ODERQ10. The report includes castudies of

eight PWSs and status reports of an additional ten PWSs. Some systems, such as Falls City and the
Arch Cape Water District, must cease purification at turbidities higher tharUsiddreventtheir

filtration systemdrom clogging Some systems, such as Ast@iml Forest Grovemay switch from a
primary to a secondaWSAi n t he case of high turbidity. The
episodes of high turbidity, but maintenance and treatment costs increase during these episodes.

A number of studies have linked turbidity to higher drinking water treatment ddstsce and McCarl

(1987) studied overall costs of sediment in the Willamette Valley including those related to drinking
water treatment using data from the water treatment in Corvallis. The study indicated that the amount of
alum (flocculent) and lime (uddo adjust pH in the presence of alum) used by the water treatment plant,
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as well as maintenance costs due to sediment pond cleaning and sludge disposal, was significantly
related to turbidity with an elasticity of 0.35, indicating that a 1% decreasgbidity from the source

water would result in a 0.35% decrease (~$0.27 per day for the Corvallis plant) in the amount of
sedimentrelated treatment costs. The authors then extrapolated that cost across the entire Willamette
Valley and concluded that &®% decrease in sediment loads across the Willamette Valley would yield a
savings of greater than $200,000.

The findings of Moore and McCarl (1987) were similar to those of studies in other areas of the United
States. Dearmont, et al. (1998) found inuamlg of 12 treatment plants in Texas that elasticity of cost of
chemicals to treat water with respect to turbidity was 0.25. Foca (2002) studied two water systems in
North Carolina serving approximately 25,000 people and found that, if turbidity waddigaedaverage

of 5 NTU, annual savings could be $7200. Forster, et al. (1987), in a study of twelve treatment systems
in Ohio, found that a 25% reduction in soil erosion statewide could result in a $2.7 million savings in
water treatment costs. Holmd®©88) estimated that the cost of treating suspended sediment nationally
ranged from approximately $35 million to $661 million.
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Chapter 4. Natural Variability in
Turbidity

Natural weathering and decomposition of rocks, soils, and dead plant materitds &nadsport or

di ssolution of the weathered products -tansingrat er ¢
suspended and dissolved materials to naturedregSorensen, et al. 197arge fluctuations of

turbidity can be caused by natudigturbances or episodic events, such as fires, floods, and landslides.
Natural background varies seasonally and geographically depending on geology, precipitation, and other
factors. Turbidity generally increases with rapid increases in stream disglgngerally corresponding

to storm events. However, there often are differences in the timing of peak turbidity and peak discharge
in forested watersheds, with peak turbidity occurring before discharge (Bogen 198Qgrrh

Ahyster esi s dbethiseffests la addittomhe faseé stsoomr flowsfollowing the summer dry

period generally result in higher turbidity than subsequent larger flows due to an initial flush of
suspendedediment (Paustian and Beschta, 1979).

While such patterns would be 6000
expected to occur in Oregon strean
dominated by rainwatemisystems
dominated by glacial meltwater,
such as Hood River, natungdtterns
in turbidity are much different. In
such systems, turbidity peaks are
generally highest in the summer
months due to higher temperatures
causing sedimeraden glacial melt

: 200.0 e
to dominate summer stream flows 3
(Bonnie Lamb, ODEQ, pers. -
comm.) For example, DEQ data 100.0 o @
collected from two branches of the " ;
Middle Fork Hood River in 1999 0.0 .
indicate that turbidity increased
beginning in May, peaked in July
and August, and began to decreas
in September (Figure 25). Figure 25. Turbidity in Middle Fork Hood River Tributaries, 1999. Source:

DEQ LASAR database.

Water quality in the Hood River is strongly influenced by Mt Hood glaciers. The transport of glacial
flour, or fine grouneup sand and stone, from glacial headwater tributaries during summer melt can
dramatically increase water turbidity in downstreanasreliterature indicates that glacial turbidity
levels such as those found in the Hood River subbasin are high enough to decrease primary production,
macrainvertebrate production, and subsequent fish growth and survival (SWCD 2004).
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* = Eliot Creek
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In some casesatuml turbidity levelscan be quite variable even in different subbasins of the same
watershedlue to differences in lithologyFor example, Uhrich and Bragg (2003) examined the geology
of three subbasins of the North Santiam River above Detroit Creekeffdyagh River, Blowout Creek,
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and North Santiam River) and postulated that Blowout Creek and Breitenbush River were more likely to
have turbiditycausing clay materials than the North Santiam. Figure 26 shows daily mean turbidity data
at the three sitesThe data indicate that, while turbidity at the three sites generally had guatilarns

of response to storm events, the magnitude of the response differed frooassliée In addition,

turbidity at Blowout Creek following a storm event in late Japlearly February 2000 continued to be
elevated, while turbidity at the other sites felldwer levels.

In estuaries, high levels of suspended
. Breitenbush River above French Cr (14178000)
sedi ment naturally Blowout Creek near Detroit, OR (14180300) e
turbidity maxi mum, )
R R . . Data from U.S. Geological Survey
marine and r|VeFd0m|natei pOI’tIOI’lS Of L1 L L L O L B = 500
the estuary meet. 1

500
450

400

This natural background and variability
turbidity ultimately impacts the approach |2
availableto Oregonfor revising its water
quality standard for turbidity. For
example, an absolute standard wdikdly
not be achieveth many locations during
rain eventaindernaturalconditions At
the same time, a relative standard, such { - EPN
Oregonds current r ]
allows for cumulative increases in turbidit
throughout a stream. Because of these
challengesthis report includea
discussion of natural sources and patterns

of turbidity to help inform policy Figure 26. Turbidity in the North Santiam River basin (data
decisions. from http://or.water.usgs.gov/grapher).
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Duringthedry season, background turbidity levels are relatively low and consistent in small streams
throughout OregonA six-year DEQ ambient monitoring study completed during the dry season in 2002
inventore d small wadeable stream sites in Oregonbs ei
that overall median turbidity levelgere approximately 1 NTU, regardlesfslithology (resistant or

erodble), or the degree of human disturbanBeference site edians for all ecoregions were 1 NTU,
except for the Willamette Valley ecoregion with a median of 2 NTiewever, he Drake (2004) study

did notexaminewet season conditions, winhigher levels of sedimet@den runofffrom precipitation

and snowmeltontribute to higher turbidity levels from natural and anthropogenic squroeslid it

examine background turbidities in higher order streams, whicbf anest interest fomany point

sourceghat discharge to these waters and could have permits wits iased on ater quality

standards

Concentration-Duration-Frequency Analysis

A useful way of examining turbidity datatoconducta f ¢ o n c-éurationfarte popunency o ( CDF)
analysis (Schwartz, et al. 2008). A CDF analysis analyzes the frequehayptdicular
Afconcentrationo (e.g., turbiditCPFshrewsefdlin i s excee
examining data tdetermine iturbidity is exceedingic o n c e nt r at thresholdghat wwauid beo n 0
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expected to result in an adverse dffec aquatic life This method illustratethat, even in relatively

undisturbed conditions, turbidiganexceed threshoftht which an effect is expected to occur.

For the CDF analysis, DEQ utilized continuous monitoring stations operated and nealifgitne U.S.
Geological Survey (USGS) and available at the USGS Oregon Water Science Center
(http://or.water.usgs.gov/graph@r/The USGS monitoring stations collect turbidity, dischaegel
other water quality data at 30 minutes intervals. Turbidity readings are reported in Formazin
Nephelometric Units (FNUs). For the analysis, DEQ utilized two stations that were identified as being

in areas relativelyoid of anthropogenic influencé€. Andersonpers. comn) The first station is on

the South Fork McKenzie River, just above Cougar LaKee second station is on the North Santiam

River near MehamaDEQ analyzed turbidity dataken from both stations betweEabruary 10, 20Q3

andSeptember 30, 2008UJsing the method described $thwartz, et al. (2008), DEQpmpared

turbidity readings at the stations to threshold3,a20, 55, and 150 FNWvhich are based on turbidity
effect levelscontainedn Newcombe (2003)as described in Chter 3 Eventsexceeding 7 FNU for

only one reading were excluded from the analysis, as these could be due to vegetation debris passing by
the optical sensor or another inaccuracy (Schwartz, et al. 2@DBY: curves for the two sites are

presented in Gures Z and28. The charts show t he

lasting a given durationrdonger. For example, at the South Fork McKenzie River, thereterre

number

of

eventsexceeding 20 FNU that lasted 1.5 hours or longer and two evenedexgd50 FNU that lasted

3.5 hours or longerLooking at itfrom a slightly different perspectiye t h e

just over three days (81.5 hours), the longest 20 FNU event was just over two days (53.5 hours), the

ongest

7

iev

FNU

longest 55 FNU event wdsY2 days (36.5 hours), and the longest 150 FNU event was less than %2 day

(10.5 hours).
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Figure 27. Turbidity CDF Curve sfor South Fork McKenzie River above Cougar Lake Data from USGS.

! Discharge refers to streamflow, measured¥s ft
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Figure 28. Turbidity CDF Curves for Little North Santiam River at Mehama Station. Data from USGS.

DEQ usedhe information in the two figures to determine how oftentinuougurbidity readings

exceed a

onset of

gi ven
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For the purpose of illustratioDEQ compared h e
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Table 6. Occurrences of exceeding "concentration/duration” effectshresholds for two continuous
turbidity stations in Oregon. The numbers in parentheses in the first column correspond to the
duration (hours) at which the turbidity levels are expected to result in an SEV of 2 and 4,

t hre

respectively)
SEV =2 SEV=4
Concentration/ South Fork Little North South Fork Little North
Duration McKenzie Station | Santiam Station | McKenzie Station | Santiam Station
Combination

7 FNU (150/2980) | 0 0 0 0
20 FNU (20/150) 3 10 0 0
55 FNU (2.5/20) 3 14 2 3
150 FNU(<1/2.5) 5 13 2 4
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There are some challenges inherent in the methoddbkt underestimatthe number of occurrences of
impairments For example, if turbidity readings exceeded 55 FN(2foours, fell to 40 FNU for one

readingthen exceeded 55 FNU again for droaur, tte methodology would count thegeriods as two

s epar at eneitiiex of which \8ould be counted as exceeding an SEV threshold offitam a

biological standpointsuchashod ur at i on b et we einsufficient te allbwsrécoveryafi | d b e
agudic life. Regardless of this isspie data show that, evémnatural undisturbed conditions,

turbidity can exceed levels expected to result in sligigignificant impairment per the definitions in

Newcombe (2003).

Turbidity-Discharge Relationships and Land Use Impacts

In this sectionDEQ presents aanalysisof seasonal and spatial relationshipsurbidity datato assess
whether any patterns emerg&EQ examineaontinuougdurbidity datasetfrom theUSGSin four
watersheds for general patterns in turbidity readim@SQ used rean daily turbidityfor the analysis.
For each station, DEQ examinadjacent land use pattefmaedian turbidity, the percentage of days
each station had a mean daily turbidityajez than 5 and 10 FNU

In addition, DEQ modeled thelationship between discharge and turbiftityeach statiomsing the

equation T=a*®, where T is turbidity, Q is discharge, and a and b are parameters associated with an
ordinary least squares, kigansformed regressiomEQ created a graph at each station illustrating how

turbidity and discharge varied over a single year and analyzed how the relationship compares to what

might be expected in Oregon streams.miany streams, the relationgtietwea discharge and
turbidity during stormevens how fA-$ baped r el ati onships between t|
as Ahysteresis. o For exampl e, Figure 29 il lustr
approximately three days during a storBogen (1980) notes that in many forested streémeshighest
concentration of sediment (and, generally, turbidity measurement) difore the peak discharge

when the dischargeacreases at thmost rapil rate. In many systems, suspended sedinteamtsport

(and associated increased
turbidity levels) are
dependent upon the rate of
increase in flow, the period 2000
of time since the last time
water flowed over the area
contributing to sediment, anc
other factors (Bogen 1980).
However, in some cases, the
peak sediment concentratior
occurs aftethedischarge
peals. In relation to this
analysis, such a pattern may
indicate anthropogenic 0 . . . .
causes of increased sedimer 0.1 1 10 100 1000
and turbidity levels in the
water column.Williams

(1989) atmbu'[ed this Fase tCFigure 29. Example of hysteresis effect in turbidity vs. flow relationship for the
three posble reasons: 1) thecjackamas River at Estacada station. Data from USGS
suspended sediment flux  (http:/or.water.usgs.gov/grapher)
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travelling at a velocity slower than the flood wave; 2) high erodibility in combination with a prolonged
period of erosion; and 3) seasonal variability in rainfall and sediment production.

Johnson Creek. DEQ analyzed wrbidity data sets from two stations Johnson CreekThe firstis in
Gresham near Regner Road. Diieerstation is in Milwaukie (Figur80). Landsurroundinghe

Regner station includesediumintensity urban developmewith some agriculiral land use and mixed

and evergreen forest. Land use at the Milwaukie station is primarily medibigh intensityurban
development.DEQ examinedurbidity datadatingfrom November 9, 20Q40 April 25, 2010.

Turbidities at both sites are charazed by frequent spikes throughout the rainy season. Overall,
turbidities were lower at the downstream site than the upstream site with median turbidities of 15 FNU
at the Regner site and 9.5 FNU at the Milwaukie station. These median turbidities weghdise of

any of the four watersheds examined. At the Regner station, 94% of daily mean turxditieded

FNU and 68%exceeded 0 FNU. At the Milwaukie station, these numbers are 81% and 47%,
respectively.Discharge was a better predictortafbidity at the Milwaukie station (T=0.383*3

r’=0.77) than at the Gresham station (T=4.98% ’=0.59). Turbidity data from 2002008 at the

Milwaukie staton indicate a close correlation between turbiditgdischargewith peaks often

occurring simultaneously (Figure 31). Data from the Regner Road site indicate a much flashier turbidity
pattern; turbidity levels increase substantially even with small flow increases (Figure 32). For example,
turbidity increased to BL7 FNU on March 2, 2008, concurrent with a very small flow increase.
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Figure 30. Location of turbidity data stations in Johnson Creek and Clackamas River from
http://or.water.usgs.gov/grapher/
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Figure 31 Turbidity vs. Flow, Johnson Creek at Regner Road, 2002008 Data from USGS Data Grapher,
http://or.water.usgs.gov/grapher/.
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Figure 32. Turbidity vs. Flow, Johnson Creek atMilwaukie , 2007#2008. Data from USGS Data Grapher,
http://or.water.usgs.gov/grapher/.
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Clackamas River. The twoClackamas Rivestations aréocatedin Estacada and Oregon City (Figure

30). Land use at the Estacada station is primarily pasture and cultivated crops with some forested areas.
The station is directly below a series of reservolrand use at the Oregon City station is primarily{ow
to-medium intensity development with somgriculture and forested areakhe station is in an area that

is rapidly urbanizing.DEQ examinedurbidity datadatedfrom June 20, 20020 April 26, 2010.

Turbidities at both stationsere very lowoverallwith median turbidities of 1.1 FNU at thetacada

station and 1.2 FNU at the Oregon City station. At the Estacada station, 9.6% of turbidity readings
exceeded FNU and 4.7%xceeded 0 FNU. At the Oregon City station, these numbers are 13.5% and
6.5%, respectivelz}/. drbidity and discharge weraore correlated at tHéregon City station

(T=2.27*10"*Q"* r’=0.71) than at the Estacada station (T=8.65*{F°"° *=0.48) which could be

at least partially due to reservoir effecifis is consistent with the turbidityevsusdischargepatternsn
2008200 (Figures 33 and 34). The data at the Estacada stations indicate that turbidity responded to the
first stormrelated flow peak in mid November 2008 and a subsequent higher peak flow in January 2009
(Figure 33). Turbidity responses to lateabdlows of lesser magnitude appears slightly lower until

another high peak flow event in May 2009, during which turbidity also increased substantially. At the
Oregon City station, turbidity and floappear to correlate well throughout the year.
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Figure 33. Turbidity vs. Flow, Clackamas River at Estacada, 2002009 Data from USGS Data Grapher,
http://or.water.usgs.gov/grapher/
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Figure 34. Turbidity vs. Flow, Clackamas River atOregon City, 20082009. Data from USGS Data Grapher,
http://or.water.usgs.gov/grapher/.

McKenzie River. DEQ analyzed data fromwb stations in the McKenzie River; the firstos the South

Fork McKenzie Riveupsteam of Cougar Lakehe second is in the mainstem McKenzie Rivear

Vida (Figure35). Initially, DEQ looked aturbidity data from a third station, juselowthe Cougar

Dam, butultimatelyexcludedthese datdecausef influences of controlled wateeleases from the dam

on turbidity Land use at the Cougar Lake station is almost exclusively forested. Land use at the Vida
station is primarily forested and shrub/scri@EQ examinedurbidity datadatingfrom January 13,

2003 to September 30, 200G.urbidity at both stationsccasionallyspiked during the rainy season, but
overallremainedvery low, although turbidity at the Vida station (median=1.2 FNU) was somewhat

higher than at Cougar Lake station (median of 0.1 FNU), which had the lowest uedidity of any

station considered in this analysgome of the higher turbidity at Vida may be explained by some
controlled releases from the reservoir at Cougar Lake in 280the Cougar Lake station, 2.2% of

turbidity readingexceede®d FNU and 11% exceeded 0 FNU. At the Vida station, these numbers

were 8.6% and 4.0%, respectivelpischarge was slightly better at predicting turbidityhe Cougar

Lake station (T=6.40*18*Q*** *=0.46) than at the Vida station (T=2.95*¥(Q"*, ’=0.40), but both
relationshipsvere generally weak compared to other sifEse turbidity \ersis dischargepattern in

20052006 at both stations was consistent with what would be expected in a forested stream (Figures 36
and 37). Turbidity was more respgive to the first stormelated flow peak in late October/early

November 2005 than subsequent flow peaks of lesser magnitude. When flow greatly increased in early
January of 2006, turbidity again responded, but was less responsive to flow incredsesdimainder

of the year.
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Figure 35. Location of turbidity data stations in South Fork McKenzie River from http://or.water.usgs.gov/grapher/
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Figure 36. Turbidity vs. Flow, South Fork McKenzie River upstream of Cougar Lake, 20082006. Data from USGS

Data Grapher, http://or.water.usgs.qgov/grapher/
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Figure 37. Turbidity vs. Flow, McKenzie River near Vida, 20052006. Data from USGS Data Grapher,
http://or.water.usgs.gov/grapher/.

Rogue River Basin. Two stations from the Rogue
River Basin were examined: the first Bik Creek near
Trail; the second on ghmairstemRogue River near
Eagle Point (Figur88). Land use at the Elk Creek
station is almost exclusively forested. Land use at the
Eagle Point station is primarily agricultural with woody
wetlands in the immediate vicinityA reservoir
immediaely downstream of the Elk Creek Station may
decrease tbidity at the Eagle Point statiodEQ
examined wrbidity datadatingfrom June 1, 20Q%o

June 12, 2006. Median turbidities were 2.6 FNU at the
Elk Creek station and 1.9 at the Eagle Point statéin.
the Elk Creek station, 27.6% of turbidity reading
exceede®d FNU and 12.0%xceeded 0 FNU. At the
Eagle Point station, these numbers were 24.9% and
14.2%, respectively. Thaischargeturbidity

relationship wastronger at the Elk Creek station
(T=0.311*@** r*=0.57) than at the Eagle Point
station(T=2.99*10%*Q*° ’=0.22, which is likely

due to reservoir effectsTurbidity and flow data from
2004200 generally follow expected patterns at both
sites, with peaks occurring concurrently and quickly Figure 38. Location of turbidity data stations in the

returning to baseline levels shortly after péakvs fROgUE Ri_‘/’/er stationSouth ':0/”‘ MChKe;‘Zie River
(Flgures 39 and 40) rom nttp://or.water.usgs.gov/grapner!
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