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Absrracz —Our meta-analysis of 80 publxshcd and. adaquau:ly documcnwd repons on ﬁsh re-’
sponses to suspended sediment in streams and estuaries has yielded six. empirical equations that
relate biological response to duration of exposure and suspended sediment concentration. These
equations answer an important need in fisheries management: quantifying the response of ﬁshu
to suspended sediment pollution of soreams and estuaries has been difficult historically, and the
lack of a reliable metric has hindered assessment for risk and impact for fishes sub]ecwd to excess -
sedimentation. The six equations address various taxonomic groups of lotic, lentic. ‘and estuarine -
fishes, life stages of species within those groups, and pamclc sw.es of snspendcd sediments. 'n:c
equations all have the form

2= a + blogx) + c(log,y)..

z is severity of ill effccz. x is duration of exposure (h). y is concentration of suspended sedlmcx.;‘t
(mg SS/L), a is the intercept, and b and c are siope coefficients. The severity of ill effect () is =
delineated semiquantitatively along a 15-point scale on which is superimposed four “decision”
categories ranging from no effect through behavioral and sublethal effects to lethal consequences
(a category that also includes a range of paralethal effects such as reduced growth rate, reduced -
fish density, reduced fish population size, and habitat damage). The study also provided best. .
availabie estimates of the onset of sublethal and lethal effects. and it supported the bypothesis
that susceptible individuals are affected by sediment doses (concentration X exposure duration)
lower than those at which population responses can be detected. Some species and life stages
show ‘“ultrasensitivity” to suspended sediment. When tested against data not included in the
analysis, the equations were robust. They demonstrate that metw-analysis can be an important tool
in habitat impact assessmeat. :
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for sediment and aquatic organisms have'been lim-
‘ited in several ways. First, initial analyses_ were
based on pooled data (Newcombe 1986; Ncwcom-
be and MacDonald. 1991). Second, the dambase
-available for those analyses embraced a wide. Lnx-_

ouomic range from phytoplankton to fish.. Third,
693 '

While it is now generally accepted that the se-
verity of effect of suspended sediment pollution
‘ . on fish increases as a function of sediment con-
centration and duration of expaosure, or dose (the
product of concentration and exposure time), at-

. tempts to document the dose-response relationship
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the database contained little informanioa about par-
ticular species and life stages. The resuiting dose—
respoase model for aquatic ecosystems (Newcom-
be 1986; Newcombe and MacDonald 1991) estab~
lished a general principle, but this mode! was heid
10 be too imprecise to help fishery and habitat
managers address loql sediment problems (Gr:g-
ary et al, 1993)..

In an effort to refine the general dose—fuponse
model, MacDonald and Newcombe (1993) extrait-

. ed and analyzed data for juvenile salmon from the
; recent literaure. These dana yielded an equanon

similar 10 the one for pooled data, but the two

... curves differed in important ways. This finding

I * iment concentration (1-300,000 mg SS/L) and ex-

. ‘established a need to revisit the dose~response da-
~ tabass so that models could be tailored to partic-

-ular groups of fishes as functions of taxomomic
group, naturaj history, life history phase, and pre-
dominant sizes of the sediment particies respon-
sible for il] effects (Newcombe 1994). We have
eadexvored (o meet this need and present a meta-
analytic synthesis of dose—-response data in this
paper [nsofar as this research provides new un-
derstnding of channel sediment impacs, it leads
to discussion of potendal changes in the methods
and goals of quantitative impact assessment. Spe-
cificaily, the results (i) suggest the need to change

"the methods of data collecdon for environmenial

law enforcement, (ii) demonstrate the value of
meta-analysis as a research method in fisheries
habitst impact assessment, and (iii) prompt an ex-

- pression of concern about land use practices and

. of ill effect, described below. The dose~respoase
‘marix, which.is the basis of data presentation in’

protecrion of instream, riparian. and upland zones.

Methods

ﬂm study is based on 164 data triplets con-
sisting of (i) suspended sediment concentration,
(ii) deradon of cxposure, and (iii) severity of iil
effect for fishes. These data were taken from a
comprehensive literature review  (Newcombe
1994; Newcombe et al. 1995). Supporting data ex-
tracted from the review included taxonomic group,
species of fish, natural history, life hiswry phase.’
and sediment particle size range.

We define dose as concenmation of suspended
sediment (SS) times duradon of exposure; dose has
the mits mg $S-h-L-'. The nawral logarithm of
dose it termed the stress index (Newcombe 1986,
1994; Newcombe and MacDonald 1991; MacDon-
1id 20d Newcombe 1993). Response is the seventy

this report, encomp ull combi of sed-

TABLE |.—Scale of the severity (SEV) of ill effects
associated with excess suspended sediment,

SEV Description of effect
Nil effort
Q No behavioral effects

Behaviaral dfu:n
"1 Alarm reaction

2 . Abmndoament of cover
3 Avoidance respoase
Sublethal effects
4 Short-term rednction in feeding rates;
shor-term reduction i feeding success
3 Minor physiological srens;

6 Moderun physiological stress
7 Moderan habits degradas
i .' '.
8 Indicazions of major phy sores:

1 >10-40% morality
12 >40—60% moraiicy
13 >60-30% moraliry
14 >80-100% morulity

posure duration (1-35.000 h). Except when it re-
fers specifically to duration., we use *exposure”
broadly to inciude dose, particle size. and other
potential contributors to stress on fishes. [n most
cases. data on particle shape and roughness and
on water (emperature were lacking.

Severiry-os-1ll-Effect Scale

As before (MacDonald and Newcombe 1993:
Newcombe 1994) and in a nearly identical way.
we scored qualicative response data along a semi-
quandtative ranking scale (Table |). Superimposed
on a 15-point scale (0~14) were four major ciasses
of effect: (i) nil effect. (ii) behavioral effects. (iii)
sublethal effects (a category that also includes cf-
fects such as short-term reduction in feeding suc-
cess), and (iv) lethal effects (direct martality. of
its paralethal surrogates—reduced growth, re-
duced fish densiry, habitat damage such as rtdu“d
porosity, of spawning. g, and
reduction in popularion siza), Whea these various
effects could be Compared directy, pollution ep-

uode: u.wcuted wuh sublethal or ledul effects

-~
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also degraded habitat and reduced population siz
which is why these seemingly disparate ill effe<
are grouped together in the hierarchy. For ever
berween the extremes of nil effect and 100% mc
tality, we assumed for modeling purposes that t
severity-of-ill effects (SEV for “severity”™) s
represents proportional differences in ue effec
. We now incorporate all feeding reductions
me ciass of sublethal effects, and we sct the bour
ary between short-term and long-term mdmmc
in feeding success at 2h In pncuge.repon-s
long-term disruption of feeding rates escompx
800 h and more. We coasider ail feeding redoctic
to be sublethal effects (unless feeding redn-tic
can be linked to slow growth when wet - %
as paralethal effects) because they reflec.. -1
change in fish behaviar than reduced availabii
of food and reduced visuai huonting range.
Along the SEV scale, habitat damage ram:
from moderate to severe. Habitat damage can
characterized in biological or physical terms
both of these in conjunction. Biological manif
tarions of habitat damage include anderusilizat
of stream habitat (Birtwell et al. 1984), aband
ment of traditional spawning habitat (Hami
1961), dispiacement of fish from their bab
(McLeay et al. 1987), and avoidance of hat
(Swenson 1978). Physical-manifestadons inel
degradation of . spawning habitat (Slacey et

1977b; Cederholm et al. 1981), damage to hat

structure (Newcomb and Flagg 1983; Menze
al. 1984), and loss of habitat (Menzel et al. 1¢
Coats et al. 1985). Biophysical manifestation
excess S$ are reported (in one typical example
habicat degradarion that reduces the relagve :
.ceas of one or more fish species thac depenc
low siltation rates and silt-free (<3% silt} A
(Berkmann and Rabeni 1987).

Habitat degradation can be inferred by (i)
dence of increased mormlity atany suageina f
life cycle (egg-to-fry survival may decrease
result of increased sedimestadon: J. LaPerr
University of Alaska. personal communicat
(ii) avoidance behavior by fishes (Suchanek
19844, 1984b), (iii) reduced abundance of in:
and reduced quality of rearing habitat (Slane
al. 1977b), (iv) decresed size of zcobcm.hxc
ulations (G 1970; Rosenberg and $
1977, (v) reduced udlity of spawni E

¢ (Hamilton 1961), (vi) delayed hatchinge 2

B < and Wang:1973), and (vii) disruption of bO

behavior and home wazer preference (Brans
: lL 1981; Whianan et al. 1982).
Rnl.mva sevemy o! habitat dumge is 3 had
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i effecrs E M - slso degraded habitat and reduced population size.
t; which is why these seemingly disparate ill effects
[ arc grouped together in the hierarchy. For events
- berween the extremes of nil effect and 100% mor-
mlity, we assumed for modeling purposes that the
severity-of-ill effects (SEV for *‘severity”) scaie
" represents proportional differences in true effects.
. We now incorporate ail feeding reductions in
the class of sublethal effects. and we set the bound-
ary berween short-term and long-term reductions
s N in feeding success at 2 h. In practice, reports of
b

long-term disruption of feeding rates encompass
800 h and more. We consider all feeding reductons
10 be sublethal effects (uniess feeding reductions
can be linked to slow growth when we treat them
as parajethal effects) because they reflect less a
change in fish behavior than reduced availability

e

: of food and reducsd visual hunting range.
= Along the SEV scale, habitat damage ranges
' - from moderate to severe. Habitat damage can be
tharacterized in biological or physical terms or
both of these in conjunction. Biological manifes-
tations of habitat damage include underutlization
of stream habitat (Birrwell et al. 1984), abandon-
ion ment of traditional spawning habiwat (Hamilton
1961), displacement of fish from their habitat
(McLeay et al. 1987), and avoidance of habitat
(Swenson 1978). Physical manifestations include
—_— degradarion of spawning habitat (Slapey et al.
1977b; Cederholm ct al. 1981). damage to habicat
, strucrure (Newcomb and Flagg 1983; Menzel et
e e al. 1984), and loss of habitar (Menzz} et al. 1984;
pasure Coars et al. 1985). Biophysical manifestations of
d other éxcess SS are reported (in one rypical example) as
tn most babitar degradation that reduces the relative suc-
ess and e cess of one or more fish species that depend ‘on
ey, 19w siltadon rates and silt-free (<3% silt) riffles

BB (Beriamana and Rabeni 1987,
. 1993: i Habitat degradation can be inferred by (i) evi-
;l wa ’ dence of increased mortality at any stage in a fish’s
a scm{-‘ life cycle (egg-to-fry survival may decrease as a
nposed result of increased sedimentauon: J. LaPemiere,
classes University of Alaska, personal communication),
s, (i) (il) avoidance behavior by fishes (Su:hanel.( et al.
des ef- 1984a, 1984b), (iii) reduced abundance of insects
cue- and reduced quality of rearing habitac (Sianey et
e al. 1977h), (iv) decreased size of zoobenthic pop-
th, re- ulations (Ga 1970: R berg and Sngw
. 1977), (v) reduced utility of spawning habitat
w - il (Hamilton 1961), (vi) delayed hatching (Schubel
ru;o;u and Wang 1973). and (vii) disruption of homing
on ep- behavior md.home water preference (Brannon et
cffects al. 1981: Whioman et al. 1982).

Relative seventy of habitat damage is a contin-
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- uum on a two-dimensional plane (SS concentration

X duration of SS exposure) in which an event may
be minor (ephemeral or low SS concentration or
both), or major (long term or high SS concentra-

_tion or both), or anywhere berween these exemes,

Severe habitat damage has been described by var-
ious authors, some of whom used aquaric inver-

tebrates as indicators (Herbert and Richards 1963;

Vaugban 1979; Vaughan et al. 1982; Menzel et al,
1984: Wagener and LaPerriere 1985). Severity of
habitat damage caused by excess SS somedmes
has been reported in terms of the length of dme
required for the stream to return to.its namral
state—sometimes 2s long as 15-20 years (est-

mated) after extensive coal mining (Vaughanetal.

1982).
The distnction between moderate and severe

habitat damage is a mater of degree that sdll bas-

not been delineated exactly. Severe habitat damage
can be-characterized in its exweme by the absence
of fish where fish normally are found.or by sub-
stantial reduction in fish popuition size, as was
documented for brown trout by Herbert et al
(1961). (Scientific names of fish species are given
in Table 2.) A pollution event that results in the
deposition of suspended sediment in or on spawn-
ing habitat during egg incubadon might be con-
sidered “‘moderately severe™ if the ares affected
were a small portion of the total avaiiable. On the
other hand, chronic or acute SS poiludon that caus-
es substandal reduction in the size of riverine fish
populations (Herbert et al. 1961; Staber et al
1981) should be considered to represent **severe™
habitat damage. Likewise, major SS pollution that
results in extensive deposition. of sediment on
spawning grounds should be characterized as se-
vere habitat damage because its effects could re-
duce the strength of an entire year-class,

Habitu damage is a valid description of the
harm caused by SS pollution, but it is probably an
abstraction insofar as ill effects operate on one or
more life stages of a fish’s life cycle. Age-specific
morbidity and mortaliry rates are fundamental to
the nodon of habitat damage. For example, habitat
damage may manifest itseif as forcgone opportu-
nity for fish (o use a portion of a sream. Reduced

suitability of habitat couid result in increased age-
specific morbidity and mortality rates, or both, de-
pending on the focus and methods of a study. Hab-
itat damage, therefore, should be seen as an ac-
cumulative measure of numerous (potentally ua-
documented) ill effects at various stages in a fish's
life cycle. It is 2 unique phenomenon in that it can
only be studied in the field (in conatrast to direct

— v e wr o SRS,




‘cm‘ned by excess SS-—«pecanly when it is not
'k:nm by dna:z observation 1o have caused an

: 7. .ngc.—-hfe stages were allocated amoug

fonrm eggs. larvae (recently hatched fish,
mclndmgplk-uc t‘ry, um lud not pzuscd thmugh
m

lmd nwm two categaries sepmmd at 75 pm.
Fblcplﬂ:hmxmaﬂdtban 75 pm. small
enough (o pass through. gill membranes into in-
(ipteriamellar spaces of gill tssue. This category in-
< ciudes clay, glt, and very fine sand particles (Ag-
ricutmre Camada 1974). Coarse partcies were 75—
250 i in diameeer, large enough to cause me-
chanical abation of gills. This size range includes
very fine o fine sand particles.
" The six daa groups for which we developed
;. <.models Inuu Speacs in each group are listed in
. <Table 2., &
ta Graup I: puul: and adult salmonids; particle
sizey 0.5-250 pm.—Group 1| (N = 171 swudies or
‘experimental wmits) inciudes Atlantic and Pacific
salmon, trou, Arctic grayling, mountain whitefish,
»ud rainbow meelt (a nonsaimonid). Some studies
"dealt. with fme sediment as catcgorized above,
- "soms uma comre &eduneut. and some with both.
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TABLE 2.-—Common and scientific aames of fish spesies

md other taxs mentioned in this paper and the sediment
cffects model(s) to which they conuibuted. Species
witbout a madel number were not used in any model,

Common name Sciemific name Mode]
Anchavy (bey) Anchoa mischilii »
Baxs (lar ) P Imoidk 6
Bass ( 1! h) dicropes L

. Bams (smiped) Morone saranlis - - 45
Bioegill Lepomis macrochirus [}
Carp (common) Cyprinus carpio 6
Cunner Tamogolabrus adsperna ~ §
Dareers Percidae: incindes 6

. Semonilus - ¢
arromacsiarur®
Fih {Genas and vpn:ﬂ 3
obacnre)
Fish | warmrwater) (Genas and species 34
. obscure) -
Goldfish Cararsing axrancs
Gnyling {Arctic) Thownaling areticus fmd
Haring (Atlantic) Clupea harengus 450
Heming (lake) Coreyomus arvedi 4
Heming (Pacific) Clupen pailasi 4
Hogchoker Trinectes macularus s
Killifish (sarped) Fundulus majatis s
Menbaden { Atlantic) Brevoortia rrramnss boid
Mimnow | sheepshesd) Cyprinodom variegams 5
Mummichog Funduius hewrociing 5
Perch (white) Morone amevicana 43
Perch (yellow) Perea favercens N
Rasbona thariegquin) Razbora hetere 5
Saimos {Getms wnd mpecies 124
. obacare)
Saimon (Atlagsic) Salmo salar 12
Saimos {chinook) Oncorimchus ohawytscha 13
Sahnon (chom) Oncorimchu bea 134
Salmon {coho) Oncorvchur kiaach 134
Saimon {Pacific) Omcorivwchas spp. i2
* Salmos {socksye) Oncoricychus aerka =3
Shad (Amencan) Aloia ravidirsima 43
Silversids (Ataaric) Manidia menidia »
Smelt (rainbow) Oonerus mordax 12
Spos Laiostomuy tonskurus 5
Sigethead Oncorfrwachus mviiss 1=
{ansdromous)
Stickleback {{ourspine) Apeitas quodrocus 5
Ciickirh 2 . , s
Sunfish (green) Lapomus cyvanetius 6
Sundish {recear) Lapomus microlaphus 6
Tomifiah ioyser) Opionus aw 3
Trowt (Genus and species [
obacure)
Tree (brook) Salvelinus fornmalis =3
Traut (brown) Salmo rumna =2
Trow {cunhroat) Oncorivncius clarid 12
Trout {Lake) Salvelinug nomewcush 2
Troue (rasnbow) Oncoritynchus mykist 1=
Trout (sea) (Genus and species 12
N . obacure)
Whitefish (laks} Coregouns clupeaformis 1=
Whitefiah | i » . wiiliemsoni 12

*A reisuvely swnubve species used in e empinca mooe (o0

* Cruek cimbe arw included with darters here becauss (he relevast
saaly (Veaghsn et al !978) refared o reduced Ash abusdsncs 19

wreama wherg chubt and darters were repormd 1o live.

TABLE 3.—Anributes. tlopes md coefficient. and mis
(z l&pomulc)mmmdmuh)mdm

+b0°u)+:ﬂow)- .

~-a.(fi
B - M
- « Term 2271 2
R Agrit
Tazoot - H
Lifo sage* - A
Life hisaory* N Fw
Sedimens partcie fovd Fol
- l:“, ;-_;.. Slopes xnd ¢
_lmﬁ. {a) - 15814
Slope of ogx(d) 04789
Slope of log,y (c) QL7568
-* Coeficient of
~  dewermmaniont {r3) Q8173 T .
Fosratizn
Prohabiliry (P)
Sarnpie e (M)
IS - " o {p oy
bA = ginhr | = juvenier: L = lyrw E =eggx
CFW = § o4 wadro Be

Group 2: adult salmonids; particle sizes 0.5-250
um.~—Group 2 (N = 63) is a subset of group 1.

Group 3: juvenile xalmanidt:fgam’cle sizes 0.5-
75 pm.~Group 3 (N = 108) is 2 subset of group
1. In a few cases, Sedu'nem sizes were as large as
150 pm. 3 hbid

Group 4: egg: and larvae ofallmomds and non-
salmonids; particle sizes 0.5-75 um. —Group 4 (N
= 43) includes salmonids that do ot bury their
eggs. Nonsalmonids comprise species that spawn
in rivers, lakes, and estuaries. Sediment sizes ex-
ceeded 75 pm in 2 few smudiet.

Group 5: adult estuarine noasalmanids; particle
sizes 0.5-75 pm.—Group § (¥ = 28) inciudes sev-
cral species belicved 10 be pardcnlarly scosinve
10 the effects of suspended sediment: these ue
footnated in Table 2. Some = sediments ex-
ceeded 75 pm. v

Group 6: adult fre:hwaur mnbnmnd: par-
ticle sizes 0.5~75 pm —Group 6(N = 22) includes
both lentic and lotic spu:xa.hmclc sizes ex-

" ceeded 75 pm in some cases.. A

For each group, the severiry of effect (SEV.
L5-point scale, 0-14) was r:gmscd on suspended
sediment dose (expasure duration  [ED, h) and sus-
pended sediment concenmadon {mg SS/L)). Pr
liminary analyses indicated that jogarithmic trans-..
formatjons of ED and cuncenul(cn provided suit-

ably linear relatians of the form g

P I I

SEPTS
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of six

TASLE 3.—Anributes, siopes and coeffici and

dels that relate scverity of ill effect an fishes

A emed

P i (. mg/L)in the form z = a

aton of

(2. 15-powmt scale) w duration of expowure (. h) and
+ dlog,r) + cllog,y).

Life sage®
Lifa timorys
Sedonent particis sized FwoC FwC

losereepe (a) 1.0642 1.6814
Slops of log (3) 0.6068 0.4769
Slope of log,y (¢) 0.7384 0.7565

FW + ES

F F F
0.71262 3.7466 3.4969 40813
a.7034 1.0946 1.9647 a.7126
0.7144 o317 02669 02829

Statistics
Corfbctent of .
rd) 0.6009 0.6173 0.5984 03516 0.6200 0.6998
Fonatistic . 13023 137 8200 2803 24.50 142
Probebility (7) <0.01 <0.01 <0.01 <0.0t <0.0! <0.0t
Sample size (M) m 63 108 43 28 pod

I ya——— - N :
1= YA = amitx ) = juveniler; L « larvas E = cpp.
s FWae md ES = -
e - ‘P = fiss {predominantdy <73 um); C = coarse (75-250 wm).
* Carrecaed for degrees of froedom.

YN =

Group 2; adult saimonids; parricle sizes 0.5-250
pm.—Group 2 (N = 63) is a subset of group 1.

Group 3: juvenile saimonids; parricle sizes 0.5—

75 um.—Group 3 (N = [08) is a subset of group
1. ln a few cases, sediment sizes were as large as
- 150 pm.
Group 4: eggs and larvae of salmonids and non-
" salmonids; particle sizes 0.5-75 pm.—Group 4 (N
= 43) includes salmonids that do not bury their
eggs. Nonsaimonids comprise species that spawn
in rivers, lakes. and estuaries. Sediment sizes ex-.
ceeded 75 um in a few smdies.

Group 5: adult estuarine nonsalmonids; particle
s5izes 0.5-75 pm.—Group 5 (N = 28) includes sev-
eral species belicved to be particularly sensitive
to the effects of suspended sediment: these are
foomoted in Table 2. Some test sediments ex-
ceeded 75 um.

Group 6: adult freshwaser nonsalmonids: par-
ficle sizes 0.5~75 um.—Group 6 (N = 22) includes
both lentic and lotic species. Pamicle sizes ex-
Ceeded 75 wm in some cases.

For cach group, the saverity of cffect (SEV,
15-point scaie, 0~14) was regressed on suspended
sediment dose {exposure duration (ED, h] and sus-
pended sediment concentrauon (mg SS/L}). Pre-
liminary saalyses indi d that logarithmic trans-
formations of ED and concentration provided suit-
ably linear rejations of the form

ERENTER
ar’ 1 y

i

R
iy

A LT
.

SEV = a + b(log,ED) + c(log.mg SS/L);

intercepts (a) and slope coefficients (b and ¢)
emerged from the fiting exercise. Commercial
software was used for the regressions (TableCurve
3D: Jandel Scientifie), Coefficients of determina-
tion () were adjusted for degrees of freedom (2
= | - [sum of squares due to errorj/[sum of
squares around the mean|). The sofrware also gen-

erated F-statisues, P-valyes, and 95% coniidence .

intervals around the SEVs. Although arithmetc

' values for exposure duration and concenzation are

also given in the Results and in the Appendix, the

models we present are based on logarithmic trans-

formacions.
The regressions, having besn fited to the data,
become predictive models of the form

z = a + b(log.x) = c(logy).

for which z is calculated sevenry of ill effect
(SEV), x is an estimate of exposure duration (ED),
and y is the concentraton of the (estimated) pre-
dominant suspended sediment size (mg SS/L).
These predictive modeis are numbered 16 to cor-
respond with the data groupings already described.
Because of scanter even in the ficted data, the pre-
dictive equations can yield severiry-of-ill-effect (2)

values greater than 14, which already includes the .
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- . " .. arFSA myéumm
i . 3 - _ e e &h
Juvenile and Adult Saimonids - L= =

Duration of exposure to SS (lag, hours) i Ouration of expost
foT 1213141516l 7]8is]i] - [oT1]2§3j4l
" e .- ' PR i )
. Average severity-aiill-affect scores (empirical)

- - - - - - \..12
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saverity-of-ill-effect scores for juvenile and aduit saimonids (freshwater, group
% 1) in the matrix of suspended sedi (S$) tion and duration of exposure. Bath matrix axes are expressed
f._iu'lqprhk-'g aad absolute terms. Dashes mean “no daw.” Shaded bands denote inferred (by magunal interpolation)
thresholds of ‘sublethal effects (shading without a border) and lethal effects (shading with 4 border: see Table |
or criteria). (B, apper matrix) Severity-of-cffect scores calculated by model (1) (Table 3). Severity-of-ili-cffect
calculstions are based on the Jogarithmic values shown on tha axes of the mawrix. Shaded areas represent exwup-
olaticos beyond empirical dasa: L

y P apolati have beea capped at 14 (opper limit of the effects scale: Tabie 1),
aithowgh higher valoes are possible. Diagonal terraced lines d threshaids of sublethal effects (lower left) and

lnhlﬁam(m«u diagonal) delineated by the model with reference to Table |. (B, lower matrix) Half-95%
confidence imtervals around calcuisted severity-of-effect scores. Shaded aress denote haif-intervals grester than
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.most’ serioas effects 1o be measured (100% mor-
tality; camszrophic habitat degradation).
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concentration are the midrange values. Thus the
range of logarithmic values represented by a row
. R ; or a column in the figures is approximately the
" Dot P . gu PP Y

en Lo value = 0.4999 in logarithmic units (take antilog-
.Empirical datn.—~Severity-of-ill-effect values  arithms for absolute values and their ranges). The
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for. cach of he six data groups are presented as  accompanying confidence values are one-half the
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"rounded averages in the cells of dose matrixes 95% confidence intervals around z

1371 t{218

. whose.axes we concentraion of suspended sedi- Cells of a mamix that contain data form a cluster
“ment and dunrion: of exposure (panel A of the  of “papulated” cells. The imaginary “tight-string”
. figure for each group). Maximum possibie duration  polygon that encompasses ail the populated ceils in
:‘dqxposnminhcﬁunixis“ moaths (log,[hours] 2 matrix is the “dawa cnvelope.” Typically, some
0 cells within a datz envelope are unpopulated. For

1 . postible suspended sediment concen- predictive purposes. values are assigned to these
Jration ‘of 253,337 mg/l. (log,{mg " SS/L] = cells by interpolanion. Empty cells outside the en-
412.4999). The exception—adnit estuarine fishes—  velope are given values by exwrapolagon. lnterpo-

1 maximum possible concentration of 729.416  lations are considered to have greater intinsic re-
liability than exgapolations because they can be
compared more casily with known data.
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- Threshoids of ill_effect.—Display of empiri- ’

- ‘severity-of-effect scores in the dose matrix peri

; estimation of the minimum con&mruiom_n_nd du=

. rations that trigger sublethal and lethal effects

-

<

.. (panet A of the figure for cach group), For this

. purpase, unpopulated cells within the dm eave-

ey lope are assigned vaiues by masual interpolation.
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FISH RESPONSES TO SUSPENDED SEDIMENT
Juvenile and Aduit Saimonids
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STl
=4 ol Thre;hald.r of ill effect.—Display of empirical ten are lower than thresholds prcdic.lcd by regres-
pEET  severity-of-cffect scores in the dose mawix permits  sions fit to meta-anatytical data. We interpret “em-
-~ Stimation of the minimum concentrations and du-  pirical thresholds™ as an approximated response
g fations that trigger sublethal and lethal effects of the more “sensitive™ individuals within a spe-
o (Panet A of the figure for each group). For this cies group. .
= purpose, unpopulated cells within the data enve-  Predictions of ill effect.—The regression equa-

lope are assigned values by manual interpotation.
. Thresholds thus estimated from empiricai daa of-

tion fitted 10 cach of the six data groups provides
predicuons of response within the mamix of coa-
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¢ Fiouns l—Empmul wvmn-o{-m-eﬂem scores for adult saimonids (freshwater. group 2) and scores (with hall- :
! ,,;”’3 cunﬁdnee um:rvnln predu:xcd by model (2). Canvenuons are those of Figure 1. Half-35% confidence
: : ) around caxutated saverity-of-i
5 . -
C eenn'anon md dmnun nf uposnre (panci B of Group 1: Juvenile and Adult Salmonids . 182755 >
i the figure for each group). Each. prediction is ac- B 29874 12 55
. mmu byhllf-95§ confidencs intervals. Avmgc empirical sevmry-of-lll-eﬁcm dara for : 53078 5
I 'Each mmon marrix is divided info a maxi- group | 6ill 56 of the 143 availabie cells (Figure o 3103 :

_mom . .of thiee- zones by terraced lines separating
belnvxonl. ‘sublethal, and lethal responses. We
compare’ these' modeled thresholds 10 empirical
ones to discern tuponm of “sensidve” individ-
- \uls vmhm each speclu group.

td". M .

Ruultx

Dose—ctspom models fiied to-the empirical
. data groups were all highly siguificant (P < 0.01)
-and accounted for $5~70% of the variances (Table
3). Averaged empirical data on which the models
are based are displayed in panel A of Figures 1~
6. Panel B of Figures“1-6. gives the modei-gen-
_cfated” rcsponsu (and. ‘confidence intervals) for
[ each cell of the dou:-mponu matixes. These
;- panels provnda 2set of “look-up tables™ suitable
" for field use in impact assessment. Superimposed
on them are predicted thresholds of sublethal and
lethal éffects based On the response categories in
Table' 1.. Respoase. surfaces’ resulting from the
.- Models are: shown in- Hm 7-12 Data are de-
’ listed.

for the onset of sublethal and lethal ii} effects can
be inferred within broad limits, based on manual
interpolations within the datwa envelope (see gray-
shaded zones without and with borders).

‘The full matrix array of severity scores predicted
by mode! | (Table 2, Figure |B) shows regular
increases of response intensity with sediment dose.
as expecied. Predicied thresholds of sublethal and
lethial effects.(terraced diagonals) have similar ori~
entations to those inferred from empirical data, but
they generally occur at higher sediment doses.

Group 2: Adult Salmonids

Group 2 dara fill 36 widely scanered cells of the
143 available in the empirical matrix (Figure 2A).
The thresholds of lethal effect predicted by model
2 (Table 3; Figure 2B) are similar to the empiri-
cally inferred threshold (Figure 2A), but predicred
sublethal effects emerge at slighuy lower sediment
doses than implied by empirical data.

2981 | 1.0 1.0 10 1.0 1.0

Group 3: Juvenile Saimonids e

Average severity-of-effect scores for group 3 ﬁll
37 cells, most of them clustered at exposure du-
rations of | h and 2 d to 7 weeks (Figure 3JA). As
for aduir salmonids, predicted thresholds (mode!
3: Table 3; Figure 3B) were similar to empirical

ical ones for subleuul cffecu .~

i

thresholds for lethal effects but lawer uun empir-
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Adutt Salmonids
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FiGure 2.—Conunued.

Group 3: Juvenile Saimanids
Average severiry-of-effect scores for group 3 fill
37 cells, most of them clustered at exposure du-
Tations of | h and 2 d to 7 weeks (Figure JA). As
for adult saimonids, predicied thresholds (mode!
3: Table 3: Figure 3B) were similar to empirical
lds for lethal effects but lower than empir-

ones for sublethal effects. '

I

Group 4: Eggs and Larvae of Saimonids and
Nonsalmonids

Average severity scores for eggs and larvae of
saimaonids and freshwater and estuarine nonsal-
monids il 23 cells (Figure 4A), Most data are
clustered in the exposure interval of | d 10 7 weeks.

Sublethal effects thresholds were estimated em-
pincally, but they were not recognized by model
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~kA"v‘la-agre uvm!y-of-effacz scores for atleast 1S
" species of estmarine fishes filled 23 of the available
. 154 marix cells (Figure. SA)..Most of the daaa
: mprucn: 1-6~d exposures. s 4"" .

" Model 5 (Table 3) was developed for only xhe

.. seven species represented by sdequate data. These
- seven are betieved 10 be relatively more sensitive
"'t the ill effectx of suspended sediment than the

. other species in the datab

(Tabie 2). Predicted

. thresholds of lethal effect (Figure 5B) tracked em-

pirical threshalds well for exposure durations less

‘- thanl d; both estimates indicated that lethal effects
" on those: sensitive species result from shon ex-
. posures ™ 2 wide range of sediment concentra-

tions. Sublethal effect thresholds were consider-

o lhly closa'!hn ongm in me predu:nve ‘mamix than

WoagL Sy ‘_‘,. PO
Gmnp 6: Aduly Fralnvam- Nan.mlmomdx

A n:hnvdy saall sample of soeam and still-
‘water ﬂ.lhel'm cold, mmpmu:. and ‘warmwater

e qul—&mpmul mmty«o{-nll-cﬂ'ec: scores for juvenile saimonids (freshwater, group 3) and scores (with
-~"*‘hlf 955 mﬂdaa-immﬂs) pm&aed by model (3). Conventions are those of Figure 1.

environments providcd average severity scores for
15 scantered matrix cells of the 143 available (Fig-
ure 6A). Model 6 (Tabie 3) generated lethal effects

thresholds that agreed well with inierpolations of

empirica data for exposures of 7 d to 7 wesks
(Figure 6B). Although sublethai thresholds could
be inferred from empirical data, the model indi-
cated that they lay beyond the mamix—below con-

centrarions of | mg/L. exposure dumuom ofI h,
orboth, - —--- -

Response Surfaces

Dose-response surfaces based on models 1-6
are shown in Figures 7-12. We think it important
to emphasize that only models (1), (3), and (4)
address eariy life stages in some form. Many stud-
ies have shown that early stages (some saages of
egg development through young juveniles) are
more susceptible to toxicants and other pollutants
than older juveniles and adults. The response sur-
faces (and prediction matrixes) should be judged
by the data available to develop them.

Discussion

Fisheries biologists, habitat protection special-
ists. and enforcement officers in many parws of the
worid may find that the dose-response cquations
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generated in this srudy»a}: usefal g@didons 0 rhcu'
daily work. The discussion below focuses oa (i)
validation of the modeis, (ii) the dose-rerponsa

patterns of ultrasensitive species and life-stages. ™

(iif) porential new opdons in eavironmennl law

enfarcement, (iv) the role of mem-analysis in the

findings of this study, (v) possible dx{ec;ong;f
e

SRk




FISH RESPONSES TO SUSPENDED SEDIMENT
Juvenile Salmonids
Duration of exposure to SS (log, hours)
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recial-
of *he

- Renerated in this study are useful additions to their

daily work. The discussion below focuses on (i)
validation of the modeis, (ii) the dose~response
Parterns of ultrasensitive species and life suages.
(iif) potential new options in environmental law

enforcement, (iv) the role of meta-analysis in the

findings of this study, (v) possible directions of

furure research, and (vi) implications of this study
for ecasystem assessment.
Validation of the Models.

Validation of the models in this study will rely
on new studies that add to the data now available.

Creadion of new daa—in sufficient volume for

;
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T
; ‘u:snng g and r:fm:mtm hhcse models—-as bound
: ‘xo be a”slowpmcax. ‘However, in the bncf Gme

3 OTJ nnpubhshed data). This mortality rate ex-
pressed as & severity of ill effect (with reference
o Table 1) is SEV *lO Severity of ill effect as

.vpred.lcmd by model’ 1. (SEV = 0.7262 =+
i "‘ 0.703410g,{96 b} + 0.7144(l0g,S.471 mg SSLD
. "‘h -10.09. These values agree clasely and tend to
Vi validats this model. Stecificad (N = 10), similarly
cxposed. had 0% morulity. This resuit too is con-
.+ sistent with the ptuh:uom of the model, because
: SEY = 10 tqnsqm 0~20% mortality, and the

: chnd.. 2 recent hbonmry :mdy of effects of
:nspcnded beatonite clay (1=$-wm diameters) on
“lxryﬂ nonsalmonid fishes (smallmouth bass. large-

uthbul.lﬂhluzpu) in warm water (20-25°C)
pmd.uccd menl sets of mormduy data (re-
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and’ mm 4) and m (with half-95% confidence intervais) predicied by model (4). Convendons are
* thosa of Figure u:ept thnmodcl (B. upper matrix) recognized no threshoid of sublethal effects,

duced growth rate) and monaliry data that are
highly consistent with the predictions of model (4)
(J. Sweeten, Asherwood Environmental Lurmng
Ccnm: personal communication).

Third, an inverse relationship has been docu-
mented berween sediment concenmations in
streams and maximum salmonid densities ia flu-
vial habitats in British Columbia (Ptoiemy 1993:
R. A. Proiemy, British Columbia Ministry of En-
vironment. Lands and Parks, personal comrmuni-
cation). For example, the density (number of fish
per unit area) of juvenile chinook saimon and steel-
head that rear in the rurbid main stem of the Bella
Coota River (Brinsh Columbia) is lower than
would be expected in clear water. Rearing occurs
in June, July, and August During this time, tur-
bidiry averages 2] nephelomerric units, suspended
sediment concentration averages 61 mg SS/L, par-
ticle sizes are smaller than 75 pum, and the tem-
perature range is 8—12°C). Reduced fish density is
consistent with the range of ill effects—low par-

alethal makings—predicted by the models. These

results wcitly acknowledge the role of excess sed-
iment exposure—particularly concentration and
duration—as a factor in the productiviry of salmon
streams. Two  extenuating  factors—celatively
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small particle size and r:lamely cool water— re
could expiain the absence of dnec! lc'.hnhry inthe ¢t
Bella Coola.
Fourth, juvenile salmonids (chmook salmon,
rainbow trout, and mountain whitefish) are thougr™  th:
10 seek refuge—an average of 9 d for age-0 W' ‘ ‘1
chinook salmon—in 2 smalt noanatal tributary ot f“
the upper Fraser River. pernaps o aveid unsuitable 10
L
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chinook salmon-—in a small nonnatal tributary of
the upper Fraser River, perhaps 10 avoid unsuitable

FISH RESPONSES TO SUSPENDED SEDIMENT
Eggs and Larvae of Saimonids and Nonsalmonids
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small particle size and relatively cool water— rearing conditions created by high. naturally oc-
could explain the absence of direct lethality in the  curring sediment loads found in the main stem
Bella Coola. (Scrivener et al. 1993),
Fourth, juvenile salmonids (chinook salmen, Althqugh these recent findings tend to support
rainbow trout, and mountin whitefish) are thought  the predictions of the models, the well-document-
o seek refuge—an average of 9 ¢ for age-0 wild  ed good health (as indicated by acceptable raies

of growth and survival) among salmon juveniles
in turbid cstuarine waters remains unexplained.
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Adun Estuarina Nonsalmonids

Duraﬂon of exposure to SS (log, hours)
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>~ Considerations relevant to this znom.a!y" include
v« (@) the- extremely fine textire of suspended sedi-
- ment. (genenally much smaller than 75 pm); (i)
the relatively. cold water tcmpemum (iif) the po-
tential for favorable physicochemical effects such
1 focculation, which could be enhanced by the
chmmry of brackish warer; (iv) beneficial be-
- bavioral adapurions of juveniie salmonids: and (v)

... the suitability of reedy habitat, where average sed-
. iment concentrations and average pasticle size may
be forther reduced below thase faund in rradluonal
s:mphng mn. )

[

Ulmeummry afSom Species and Life Stages

Rapid escalasion of ill effects on eggs. larvae,
and fry (Figures 4, 10) and on some adult fishes
of the estuary (Figures S, 11) as duration of sed-
.iment exposure increases suggests that the mech-
- anisms of saif-preservation in ar lesst some estu-
arioe fishes are casily. overwhelmed by the pres-
. enes of suspended sediment. This partern implics
the existence of aa sbrupt threshold concentration
of suspended sediment leading to ill effects in ui-
-, traseasitive species and life stages. R
If this inference is correct, these do;e—-ruponse
panems rm;hz be upluned in terms of the time

4 Hamls —Empmcd mmty-of-m-effca scores for adult nonsaimonids (estuarine, group 5) and scores (with
d by mod:l (5). Conventions are those of Figure I.

required to reach an end point (e.g., lethality). and
might indicate that the physiological and physical
processes involved in homeostasis are more sen-
sidve to exposure time than 10 suspended sediment
concentrations. It is reasonable to speculate further

that the sequence of events leading to a lethal end
point (for example, severely abraded gill tissue and
associated loss of capacity for ion regulation),
once triggered. would not casily be halted or re-
versed.

Environmental Enforcement [ssues

Fisheries biologists and enforcement personnel
can. as pant of an investigation, document the sed-
iment concentration and duration of exposure. and
they can use these data to infer the most probabie
severity of impact. The dose—response equations
alone are sufficient for this task. But the *“look-
up’ tables (here, Figures [—6, panels B) simplify
the task even more; they are based on the equa-
tions, and they supply ranges of interpolation and
exurapolation and confidence intervals, They make
it possible for field workers readily to distinguish
berween minor and major cvents in the broad con-
text escablished by the dose-response marcrixes.
This knowledge can contribute to decisions about
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the need for additional field work by which to  cums.
gather physical cvidence about the pamre and se-  3void
verity of the ill effects. This new capacity 1o make  “hen
inferences—~un unprecedented development in the: B
field of channel sediment impacts—might also in- “wama
fluence the goals of 2 prosecution. v of age

Impacts on fish populations exposed 1o cpisodes  caged
of excess sediment may vary according to Lhe cir any o!
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Ficure 5.—Continued.

the need for additional field work by which to
gather physical evidence about the namire and se-
vetity of the ill effects. This new capaciry 10 make
inferences—an unprecedented development in the

field of-channel sediment impacts—might also in-

fuence the goals of a prosecution.
lmpacts on fish populations exposed ta cpisodes
of excess sediment may vary according to the cir-

cumstances of the event. For example. fish tend to
avoid high concentrations of suspended sediment
when possible. Thus. a pollution episode capable
of causing high mortality (e.g.. of sac fry) or gill
damage or starvation or slowed maturation (e.g..
of age-0 fingerlings and age-2 juveniles) among
caged fish (Reynolds et al. 1989) might not cause
any of these direct effects in a wild population that
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Duration of exposure to SS (log. hours)
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[
ol IN{uinainix]NIRiO

§ {217 4]1.11T.0

Months

r- d no threshold of

. Upper matrix)
o .

is free to move'elscw"b.ere in the stweam sysiem.
‘Absence of dead fish (norwithstanding reducsd
“egg-io-fry survival) is, however, not necessanily
.an indication of absence of harm. Indirect effects
of sedimennation-—loss of summer habitat for feed-
;ing s0d reproduction—may outweigh the direct ef-
fects seen in caged fish (Reynolds et al. 1989).
+This dichatamy has practical implications for en-
forczment. An investigation during a pollution
“event should astempt to document suspended sed-
iment conceatrations and durations for possibl2
,use with the modeis given here.

+“However, in the aftermath of a sediment pol-
lution event, the investgation should switch its
focus ad gather evidence of sediment deposition.

. Changes in streambed compasidan resuiting from
‘excess sediment are usually manifested as changes
in: particle size composition. Subjective methods
for assessing the extent of sedimentation exist. Ob-
jective methods are being developed (Kondolf and
L1 1992; Kondolf and Woiman 1993: Poryondy and
Hardy 1995) and could be used in place of or in
conjunction with the traditional methads. Photo-

 Examn G%H'w@q—ohl]—effw scores for adult nonsaimonids (freshwater, -gr.oup 6) and scores (with
half-95% coafidence mtentls) ptedmed by model (6). Conventions are those of Figure |, except the modal (B,
blethal effects,

Four provisions of existing legisiation and four
potential goals of prosecution are convictons.
fines. compensatory damages, and remediation.
When the state’s purpose is 1o secure a coaviction,
a single water sample may be the only evidence
required. In some jurisdictions, water qualiry cri-
teria may be used to identify potential episodes
of $S poilution by a tandem system of threshalde.
Typically these guidelines state that SS concen-
trations should not exceed background by more
than 10 mg SS/L. when background is less than
100 mg SS/L. and aot more than 10% when back-
ground is equal to or greater than 100 mg SS/L
(Singleton 1985a, 1985b). This tandem system of
thresholds—based on literarure reviews specifi-
cally intended to document the pature and sever-
ity of il effect under these conditions—is com-
mendable becausge it recognizes the seasonai pat-
terns in suspended sediment load of natural
sreams. However, these guidelines do not purpart
to deal with the inherent nature of sediment as 3
deleterious substance in aquatic ecosysizms as
defined by an act of legislation. Nar da they pur-
port 10 detect the least change in concentration
capable of causing ill effects. Various rescarchers
report ill effects when concentrations exceed
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background levels by smll amounts (sce Law-

and Swenson [982).

‘rence and Scherer 1974; Swenson. 1978 Gradall

Prosecution based on these rules bn bet
cessful because the increxsed coacenration.. -t
known to harm aquatic life. Such evidence
abounds. but pernains largely (0 inventsbrats pop-
ulstions (fish food) and prumry pmdncuon (phy
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Ficure 6. —Continoed.

background levels by small amounts (see Law-
rence and Scherer 1974 Swenson 1978; Geadall
and Swenson |982).

Prosecution based on these rules has been suc-
cessful because the increased conccatrations are
tmown (o harm aguatc life. Such cvidence
abounds, but perains largely to invertebrate pop-

uladons (fish food) and primary production (phy-

toplankion and periphyton, the source of energy
on which invertebrates may depend) (Newcombe
1994), .

However. to the extent that legislation ¢cmpha-
sizes the existence of an impact, or the probability
of an impact, its primary goal is to secure a con-
viction. Scope for additional penalty—ines, com-

pensatory damages, and remediation——depends on

s, SR
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Itis difficalt 10 overstate the vajue of time series
water quality, data; but there are some kinds of
pollution episodes in- which other evidence might
.take precedence. These instances could be classed
a3 canastrophic events in which one or more of the
following conditions prevail: (i) the poilution dam-
age is severe, or extensive and highly visible—
blanketing by silt, for: example; (ii) the extent of
harm is to be confirmed by field studies designed
and conducted for the purpose (cspecm]lv reievant
for streams on which previous work has been
done): or (iii) the pollunon event is detected after
the fact, in which case’the option to sample sus-
pended sediment is- fotegone already, Notwith-
standing these” exceptions, cffam to collect se-
quential water sampies dunng a pollution episode
may be the most coa-eﬂ'ecnve option, especially

' when coart fines, compnuuon. and remediation

are hlsh-pnomy zodx
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only a beginning. Many gaps remain. Gaps are

z: Severlly-ol-iil-effect

Fraunz 7.—Dose~response surfaces describing the severity of ill effect for juvenile and aduit saimonids (fresh-
. water, group 1)33 a functios of suspended sediment concentration and duration of t:xponue (modcl 1) 2= 1.0642
L+ 06068(10];) + 0.738%(logey). . - . .

In short, the dose-response equations proposed
in this repont make it possible not oaiy to identify
the existence of a pollution event—this informa-
tion alone being sufficient to secure a convictinn—
but also to document the severity of ill effect in
support of additional penalties.

Mera-analvsis

No singie researcher could have aspired to con-
duct all the field work represented in our database.
However. the collective works have value beyond
anything the original authors could have envis-
aged. To the extent that this synthesis informs the
science, it demonstrates the utility of meta-anal-
ysis as a way to shed new light on old problems
by using existing data. Limitations of the database
can be overcome with further study.

Future Research

The dose—-re:ponsc' models in this synthesis are
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Flcuta 8.—Dose—response surface describing the severity of i

a3 a function of. ded sediment
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especially conspicuous for the youngest age-class-
es (eggs through young juveniles), The pooling of
life stages required for these models—eggs with
larvae, young with old juveniles—doubtiess masks
important thresholds of susceptibility to suspended
sediment. Each deveiopmental suge should be
identified and treated separately for the purpose of
developing uniquely age-specific and size-specific
dase-response profles.

There are practical reasons 10 make such dis-
tinctions. For example, anificial spawning chan-
nels must be cleaned annually. Gravel cieaning,
which raises a plume of silry water therefore must
be carefully timed to minimize the potential ill
effects. Susceptibilities of resident life stages to
sediment must be known.

- Thresholds of sublethal and lethal effects must
be knowmn moare precisely. Qur analysis has shown,
in particular, that sublethal effecu thresholds are
poorly delineated for most groups. Finding useable
data is a challenge: we rejected many studies be-

ation and duraticn ©
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FioURE 8. —Dose-response surface describing the severity of ill effect for aduit saimonids ( fresnwater, group )

as a fuaction of
+ 0.7565(log,y).

ied sediment

especially conspicuous for the youngest age-class-
¢s {eggs through young juveniles). The pooling of
life stages required for these modeis—eggs with
larvae, young with old juveniles—doubtless masks
important thresholds of susceptibility to suspended
sediment. Each developmental stage should be
identified and treated separately for the purpose of
developing uniquely age-specific and size-specific
dose—response profiles.

There are practical reasons to make such dis-
linctions. For example, artificial spawning chan-
nels must be cleaned annually. Gravel cleaning,
which raises a plume of silty water, therefore must
be carcfully timed to minimize the potential ill
effecis. Susceptibilides of resident life suages to
sediment must be known.

Thresholds of sublethal and lethal effects must
be known more precisely. Qur analysis has shown,
in panticular, that sublethal effects thresnolds are
poorly delineated for most groups. Finding useable
dana is a challenge:; we rejected many studies be-

tration and durauon of exposure (modei 2); - = {.68]4 + 0.4769(log2)

cause they were 100 vague abour sediment con-
centration. duration of exposure. or the exact na-
ture of the ill effect. We undoubtedly overiooked
some reports, but more directed research is war-
ranted. Research is especiaily needed inta particle
quality (particle size. angularity, and mineraiogy),
particle toxicity (toxicants in and adsorbed on sed-
iments). and temperature effects. ’
Particle qualitv and ioxicology.—111 effects in-
crease as a function of increasing particie size (if
other variables are kept constant). Pollution events
often subject fish to particie sizes to which they
are not normally expased. Newcombe et al. (1995)
documented that rainbow trout died rapidly when
expased to a silty water discharge (mortality, 80—
!00%; concenmation, =4.315 mg SS/L; duration,
<57 h: particle sizes, 100~170 wm. water tem-
perature, 10°C). These results differ from those
from other pollution episodes in which the particie
size was smaller: generally, the ill effects would
be much less severe—an the order of 0—10% mor-
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~tality. Some research  to quanrify ill effect as a
function of particie size has been done with several
- species of Pacific salmon (Servizi and Mariens

1987, 191, 1992). Funther work should make it
pomble 10 Temte 2 set of dose-response models
a functions ufpamcle size range that are unique
0. each relevant life” stage. The growing need 0
explore il effects of suspended sediment as a func-
‘tion of particle size imposes an obligation among
 fisheries biologists to use a uniform nomenclature
in 4ref=r=nc= W the particle grade scale. Suitable
systems exist already so there is no need to invent
4 more specintized one. For example, soils sci-
g.m.m recogaizs three particle size-classes—sand.
silt and clay (Agriculture Canada 1974)—with for-
malized subdivitions, names, and sizes as follows:
- "very coarsz td, 2.0-1.0 mm: coarse sand. [.0-
" 0.5 mm: mediwm.sand, 0.5-0.25 mm; fine sand,
- -025-0.10 !mn:very fine sand, 0.10-0.05 mm: silL,

; OQHQOzml:tpdChy. =0.002 mm. Fishenes

NEWCOMBE AND JENSEN

Juvenile Salmonids

—Dou-fupoma mrfm dacnbmg the severity of ill effeet for Juvcml: salmonids (freshwater, group
funen ation aad duration of exposure (mode! 3): = = 0,7262 + 0.7034(logr)

biologists would do well to adopt this or some
similar particle grade scale.

The importance of particle angularity. especiaily
int relation 1o gill abrasion. should be studied. The
mineralogy of sediment panticles may offer clues
to the potential for toxicity and physiological cf-
fects. Likewise, the presence of innate or adsorbed
toxicants may offer clues to latent effects on fAsh
population health. Scudies of the mineralogy and
porential chemical activity of the particle itself. of
particles in the colloidal size range capable of en-
tering the fish's cells, and of particies with ad-
sarbed toxicants may reveal common propertics
relatng to fate and ill effect at the tissue and cel-
lular level. If common properties do exist among
these particular variables, there may be a unifying
cxplanation in the phenomenon of phagocytosis.

Phagocytosis, the envelapment of fine particles
by cells of the fish's gill and gut, transpors the
particles into the fish's body, Although these par-
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FIGURE 10.—Dose~respanse surface describing the sever:
nonsalmonids (freshwater and esmarise, group 4) as 1 foncu
of exposure (model 4): £ = 3.7466 + 1. 0946(l0g,s) + 031!

.z I3
ticles may ead up in vn}ious"t'isuu. the spieenis sc
a major repository, The spieens of some fishes th

exposed 1o fine sediment become mineralized 0 an
the extent that the tissue damages the cutting edge  de
of the giass microtome blades (Goldes 1983; S. hz
Goides, Malaspina College, personal communi-  of
cation). Thus, phagocytosis of fine suspended sed-  bo
iments could trigger a sequence of harmful events  rar
within the ceils of a fish's body leading to ill effects  of
that are ooly partially understood today. Invasive in
particies may be the biological equivaient of a Tro-  plc
jan horse: harmiess when on the cutside. devas- s
tating when on the ‘inside. Tumorigenesis, es- £
pecially among groundfish that dwell in harbors "_
where sediments may be contaminated by storm- :
water runoff or by industial cfffuent, may be one  <ir
such latent ill effect yct 0 bc lmlu:d to this. phe ¥
nomenon. R oth
Water Iempemxure.—-chenry of ill effect as 3 pac
function of ambient water temperature ouglit 10 be  fice
explored more fully. 1l effects are grum'}'m ses-  are
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Eggs and Larvae of Saimonids and Nonsaimonids

an 10.—Dose—response surface describing the sevemy of effect fur eggs and larvae of saimonids and

z Severlly;otjll!;ellec! :

nonsaimonids (freshwater and estuarine, group 4) as a f

of di copcentration and duration

of exposure {model 4): 2 = 3.7466 + 1.0946(log.s) ~ 031 l7(low)

ticles may end up in various tissues. the spleen is
a major repository. The spieens of some fishes
exposed to fine sediment become mineralized to
the extent that the tissue damages the cutting edge
of the glass microtome blades (Goldes 1983: S.
Goldes, Malaspina College, personal communi-
cation). Thus, phagocytosis of fine suspended sed-
iments could trigger 2 sequence of harmfui events
within the cells of a fish's body leading to ill effects
thar are only partially understood today. Invasive
Particles may be the biclogical equivalent of a Tro-
jan horse: harmiess when on the outside, devas-
lating when on the inside. Tumorigenesis. es
pecially among groundfish that dwell in harbors
Where sediments may be contaminated by storm-
water runoff or by industrial effluent. may be one
such latent i]l effect yet to be linked to this phe-
Nomenon.

Water temperasure.—Severity of ill effect as 3
function of ambient waser tCMperature oughs to de

SXplored more fully. lIl cffects are greater in sea-

sonably warm water than would be the case for
the same fishes in seasonably coid water. Mech™
anisms for this effect have not been svsiematicaily
described. The dynamics of this variable probably
have to do with the temperature-reiated pauterns
of oxygen satwration, respiration rate, and meta-
bolic rate of fishes (slower in cool water, mors
rapid in warm)}—all of which result in reduced nisk
of gill abrasion in cool water and .incrzased risk °
in warm water. These mechanisms should be ex-

plored in the context of seasonai temperature rang-

es in a fish's nanral habitat

Ecosvstem Considerations

Broad-based ccosystem research supporting
stream protaction is under way, but it is a reladvely
new science. Stream protection requires, among
other things, quanttative linkages between im-
pacts of channe} sediment and the land use prac-
uees that generate the sediment. Leadership in this

area will come from many disciplines, as exem-




phﬁed by several lmpomm conmbuuons dealing
with water quality, resource roads, timber harvast,

and channel sediment (Cederholm et al. 1981:
Chamberiin 1988: Haruman 1988; Macdonaid et
al. 1992; Davies and Nelson 1993: Grayson et al.
1993: Macdonald 1994). This research emphasizes
the consequences of land disturbance in the upiand
.and riparian-zones, [t shows that the upland zone
" capable of impacts on sueam quality may be much
larger than previously supposed-—cspecially in
> hilly temain. The size of uplnnd and riparian zones
may be a function of the time scale used to view
them. Latent impacts of land use practices—re-
"'dnced slope stability, increased frequency and se-
verity of fcoding, more frequent and longer-last-
ing episodes of channel sediment pollution—may
., . develop decades after the fact of land disturbance,
.. Thos we: should broaden our definition of the

" ill'effects from land disturbance. A broader defi-
; nition, to the exxmx l: is menuﬂcally supparted,

uphud md npmn zones to accommodate latent -

NEWCOMBE AND JENSEN
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can justify a wider legislated zone of pm(ccxion

that extends well into the upland, far away from
the stream itself.

Suspended channei sediment is a major factor
determining stream quality. Excess sediment is 2
serious but still undetrated pollutant. Unless it is
addressed. instream and riparian zones can not be
reliably protected. Although the need for increased
protection of instream environments might be pub-
licly acceptable, the case for increased protection
of upland and riparian areas in aid of stream pro-
tection has yet to be made.

Acknowledgments

We are grateful to Harold Mundie (Napaimo.
British Columbia) for his sustained interest in this
study and for his many thoughtful suggestions. We
alsa thank Jacqueline LaPerriere {Alaska Coop-
erative Fisheries Research Unit, University of
Alaska, Fairbanks), Ron Plolemy (Fishenes
Branch, Ministry of Environment, Lands and

y—ol:lil:eilecl I.

T
e e 7 AR R T

Ficure 12. Dosc-respun mrfu:z dacnbmz the ¢
6) as a function of suspend

+ 0.2829(log,y).

ation ar

Parks}, and Jerry Sweeten {Asherwood Learnin
Center) for raw data; Sally Goides (Fishene
Branch, Malaspina College, Nanaimo) for infor
mation about fate and effects of small parteles o«
cells and tissues of fish: Mike Miles (Mike Mile:
and Associates, Victoria, Britdsh Columbia), How-
ard Singleton (Water Qualicy Branch. Ministry o1
Environment. Lands and Parks), and Mark Labellc
(Institut Frangais de Recherche pour ['Exploitatior:
de 1a Mer. Nantes Cedex) for various suggestions.
Bill McLean (Qunisam River Hatchery, Campbel:
River, British Columbia) for field-testing some of
the models; and American Fisheries Society re-
viewers and staff for their sumerous improy-  “nts
to the manuscript

References

Agricutture Canada. 1974, The system of soil classi-
fication for Canada. Caasds Department of Agn-

culture, Publicanoa 1435, [nformauca C-madx. Ot-
tawa,



..FISH RESPONSES TO SUSPENDED SEDIMENT

~ - Adult Freshwater Nonsalmonids

-
3]
@

=
@

-

=

=
Q
>

<
o
>
o

[4]
5

Co ©
NCentration. LOGe
- ¥r mgr)

z: Severlty-ol-iil-effect

FiGuRe 12.—Dosa—response surface describing the severity of ill effect for aduit nonsalmonids (freshwater, groop

§) as a function of ied sediment co
+ 0.2829%(logy). N

Parks), and Jerry Sweeten (Asherwood Leaming
Center) for raw data: Sally Goldes (Fishenes

Branch, Malaspina College, Nanaimo) for infor- .

mavon about fate and effects of small pardcies on
cells and tissues of fish: Mike Miles (Mike Miles
md Associates, Vicodia, British Columbtia). How-
ord Singieton (Water Quality Branch, Minisoy of
Eaviroament. Lands and Parks), and Mark Lapelle
(Insurut Frangais de Recherche pour {*Expioitanon
de la Mer, Nantes Cedex) for vanous suggestions:
Bill McLean (Qunisam River Hatchery, Campoeil
River, Brinish Columbia) for field-testing some of
the models; and American Fishenes Society re-
viewers and staff for their numerous improvements
19 the manuscript

References

© Agriculsre Canada, 1974, The svstem of sail ciassie
fcation for Capada. Canada Department of Agn-
colture. Pubticanon {455, Informauon Canada, Ot-

adon and duration of exposure (model 6): z = 4.0815 + 0.7126(logx)

Alapaster, J. S, and R. Llovd. 1980. Finely divided
solids. Pages 1-20 in Water quality critena for
freshwater fish, Butterworth. London,

Auld. A, H.. and 1. R. Schubel. 1978. Effects of sus-
pended sediment on fish eggs and larvae: 2 labo~
ratory assessment. Estuarine and Coastal Manne
Science 6:153-164.

Berg. L. 1983, Effects of short ierm exposure to sus-
pended sediments on the behaviour of juvenile coho
salmon. Master's thesis. University of British Co-
lumoia. Vancouver.

Bers. L.. and T. G. Northecote. 1985. Changes in ter-
ritorial. gill-daning, and feeding behaviour in ju-
venile caho salmon { Oncorhvrchus kisurch) follow-
g short-term pulses of suspended sediment. Ca-
nadian Journal of Fishenes and Aquatic Sciences
42:1410-1477. .

Berkmann, H. E., and C. F Rabeni. 1987. Effect of
siitatton on swream tish ¢ jes. Envir al
Biology of Fishes 18:285-294.

Binwell, I. K., G. F Haruman. B. Anderson. D. J.
‘Mclesy, and J. G. Malick. 1984, A brief invest-
gavion of Arctic grayling (Thvmailus arcricus) and
aquatic invenebrates in e Minta Creek druinage,




Omkpdnn uhawyrxha). Final Report to Wash-
ington. State . University,. Washington Water Re-
ann:i.Ccm:z Pnum.nn. He

mpnmbympedbmhrvm't‘mmnomofme
American Fisheries: Society 117:72-T7.
D.H l”&.zﬂecu ‘of tarbidity on ﬁsh and ﬁsb—

 Coderhotm, £.7J.. L. M:Reid. and.E O. Salo. 1981.
= Climulative effects of logging road sedimeaot on sal-

o0 Comary, Washington.. Pages 38-74 in Salmon-
, Spawaing gravel: s renswable resource in the Pacific
'Nm Washington Stats Univeryiry, Washing-
. 100 Water Research Center. Report 39, Puiiman.
Chamberiin, T W, editor; 1988. Applying !5 years of
" Carnation Creek results: Pacific Biological Statson,
. Carnarion ‘Creek .Steering . Cammmze. Nummn.
- British Comiia, - e .+ ; 55 -
CGIII.LLCGIIIM.J F!mhmm.md D. Kaufman.
C w4 1985, Oumnal ch trsasport. and fish
habiu:nlmuulm-um. effects of an exweme
cvent. Eaviroamental Management 9:35—8.
Cmdnan.A.LndD W. Kelley. 1961. The influences
v ofmapuwﬂmwu the aquatic life of srcams.
. - California Fish and Gama 47:189-223.
Duhweﬂ.M.LG.D.Melvm.mdPJ Williams, (983,
- Effect of mrbidity om the tampocat sod spatal uti-
lization of the inner Bay of Fundy by American shad
‘ (Alosa sapiditsinea) (Pisces: Clopeidae) and iu re-
. hnomhpmlo:n fisheries. Canadian journal of
.‘,."4 “_A‘ de Sei 40(( pl t1):
' 312-330. )
Dlwu.PE.-‘M.Nehm 1993 Tbaeﬂecrofuccp
« " ‘slops loggieg on fine sediment Infilation 1010 the
beds of eph l and per 1] of the Dax-
Zler. Kna. ‘Dunnnn. Anmu.. Journsi of Hy-
: drology 156:481-304.. .0 C "
Emun.D C.dP.LLlpm. 1988. Eﬂccuoldu—

e

mndpnpuhm in the Clesrwater River, Jeffer-.

NEWCOMBI AND JENSEN

charge Auctuation and the addition of fine sediment
on stream fish and macroinveniebrates below a wa-

ter-filration facility. Eavir I M

o T AR,

12:85-97.

" ‘sa..)

Gammoa, J. R. 1970. The effa.'( o{ motﬁmcu:dxm:m
on jueam biow. U.S. Eavironmenwl. Protection
Agency, Water Poliotion Control Rescarch Sms.

18050 DWC 12/70, Washington, D.C."

[
~ Gardner, M. B. 1981, Effects of wrbidity on feeding

rates und selectivity ofblncgim,‘rrnnucums ofthe -

Gibson, A. M. 1933, Conmcummdopamo of a.
tdal mode} of the Severn Estoary, Hu Majesty's
Stationery Office; Londond. ;=444 vy SEAh

Goldes, 5. A. 1983, Hiswiogical astructaral ef-

fects of the inert clay hohn onthe gills ‘of rainbow-

rout (Saimo gairdnery Rxehlrdm) Master' s !h:tu.

University of Gueiph, Guelph, Ontaria, - ;
Gradall, K. S.. and W, A.Swensou: 1982Raponsa

of brook trout and creck chobs w turbidity. Trans-

39s.

Grayson. R. B, S. R Haydon.M. TALT yl.myl.lnd
B. L. Finlayson. 1993, Wtu:rquhty in mountain
ash forests—separating the impacts of rods from
those of loggmg operations. Jonnul o{ Hydmlm
150:459~480.

Gregary, R. S.. J. A. Servizi.and D. W, Mnn:ns. 1993.
Comment: udility of the suess index for predicting
suspended sediment cffects. North American Jour-
usi of Fisheries Management [3:368-873.

Griffin, L. E. 1938, Experiments on the tolerance of
young trout and saimon for suspended sediment i
water. Oregon Depariment of Geology and Mineral
Industries Bulletin 10 (Appendix B):28-31. (Not
seen: cited by Alabaster and Lloyd 1980.)

Hamilton, J. D. 1961. The effect of sand-pit washings
0B 2 soeam fauna, Intermationale Vereinigung fUr
theorensche und angewandiz Limnologie Verhan-
diungen 14:435-439. __

Hanuman, G, F. 1983, Carnation Crest, 15 years of fish-
enes-forestry work: bridges from research 1o man-
agement, Pages 189-204 in T. W, Chamberlin. ¢d-
itor. Applying 135 years of Camation Creek resuits.
Pacific Biological Starion, Camnation Creek Steering
Committze. Nanaima, British Columbia.

Hurben, D. W. M., J. S. Alabaster. M. C. Dant. and R.
Lloyd. 1961. The effect of china-clay wastes on
trout streams. [ntermationat Journal of Air and Water
Pollution §:56-74,

Herbert, . M. W.. and 1. C. Merkens. 1961. The effect
of suspended mineral solids on the survival of vout.
Internaucnal Journal of Air and Water Pollution 5:
46-55.

Herber, D. W. M., and J. M. Richards. 1963. The
growth and survival of fish in some suspensions of
solids of industial origin, International Journal of
Air and Water Polludan 7:297-302.

Habert, D. W. M., and A, C. Wakeford. 1962. The
effect of calcium sulphate on the survival of rain-
bow rout. Water and Waste Trearment 8:608-609
(Not 1cen: cited by Alabaster and Lloyd 1980.)

ECRTEPT L

actions of the Amenun Fuhms Socxery 111:392- -

Hesse, L. W, and B. A. Neweomb, 19%2. Effects of
flushing Spencer Hydro on water guality, fish, and
insect fauna in the Niobranx River. Nebratka. Norta
American Journal of Fisheries Mmgmcm 2:45-
52.

Horkel, J. D., and W. D. Pearson, 1976 Effects of tur-

s~ . bidity onventilation rates and oxygen cansumption
: fish, Lep cvanell T‘ ions of

 Revue.Saisse de Zoolog'u: 22:47-64.
ohnmn..D DL and D, J. Wildish, 1982, Effect of sus-
"'peaded :edxmem on feeding by hrval herring (CJ»—

-, tmental C and Toxicology 29:261-26"
. Kemp, H. A. 1949, Sail pollution in the Po(mu: Ri

L 41:792-796, (Not seen: ciwed by Cardone 1nd Kal-

Kond]of -G. M. and S, Li. 1992 The pebble count

tcchmqua for quantifying sarface bed material size

~. in.instream flow smdies. Rivers 3:80-87.

Knndol( G. M., and M. G. Wolman. 1991, The sizes
of saimonid spawning graveit. Water Resources Re-
search 29:2275-.223S.

Langer. O. E. 1980, Effects of xedmmnuon on saj-

mental Protection Service, unpublished report
North Vancouver. British Columbia,

Lawrence, M.. and E. Scherer 1974, Behsviorai re-
sponses of whitefish and rainbow trout (o drilling
fluids. Canada Fisheries and Mxnne Service Tech-
nical Report 502, ki

LeGore, R. S.. and. D, M. DesVoigne. 1973. Abscnc:
of acuts effects on three-tpine sucklebacks (Gas-
lerosteus aculearusy and cobo salmon {Onrcorir-
chus kisutch) exposed to re~saspended harbour sed-
iment contaminant. Joursal of the Fisheries Re-
search Board of Capada J0:1240-1242

Lloyd, D. S. 1985, Turbidity in freshwater habitats of
Alaska: a review of published and unpablished lit-
erature relevant to the use of rurbidiry as 2 water
quality standard. Alaska Depanment of Fish and
Game. Habitat Division, Report 85, Pant 1. Juneau.

MacDonaid, D. D.. and, C. P. Newcombe. 1993, Utiliry
of the stress index for predictng suspended sedi-

- ment cffects: responss (o comment. North Amencaa
Journal of Fisherics Management 13:873-876.

Macdonald. 1. S...editor, 1994, Proceedings af the Takia
fishery/forestry wockshop: & two year review. Ca-
nadian Technical Report of Fisheries and Aquatic
Sciences 2007,

Macdonald. J. §.. . C. Serivener, and G. Smith, 1992
The Stuart-Takla fisheries/forestry interacnon pro-
ject: study description and design. Canadian Tech«

B DR T A N P T DB

.

i‘i ;Q: 'R

il

BNV N

e

"FISH RESPONSES TO

basin, American Water Works Associstion Jomm. -

monid stream life. Enviroament Canada. Environ- -

= nical Report of Fisheries asd Aqmu: Sciences -
-

- 1899,

. MacKinisy, D. D.. D. D. MacDonald. M. K. Johnsoa,
et and R F. Fieldea. 1987, Culture of chinook salmon
2— ’ {Oncorivvnchus rshawwischa) is iron-rich gnwod
i—_—"—'— water: Smart pilot hatchery exper

Ne




meat
1 wa«
ment

ment
stion
Ties,

L =
-
B3
e -
P
- -

'H}‘IH'*:

—T

fiy op

Hesse, L. W.. and B. A. Newcomb. 1982. Effects of
fushing Spencer Hydro on waier quality, fish. and
insect fauna in the Niobrara River, Nebraska. North
American Journal of Fisheries Management 2:45-
52!

Horkel, J. D., and W. D. Pearson. 1976. Effects of tur-
bidity onventilation rates and oxygen consumption
of green sunfish, Lepomis ¢V tlus. Tr } of
the American Fisheries Sociery 105:107-113.

Hughes, G. M. 197S. Coughing ia the rainbow Tout
(Saimo gairdneri) and the influence of pollutants.
Revue Suisse de Zoologie 82:47—64.

Johnson, D. D., and D. J. Wildish. 1982. Effect of sus-
tended sediment on feeding by larval herring (Clu-
pea harengus harengus L.). Bulletin of Eaviron-
mental Coatamination and Toxicology 29:261-267.

Kemp. H. A. 1949, Soil pollution in the Potomac River
basin. American Warer Works Associstion Journal
41:792-796. (Not seen: cited by Cordone and Kel-
ley 1961.)

Kondlof, G. M., and S. Li. 1992. The pebbic count
techniques for quantifying surface bed material size
in instream flow studies. Rivers 3:80-37.

Kondolf, G. M., and M. G. Wolman. 1993. The sizes
of saimonid spawning gravels. Water Resources Re-
search 29:2275-2285.

Langer, Q. E. 1980. Effects of sedimentation on sal-

monid soeam life. Environment Canada, Environ-

mental Protection Service, unpublished report
North Vancouver, British Columbia.

Lawrence, M., and E. Scherer. 1974, Behavioral re-
sponses of whitefish and rainbow trout to drilling
fluids, Canada Fisheries and Manne Service Tech-
nical Report 502.

LeGore. R. §.. and. D. M. DesVoigne. 1973, Absence
of acute effects on three-spine stckiebacks (Gas-
terosteus aculearus) and coho salmon (Oncorfrvn-
chus kisufch) exposed to re-suspended harbour sed-
iment contaminants. journal of the Fisheries Re-
search Board of Canada 30:1240-1242,

Lioyd, D. S. 1985. Turbidity i fresnwater habitats of

Alaska: a review of published and unpublished lit-

erarure reievant to the use of turbidiry as a water
quality standard. Alaska Department of Fish and
Game. Habuat Division, Report 35, Part 1. Juneau.

MacDonaid, D. D.. and. C. P. Newcombe. 1993, Utility
of the stress index for predicung suspeaded sedi-
ment ¢ffects: response to comment. North American
Journal of Fisheries Management 13:373-876.

Macdonaid. I, S.. editor. 1994, Proceedings of the Takla
fshery/forestry workshop: a two year review. Ca-
nadian Technical Report of Fishenes ind Aquanc
Sciences 2007.

Macdonaid. J. S.. . C. Scrivener. and G. Smith. 1992
The Stuart-Takla fishenes/foresgy interacuon pro-
ject: study desenipuon and design. Canadian Tech-
nical Report of Fishenes and Aquauc Sciences
1899,

MacKiniay, D. D.. D. D. MacDonaid. M. XK. Johnson,
and R. . Ficiden. 1987. Culwure of chinook saimon
(Oncornvnchus tshawyvrscha) 1 wroa-nch ground-

water: Stuart pilot hatchery cxpenences, Canadian

FISH RESPONSES TO SUSPENDED SEDIMENT

717

Manuscript Repont of Fisheries and Aquatic Sci-
ences 1944, .

McLzeay, D. J. L K. Birtwell, G. E Harrman, and G. L.
Ennis. 1987, Responses of Arctic grayliog (Thy-
mallus arcticus) to acute and prolonged exposure to
Yukon placer mining sediment, Canadian Journal of
Fisheries and Aquatic Sciences 44:658-673.

Mclzay, D. I, G. L. Eonis, L K. Birtwell, and G. F
Haruman, 1984, Effecis on Arctic grayling (Thy-
mailus arcticus) of proionged exposure to Yukon
placer mining sediment: laboratory study. Canadian
'll';chniul Report of Fisheries and Aquatic Sciences

. 41. Ce T e .

McLeay, D. I. and five coauthors. 1983, Effects on
Arctic grayling (Thrvmallus arcticus) of shott 1erm
exposure 10 Yukon piacer mining sediments: labo-
ratory and field swdies. Canadian Technical Report -
of Fisheries and Aquatic Sciences 1171,

Menzel. B. W., J. B. Barnum. and L. M. Antosch. 1984,
Ecological alterations of lowa prairie-agricuimral
streams. lowa State Journal of Research 59:5-30.

Morgan, R. P, II, J. V. Rasin, Jr. and L. A. Noe, 1973,
Effects of suspended sediments on the development
of eggs and larvae of siped bass and whiwe perch,
appendix 11. Final Report to U.S. Army Corps of
E:'ginecrs. Contract DACW61-71-C0062, Philadei-
phia. ’

Morgan. R. P, IL 1. R. Rasin, Jr.. and L. A. Noe. 1983.
Sediment effects on eggs and larvae of striped bass
and white perch. Transactons of the American Fish-
eries Sociery 112:220-224. .

Neurnann. D. A, J. M. O'Connar. I. A. Sherk. and K.
V. Wood. 1975. Respiratory and hematological re-
sponses of oyster toadfish (Opsanus rax) to sus-
pended soiids. Trapsactions of the American Fish-
eries Associaton 104:775-781,

Newcomb. T. W.. and T. A. Flagg. 1983. Some effects
of Mt. St. Helens 2sh on juvenile saimon smolts.
U.S. National Marine Fisheries Service Marine
Fisheries Review 45(2):8-12,

Newcombe, C. P. 1986, Fisheries and the probiem of
turbidity and inert sediment in water: 3 synthesis
for environmental impact assessment. Briush Co-
jumbia Ministry of Envir Environ: |
Impact Unit, Environmental Services Section,
Waste Management Branch. Victoria.

Newcombe, C. P. 1994, Suspended sediment in aguauc
ecosysiems: ill effects as a function of concentration
and durauan of cxposure, British Columbia Min.
istry of Environment. Lands and Parks, Habitat Pro-
tecuon Branch, Victoria.

Newcombe. C. P and D. D. MacDonald. 1991, Effects
of suspended sediments on aquauc eccosysiems.
North American Journal of Fisheries Management
11:72-82.

Newcombe, C. P.. 8. Shepherd, G. Hoyer. and M. Ladd.
1995. Documentauon of s fish kill (juvenile rain-
bow trout: Oncornvachus mveiss) in Bellevue Creek
(near Mission, Kelowna. British Columbia, Cana-
da), caused by silty water discharge. Batish Colume
bia Minisory of Eanvirooment. lands and Parks,

o




}hbuu anecnan Bnnch. Habitat Protetion Oc-
casional Report; Victoria,

." Noggle, C"C..1978.. Behavioral, physiological and le-
o thal effecty’.of Tuspended sediment on juvenile
salmonids, M.uur’u.hesu. Umvemty of Washing-

o ion. Alaska De.
pamazn{ﬁ:h and’ Gune. Fairbanks. (Not seen:
cited cam_ ication in Lloyd 1985)

1967. Eﬂecu on a trout soream of sediment

RW. 1970, Eﬂ'eca o{sadlmem oa the gravel
mt and hh pmdu:nom Pages 6474 in
70f tbe m on forest hnd use

P

Pulemy. R A.[1993 Ml.nmmnlmomd densities in
+ frvial habi ts in British Columbia. Pages 223-250
' in'L. Berg.and P’ W, Delaney, editors. Proceedings
5 of the Cobo Worksbop, Nanai British Calumbi

zDepnmmo!Hsbmamemns. Vancoover,

Redding, ]. My and.C._BI Séhreck: 1982. Mount St
'Hdnnn‘hmm‘—“*'msn,, in
wmm 300-307 in Mt St Heless:
effects os water resources. Washington State Uni-
"L yersity, Wuhxnum me Rawth Cenisr. Repont

Rzyuolds. LB, R.C Simmons, md A. R. Burkhoider.
- 1999, Effects of placer mining discharge on heaith
,a0d food of Arctic gra lmg_ Wuz Resources Bul-
gletin 2826385 g
Rote:x B.A. 1969, Tolerance lmu of four species of
vy, fshes 1o suspended mineral solids. Mas-
“ter's thesis. Univerzity of Rhode 1sland, Kingston.
Rosenberg, D. M., aad N. B, Snow 1977. A design for
i enviromments! i with special refl
~ 10 sedimentation i ul squatic systems of the Macken-
. 7ie'snd Porcepine river drainages. Pages 65-78 in
". Proceedings of the‘circumpolar conference on
+ hofthern ecalogy, Nmoul Research Council. Or-
o fawa el el
Scannell. P A. 1988 Em::u of e!avued sediments lev-
¥ . eis from plecer mining on survival and behaviar of
., immamre Arctic grayling.. Muwrs thesis. Univer-
sity of Alaska, Fairbanks.. -
., Schabel L. R..d! .C. S, ng 1973. The effecus of
el di on the hawhi of Per-
aa ﬁm (yellow perch), Morone americana
{whitz perch),’ Morone: saxanilis (striped bassi and
AA)asa paendoharengus (slewifa) eggs. Chesapeake
} . By lmlﬂllohu Hopkins Universiry Special Re-
.".’. . poxt 30, Rek 73-3, Baitimore, Maryland. (Nat
T~ seen: cind by Morgan ct al;. 1983.)
" Scrivenet. C. 1. T G. Brown. and B. C_ Anderson. 1993,
“ " luvesile chimsok taimon (Oncorfrmchus tshawwvis.
cha) siillzstios of Hawks Creek. s smait nonnani
3 PR [N

NEWCOMBE AND JENSEN

 practices.. Journal of Wildlife -

wibutary of the upper Fraser River, Canadian Jour-
"nal of Fisheries and Aquatic Sciences S51:1139-~
1144,

Scullion, J.. and R. W. Edwards. 1980. The effects of
pollutants from the coal indusry an fish faunas of a
smail river in the South Wales coaifield. Environ-
mental Pollution Senes A 21:14]1-153,

Servizi. I. A., and D. W, Martens, 1987. Some effects
of suspended Fraser River sediments on sockeye

Publication of Fisheries nnd Aquuu: Saencu 96:
254264,

Servm..l A,and D. W. Mm.:nx. 199! Effect of tem-
perature, season, and fish size on scute lethality of
saspended sediments to coho saimon (Oncorinm-
‘chus kisurch). Canadian Journal "of Fisheries and

- Aquatic Sciences 48:493-497, ...

" Servizi. ]. A., and D. W. Martens, 1992, Sublethal re-

sporuu ut' coho salmon (Oncorfrnchus kisurch) to

Canadian Journal of Fisherics

md Aquatic Sciences 49:1389~139S.°

Shaw, P. A, and ], A. Maga. 1943, The effect of mining
silt on yieid of fry from saimon spawning beds.
California Fish and Game 29:29-41.

Sherk, J. A, J.M. O"Connor, and D, A. Neumann. 1975.
Effects of ded and deposited sedi s on
estuarine environments. Pages-541-$58 in L. E.
Cronin. editor. Estuarine Research 2. Academic
Press, New York.

Sigler. J. W., T. C. Bjornn, and F. H. Everest. 1984.
Effects of chronic turbidity oo density and growth
of steelheads and coho saimoa. Transactions of the
American Fisheries Society |13:142-150.

Simmons, R. C. 1982, Effecs of placer mining on Arc-
tic grayliag of interior Alaska. Master's thesis. Uni-
versity of Alaska, Fairbanks. '

‘Singleton. H. I. 1985a. Water quality criteria for par-
u:ume mater. British Columbia Minisury of Ea-

Water Manag Branch, Victoria

Smglcmn H. 1. 1985b. Water guality criteria for par-
ticulate marter: technical sppeadix. British Colum-
bia Minisary of Eavir Water M
Branch, Victoria,

Slaney. ! A, T. Q. Halsey, and H. A. Smith. 19772
Some effects of forest harvesung on salmonid rear-
ing habitat in two streams in the cenmal interior of
British Columbia. British Columbia Mipisay of
Recreation and Conservadon, Fish and Wildlife
Branch, Fishenes Management Report 71. Victoria.

Slaney, P A.. T. G. Haisey. and A. E Tawmz. 1977b.
Effects of forest harvesting practices on spawning
habitat of stream sai ids in the C ial Creek
watershed, British Columbia. British Columbia
Ministry of Recreation and Conservation. Fish and

. Wildlife Branch. Fisheries Management Report 3.
Victoria,

Slanina, K. 1962. Beitrag zur Wirkung mineralische?
Suspensionen auf Fische. Wuur und Ab\'u“'
1962:186—154.

Smith, O. R. 1940. Placer miniag silt md i relatioa

10 the saimon and trout on the Pacific coast. Trass:

&

ssimon (Oncorfryachus nerka). Canadian Special. .

M

ey e e e

—-..—..._,
T

ol et &

T

cer b

. ey e ——

e

TE

R A dral: =

F!SR EESPONSES TO sUS

actions of the Amcnm Fxs.hmu Socmy 69:225~
230, 0 e

Stober, Q. 1. and five coanthors. 1981. Effects of sus- i

Amd A

ot coho and chinodk
salmon in the Toutle and Cowtitz rivers. University
of Washingon, Fisheries Resesrch lnstitute, Tech-
nicat Compiction Report FRI-UW-3124, Seamle.

.. Suchapek, P. M. R. P. Marshall, S. 5. Hale. and D. C.

Schmidt. 1984a. Juvenile saimon rearing sniability
criteria. Alaska Department of Fish and Game. Sus-
itna Hydro Aquatic Studies. [984 Report 2. Pant 3,
ot Ancborage, (Not seen: cited by Lloyd 1985)
. Suchanek, P M., R. L. Sondet. and M., N. Wenger.

+ 1984b. Resident- fish-habitat smdies. Alasks De-
perunent of Fish and Game, Swsimns Hydro Aguatic |

T

Studies. 1984 Report'2, Pan 6, Anchorage. (Not

seen: cited by Lloyd 19850) v

Swenson, W. A._1978.. Influence of turbidiry on fish
abundance in western Lake Seperior. U. S. Envit ' -~
ronmental Protection ' Ageney, Nnuanxl Enviroi. | - i

mesual R h Center, Ecologi h Series
EPA 600/3-78-067. (Not seen: cited by Gradall and
Swenson 1982) .

Swenson, W, A, and M. L_ Matson, 1976, lafluencs of
rurbidity on survival, growth. and dismribution of
larval lake herring (Coregonss artedii), Transac-
tions of the Amenun Fisheries Soclﬂy 10554 1~
345.

Sykor JLLLE I, Smnh.undM SymL. 1972 Effect
of lime-neutrafized iron hydroside suspensicas on
juvenile brook trout (Salvelinus fonsinaiis Mitehiil.
Water Research 6:935-950.

Townsend. A. H. 1983, Spont fishimp—placer mining:
Chaunika River. Memorsadum to Directar B. Ba-
ker. Habiuat Division, Alagka Deparument of Fish
and Game. February 2, 1983, Jupeaun. {Not seenm:
cited by Lloyd 1985.)

Why

Appendix follows on




=
B

=

=

FISH RESPONSES TO SUSPENDED SEDIMENT 719

actions of the American Fisheries Society 69:225-

- 0.

Stober, Q. I.. and five coauthors. 1981. Effects of sus-
pended volcani di t on coho and chinook
waimoa in the Toutle and Cowlitz rivers. University
of Washington. Fisheries Research Institute. Tech-
nical Completion Report FRI-UW-8124, Seattle.

' Suchmek. P M., R. P Marshall, S. S. Hale. and D. C.
Schmidt. 1984a. Juvenile salmon rearing suitability
criteria. Alaska Department of Fish and Game. Sus-
ima Hydro Aquatic Studies, 1984 Report 2, Pant 3,
Anchorage. (Not seen: cited by Lloyd 1985.)

Suchanek, P }., R L. Sundet. and M. N. Wenger
1984b. Resident fish habitar studies. Alaska De-.
partment of Fish and Game. Susima Hydro Aquatic
Studies, 1984 Report 2. Pamt 6. Anchorage. (Not
seen: cited by Lloyd 1985.)

Sweason, W. A, 1978, Influence of turbidity on fish
abundance in western Lake Superior. U. S. Envi-
ronmental Protection Agency, Natonal Environ.
mental Research Center. Ecologicai Research Series

EPA 600/3-78-067. (Not seen: cited by Gradail and

Swenson 1982,)

Swenson, W. A.. and M. L Matson. 1976. Induencs of
rbidity on survival. growth, and dismpution of
larval lake herring (Coregonus artedii. Transac-
tons of the Amernican Fisheries Society [05:541-
545. .

Sykor_ I. L, E. J. Smith. and M. Synak. 1972. Effect
of lime-neutralized iron hydroxide suspensions on
juvenile brook trout {Saiveiinus fontinaiis Mitchiil).
Water Research 6:935-950.

Townsend. A. H. 1983. Sport fishing—oplacer mining:
Chatanika River, Memorandum to Director B. Ba-
ker, Habitat Division. Alaska Department of Fisn
wd Game. February 2. 1983, Juneau. (Not seen:
cited by Liovd 1985.) ’

Appendix lollows on page 720

Turnpenny, A. W. H.. and R. Williams. 1980. Effects
of sedimentation on the gravetis of an industrial river
system. Journal of Fish Bioiogy 17:681—693.

Yaughan, G. L. 1979. Effects of stnpmining on fish and
diatoms in streams of the New River arainage basin.
Journal of the Tennessee Academy of Science 54:
110-114,

Vaughan, G. L. L. Minter. and J. Schilier. 1982, New
River project data bases and documentation. Joint °
research, voiume 2: bioiogical and associated water. *

quality data. University of Tennessee, Departments

of Civil Engineering and Zoology. and U.S. De-
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Appendix. Dose-Rnponse Database

~ & ow

Sochanck et al {1984a, 1984b)

Mr-Lr.zya.l.L(lW"

McLeay et al, (1984)
Meleay et al. (1984)
Phillips (1970)

Tansport .
Reduced quality of reanng
habimt
‘Fiuh abandoned their
radiions) spawmnung habiat
Inxemed risk of predazion
No hinclogicsl signs of
damage 0 olfacory
cpithetium
Home wmer preference
Gisrupeed
Honing behsvior narmal, bat
firwey text fish remrned
Ne morulity (VA. <3-100
wm: median, <15 pomt
Morality rate 60% (YA,
<5100 um)
Morality rae 100% (VAL
<3-100 um)
No zaortality (odwer end
pamts not trvestgated)
Plana giocosa levets
increased 39%
Plasnua glucoes levels
increxsed 1509
No mortaliry (YA, <$5-100
um: median. <15 um}
Moruality rae 60% (YA,
<$100 jum: median, <18
wm)
Moruadity e 100% (VAY
Increased vulneramiiry o
preaanoa
Signs of wblethal sress (VA
Lo of habut caused by
exceuve sediment
wansport
Blood cetl coum and blood
chemury change
Feeding betavvor apparenty
reduced
Reduced quality of rearmg
habitat
Gill s camaged
No monaliry (othey end
PN DO Vet gated)
Decrease 18 populanon s
Fish more acuve and jess
depencent an cover

T (1983Y; Onr (1984)

Coaus et al. {1989)

Slaney ex al. (19770)
Hamilton (1961)

Gibson (1937}

Brasnon e al. (1981)
Whionan e al. {1982) )
Whitnan et al. (1982)
Newcomb and Flagg (1983)
Nﬂcomh\md Flagg (1983
Newcovad and Flagg (1983)
Griffin (1938)

Servizi and Mareens {198T)
Serviy and Manens {1987)

Newcomb and Flagg (1983

Newcomb and Flagg (1983}
Newcomb and Flagg (1983}
Swenson {1978)

Redding and Schreck (19821
Coats ct al. {198%)

Redding and Schreck (1983)
Townsend (19831 On (1984)
Slaney et al. (J97TY)

Herbert 10d Merxens (1961
Griffin (1938)

Peters (196T)
Graasii and Swensoa (1982)

FISH RESPONSES TO SUS

Sedunery dose
. Exposare
. o Life  omim  dormow e
Specics sapet  (mgl) m SEV*
Troat (brown) A TLo@ 17520 $ Gill.
Troat (brown) A 1210 17320 1 Sowme
c— - b (823
Troot (brown) - A B} ] 0 10 Abanc
Trout (brown) A - 100 70 1 Pocan
Troat (teows) A 100 LI60 i4 Popma
N ape
Troat (brown) A I L6 4 Faher
Trow (curhroar) A a3 2 4 e
Trous (laks) A 33 168 1 Claw
Trom (rainbow) A 66 { 3 Avomx
S ) pact ¢
Troax {rinbow) A 648 . ! ] Fhx
Trout {rainbow) A 100 ‘010 3 Fahaw
({EVOK
Trom (reinbow) A 100 a2s § Rmear
Troe {rainbow) A 250 s $ Rmeaf
Trout (rainbow) A 810 504 3 Gills of
tiicke:
Tront {rainbow) A 17500 168 1 R
a prolide
Trout (rainboe) A 56 960 9 Raeofl»
ICWS.
Troa: (rainbow) A 50 960 9 Rumolw
! Trou (rainbow) A 810 504 10 Some fish
‘L Trow {reinbow) A 70 20 0 Savivar
= Trout (ruinbow) A, 20 K 10 Tew fish o
1 ) ' day (W°
- Trom {rambow) A 30.000 N 10 No mora
22 Trow {rambow) A 8 0 10 Aboodxncr
Trout (ranbow) A 59 i i3 10 Hatewt aar
N of grave
( - Troat (reinbow) A 4250 538 i3 Mortalicy ©
- Trout (reinbow) A 49.838 % (2 Maorality r.
f Trous {rambow) A 1500 1488 Catastropau.
i . o
! Trout {rambow) A 160.000 u 14 Manaliry =
i Troat ises) A o N 0 Fish abapac
L : g ¢
! Whitefiah (laks) A 0.66 i 3 Swwmmung
! Whitefish (Lake) A 16.613 % 12 Morulity ra
. Whutetish (mountain) A 10,000 P 10 Fish died: s
’—_— Juvenils saimoasds ({resirenter, g
Grayling (Ascuc} v 20 Y} 1 Fish avonde
Grayliag {Ascuc) u 16.000 % 3 Fab wam
Grayling {Arcuc) ) 38 0.42 }  73% of Asn
(N>
, Grayting (Arcuc) u 100 { s G |
-
Crayling (Arcuc) u 100 i & Cascny s
prey: o
B Grwyling (Ascnc) u 00 1 4 Caich rase |
peey: dro
i Greyling (Arcnc) u 1,000 ' 4 Fooding e

vy wo




.

TasLe A.].—Continued.

FISH RESPONSES TO SUSPENDED SEDIMENT

Reference

Troot {brown)
Trowt (brown)

Trout (brown)
Tromt (browrn)
Troat (rown)

Trout (brown)
Trout (coanroat)
Troam (lake)
Trout (rambow }

Trout (ramabow)
Trout (rainbow)

Trout (rambow)
Trout (rambow)
Trout (rambow)
Trout (ranbow)
Trosa {rnbow)
Trom {rammbow)
Troat (rambow)
Tront {rambow)
Trot (rambow)
Trou | rambow)
Trout | raimbearw )
Troat | rembow)
Trout {raimbow)
Trout (rambow)
Troat (rambow )

Trout (rasbow)

Trout (sew

Whirdsh (lake)
Whitatah (lakay
Whitsfish (mountain)

‘Cﬂvunl Uu:nc) '
Geayling (Aretic)
Gesyling (Arenc)

Gruyling {Ascuc)
Grayhing iAsctic)

Grayling (Arcae)

" Geaylng (Arcney

18
39

4250
49,838
ls00

160,000

pal) to

s 1 3
16.613 12
10.000 10

Gill lamellase thickened (VFSS)
Soroe gill lamellse became fused
(VF3SS)
Abundance reduced
Population reduced
Populanoa onc-seventh of
expected size (River Fai)
Fish numbers one-seventh of
expecred {River Par)
Feeding ccased: fish sooght cover
Fish avoided mybnd arcas

A vl o i

Herbert et ai. (1961}
Herbert et al. (1961)

Peters (1967) . .
Scullion and Edwards (1980)

 Herbert et al. (1961)

Heroert et al. (1961)

Cordone and Kelly (1961)
Swenson (1978)

part of the time
Fish anracted 1o oarbidity
Fish avoided marbid water
{avoudance behavior)
Raze of coughing incressed (FS5)
Rate of conghing increased (FSS)
Gills of fish that survived had
thi .

Test fish beyan 0 die on the frn
day (WF)}
No mortality

Abundance reduced

Habetat damage: redoced porosiry
of gravel

Moruliry rae 50% (CS)

Moewlity rate 50% (DM)

Canasgophuc reducuon in
populavon uze

Moruality rae 100% -+ .-

La and Scherer (1974)

Lawrence and Scherer (1974)

Suchanek et al (19844
19840)

Hugnes (1975)

Hughes (1975)

Heroert and Merkens (1961)

Slaaina (1962)
Hervert and Richards {1963)

Herpent and Richards (1963)
Herbert and Merkens (1961)
Herbert and Meskens (1961)
Herbert and Richaras (1963)

D H .
communicauon 10 Alabaster
and Lloyd (1980)

Peters (1967

Slaney <t al (1977b)

Hervert and Wakeford (1962)
Lawrence and Scherer (1974)
Herpert and Merkens (1961)
D. Herbere. personal
comununicauon 1o Alabaswer
and Lloyd (1980)

Fish abx diti
spawmng habicat

Hamilton (1961)

La and Scherer (1974) -

Morlity ras 50% (OM)
Fish died: silt-clogged gills

Juvenile salmonids (freshwater, groups 1 and J)

20 u 3
10.000 9% 3
L) 0.42 3
100 1
100 1
300

1.000

Fish avoided parts of the steam

Fish swam near the surface

T8% of fish avoeded furtid waer
(NTU, >200

Cach mate reduced (unfamtliar
prey: arosophula)

Caicn rae requced {unfamabar
prey: rumficias)

Cawch raia reduced (unfamubar
prey: drosophila) :

Feoding rate reduced {unfamuiar
prey: ruodficids)

‘Lawrence and Scherer (1974)

Langer (1980)

Birrwell ct al. (1984)
McLeay et al. (1987)
Scanneil (1988)

MclLehy et al, (1987\
MeLeay ot al, (1987)
McLazav et al. (198T)

Mcleay et af. (1987)
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Sedument dose
—————
Exposure
Life Taiion a Fiah - -
Specrey iaget (mg/L) th) SEV® Descnpuo® RKefarencs
Troa {runbow) Y 90 456 {0 Monality ruse 0-20% (DE) Heroert and Mevkens (1961)
Trom | runbow) Y %0 436 10 Morahty rum 0-13% (KC) - Hesdery and Merians (1961)
Trout (runbow) Y 70 4356 1" Moraiuy russ 10-35% (KO) Herven and Markem 119619
Trout (rambow) Y LH] 436 12 Moruhiry rues 15-43% (DE) Herbert aod Markem {196])
Trowt (rusbow ! Y L1{!] 436 12 Morualiry raes 5-30% (KC) Herbent and Merkens (1961)
Trow trasbow) Y 70 436 12 Monality rams 15-80% (DE) Herbent and Markens (1961)
Trout (ranbow t Y 7.413 472 1 Morulity rama 40% (CS) Herbery and Wakaford (]962)
Trout (runbow) Y 42350 6T (2 Morality rus 0% Herbert and Wakaford (1962}
Trows trunbow Y =120 672 14 Morality mus {00% Herbert and Wakeford (1962}
Troat {runbow) J 4315 57 14 Momiry rus ~ 0% (CS5) Neweombe o al. (199%)
Salmonid eggs and Lsrvas ({resirwaiwer, growp 4)
Grayling (Arctic) SF pi) 24 10 Mortaliry race 5.7% J. LaPemers (personal
Rt commuacanon
Coayiing (Arcuc) SF s a8 10 Morality ras 14.0% 1. LaPerriere (personal
commumicanon )
Grayling (Arcuc) SF X1 24 10 Morulity rue 15.0% J. LaPerners (personal
cormmunicanon )
Gruyling (Areio) SF una n 10 Mornality roe 14.7% 1. LaPerricre {pessonal
. communxInon )
Grayling (Arcuc) SF 20 96 10 Moraiity rae [3.4% 1, LaPemere (personal
- communicasion )
Graylin{ (Arcus) SF 1425 48 1l Morulity rae 26% I. LaPerriere {personal
. communicanaa )
Grayling (Areuc) SF 185 mn 12 Monality re 41 3% 1. LaPemiere (pessonal
. communicanon )
Grayling {Arcuc) 5SF 30 9% 12 Moruliry e of 47% J. Lafemere (personal
. * commumication)
Salmon E 17 960 10 Monality; detenoration of Cederbolm et al. (198])
spawuing gravet . R - N
Salimon icham) E 97 808 13 Mortality rue T7% (comrois. 6%)  Lanyer (19800
Salmon {cohoy E 187 1,728 14 Monality ras 100% | Shaw and Mags (1943)
: : 162%)
Sereihead E 3 1.488 12 Hawhing success 42% {conopis. Slney et al. {1F7TTD)
43%) .
Troum E 17 960 10 Mortality; detenorsnon of Coderhotm et al, (1981)
Trowt (raicbow) EE 1150 tad 10 Morulity rie greaser than Campbell (1954)
coawais (courots. §5%)
Troos {raisbow E 6.6 1152 11 Morality rae 40% Slaney et al. (19778)
Trom (rampow) g ) 1.488 12 Morualiry rate 47% (comrois, Slancy ot ak (197Tb)
32%)
Trout (cainbow) E 120 384 13 Mortality rates 60-70% (congols.  Erman 20d Lignoa (1933)
38.6%)
Troat (reitbow) E 208 1.152 13 Morlity raee 72% Slapey et al, (19772}
Trexst (raivbow) E 466 L1852 (4  Mortality ram 100% Slaney eval, (1977D)
Trout (raizoaw) E tat 1440 14 Moralify rae 98% Turgpenay and Williama
: 14.6%) (1980
Noeszimonid eggs and (arvae (estuarine, growp 4)
Baxs (smipd) L 200 0.42 4 Foeding ran requced 409 ‘Brestburg (1989)
Bazs (striped) E 300 24 9 Development rux slowed Margan e . (1980
. significanty
Bass (striped) E 100 P28 9 Hawhing delayed Schabei and Wang (1970)
Bexs (striped) E 1.000 163 10 Reduced haching success Augld and Scimbet (1978)
Baxs (smiped) L 1.000 68 11 Mormiity rus 15% (conerols, Auld and Schabet (1978}
. 16%)
Bazs (ariped) L 300 n 12 Mortaliry rus 42% (coamois. Aunld and Schobet (1978
17%)
L I Morgan et al. (1973)

T,
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Fuh response
2ve Descnpuort Referencs
10 Maraliry raes 0-20% {DE) Herbent and Merkeas (19613
10 Martaly rates 0-13% (XCO) Herbert and Merkens (1961)
11 Mortaiity raes 10-)3% (KO Herbert and Merkens (1961)
{2 . Marairy rates 15-45% (DE) Herbert and Merkens (1961)

Mortaliy rues $-80% (XQ)
Mortality ruey 25-80% (DE)
Mormaixy re 0% (CS)
Mortaity rue 50%
Moraliry rue 100%
Moruigy rae ~100% (CSS)

d larree (freshwater. groap 4)

10

Mormalicy raue §.7%
Moruiiry mue 14.0%
Mortlity rue |$.0%

Moruliry rue 14.78

Moruliry e 13.4%

Morulity rae 26%

Moraliry rae 411%

Morualiry raie of 47%

Moruliry: detenorston of
tpewmung gravel

Moraiicy ram T7% {comrols, 65%)

Moraliry rare |00% {conuois.
162%)

Harhing mucress 42% (controls.
43%)

sgnificanty

Hm:!ung delaved

Reduced haicning soccess

Morliry raze }5% (coamols,
16%)

Morniity rae 42% (coatrols,
17%)

Macality rue 0%

Herben and Merkems (196])
Hesbent and Merkens (19613
Herbent and Wakaford (196)
Herbert and Wakeford (1962
Herbert and Wakeford (1962)
Newcombe et al. (1995)

commuAIKRNon }

1. LaPerriere (personal
comunuaiksanon)

3. LaPurnere (personal
communicanon)

1. LaPemere (personal
communicanon )

1. LaPemicre (persoasl
communicanod)
1. LaPemiere (personal
communication)

Cederholm er al. (1981)

Laager (1980}
Shaw and Maga (1943)

Slancy et al. (19779)
Cederhaim et al. (1981)
Campoeil (1934}

Slaney e al (19775)
Slaney et al. (1977H)
Erman and Lignoa (1988)

Slaney et al. (19772)

Slaney ex ai. (1977b)

Turepeany sad Williams
(1980)

Brestbury (1983)
Morgan et al. (1980)

Schubel and Waag (1973)
Auld and Schubel (1978)
Auld and Schupel (1978)

Auid and Schubel (1978)

Morgan « al. (1973}

s
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AT

Life
Species saged

Hemng L 10 3 3 Depth preferencs changed - . Sobmson md Wikdish (198 -
Hernng (lake) L 16 u 3 Depth pruferenca changed 4 Swenwou sad Matson (19768) -
Hemng (Pacific) L 2,000 b3 4 Foeding ruse reduced " Boshiert wxd Margan (1985 .
Hemag (Pacific) [N 1.000 24 3 Mechanical damage o cv-demm Boehlert (1984) .
Hemng (Pacific) L 4,000 .24 8 Epwdermis p ' Bochert (1984)
Perch (white) E 800 U 9 Egz developmen slowed ua-,-ul.nm) B

’ significandy ISR T =
Perch (white) E 100 u 9 Haching delayed O N Sdnhd d Wang Qgm) - <
Pereh (whte) E 1.000 168 10 Reduced haching succers Anid wsd Schabed (1978 . =
Perch twhice) L 158 a3 12 Moty nm 0% - Morpas |l (1973) -
Perch (whiee) L 373 24 12 Moruliry raze 50% " Morpmeal (1973) |- .
Peren (whute) L 230 a 12 Morulity am 50% e L Morpmead (197 - Y~
Perch {yellow) L 500 % 1l Morulity ram 37% (conmots, 7%) . Asid and Schubel (1979) 7 o
Peren (yellow) L 1.000 96 1l Morulicy cam 38% (controle, 7%) ' Amid ead Schobet (1970 - 12
Shad | Amencan) L 100 9% 10 Mormaliry rom 13% (conzob, %) Asld wad Schabed (1973) "X
Shad {Americas) L 100 9% 11 Morlicy rue 3% (coamrols, 4%) . - Azid aad Schobed (I197) - & -7
Shad (American) L 1.000 9% It Mm:bxym}l‘l (mn&i‘i] oo
Anchavy (bey) A 231 u 10
Anchovy (bay) A 471 U 12
Anchovy (bay) A 960 24 14
Baax (smiped) A 1300 136 1]
Baxs 1smiped) A 1500 36 ]
Cunner A 23.000 u 12
Cunper A 133,000 12 12
Cuaner A 100.000 4 12
Cunner A T2000 48 12
Fish A 3.000 240 10
Herrmg (Adantc) A 20 3 4
Hogenoker A 1240 2 ]
Hogehoker A 1240 120 3
Hogenoker A 1240 120 3
Killifieh (sryped) A 960 L] 3
Killifish {striped) A 3z b1 10 ]
Killifiah { strped) A 9720 pZ3 10
Killiieh (sermped) A 3819 u 2 'fsu:.umn. ‘
Killifish {sariped) A 1230 % 12 B
Killifish {striped) A 16930 24 5] o
Killiish (stryped) A 6.436 24 14 ?
Menhaden (Agantc) A 154 24 10 B
Menhaden (Atannc) A 247 1 12 g
Menhaden (Atlzanc) A 196 24 4 1«;
Minnow (sheepshesd) A 200,000 % 10 -
Minnow (sheepshead) A 300000° 24 tt %
Minnow {shecpsnead) A 100.000 pX3 14 .
Mummichog A 300.000 24 10 "R,
Mammchog A 2.447 b2} 10 Dy
Mummichog A 3,900 2 12 =
Mommichog A 6.217 24 14
Perch (white) A 650 120 6
Perch (white) A 650 120 6
Perch (white) A 650 120 [
Pereh (whiite} A 3os 120 ]
Perch (white) A 650 120 3
Pereh (white) A 308 u {0
Perch {white) A 983 24

Ii'-m}ﬂ“h}ﬂm&u i -'“.
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) concen- Exposure Fith responss
Life rauon d
Species wage? (mg/l) th) SEV® Descripuon® Relerencs
Perch (whuts) A J.181 24 14  Moralny e 90% (FE} Sherk et al. (1979)
Rasbars thartequin) A 40.000 24 10 Fish died (BOY Alabaster and tloyd (1930)
Rasbors {hariequiny A 6.000 148 10 No moraluy Alsbester and Lloyd (1980)
Shad (Amencan) A 150 0.25 3 Qm|= 1n preferred swimmung Dudawell et al. {1983)
depth
Siiversids { Atlanuc) A 58 24 10 Mormauty e 10% (FE) Sherk et al. (1978
Silverude (Attanucy A 250 b3 12 ‘Mormiry rue 50% (FE) Sherk et al. (1979)
Silvernde ( Attantic) A 1.000 b3 14 Monalty rsm 90% (FE) Sherk et ol (1979)
Spot A 114 43 10 Moruliry ram 0% (FE) Sherx et al. (1975)
Spox A 1309 24 10 Moralry rse 10% (FE) Sherk et al (1979)
Spat A 6878 Tu 10 Moraliry rus 10% Sherk et al. (1979)
TSR T A 189 Pt 12 Morality raze 50% (FE) Sherk et al, (1975)
i Spax A 2034 24 12 Morality rus 30% Sherk et al (1975)
Spot A 3.300 24 12 Morulity rue 30% Sherk et al (179
Jpot A nr 43 14 Morulity rae 90% (FE) Sherk et al (1979
Spot A 11263 24 14  Morality rve 90% Sherk et sl (1975)
Sackicback (foursptne) A 100 b2} 10 Mortality ram <1% (1A} Rogens (1969)
Suckichack {fourspme) A 10.000 24 10 No morality {XS: 10-12°C) Rogers (1969)
Suickieberk (foxoepine ) A 300 214 12 Moraliry cae ~30% (IA) Rogers (1969}
Stickiehack. (fourspine) A 18.000 u 12 Morality mm S0% (15.0-16.0°0) Rogers (1969)
- Lockieback (fourepine) A 50.000 24 12 Moruality rem 30% (KS) Roygers (1969)
Sackieback (foarspine) A 53.000 24 12 Mormiiry e 50% {10-12°0) Rogens (1969)
Stickichack ({ourgpnet A 130.000 24 12 Morulry rue 50% (9.0-9.3C) Rogery (1969}
Sdcklehack (foarspune! A 500 24 |4 Mortaliry rze 100% Rogers (1969)
Stickiehack (fourspine) A 200.000 24 4 Moruality e 95% (KS) Rogers (1969)
Stckichack (Uweetping? A 28.000 96 10 No moruliry in test Gesigned LeGore and DesVoigne
identify kexhal threshold 9
Toadfish (oyser) . A 3360 1 6 Oxygen consumpoon more Neumann e al, (1979)
': . varuble in presoessed fish -
I Tosdfish |oysen) A 14.600 n” % Fish targely snaffecwd. bat Nenmann et al. (1975)
(3 daveiopext Latent ill effects
“ Toedfizh (oyster A 11.090 n 9 Latent ill cffects mamfenzd in Neumsr et al, (197%)
» subseqoent et & low SS
..:: Aduit nosaireaids ((reshwsier, growp §)
= Bum (largemouth) A 62.5 20 9 ‘Weight pm reduced ~50% Buck (1956)
- Bues (lergemonch) A l44.5 0 9 Growm Back (1936)
e Buss (Largemonn) A 144.5 10 {2 Fish umabie w reprodnce Bock (1956}
¢ Blocgill A 422 0.05 4 Rate of foeding rectoced Gardoer (1981)
> Blnegil] ‘A 1S 1 4  Reduced cxpacsty o locate prey Vinysrd and O'Brien (1976)
: Blaegill A 144.5 20 9  Growth reraried Back (1936)
z Blaegill - A 625 720 9  Weight gam recinced ~50% Buck (1956)
k2 Bluegill A 144.8 T20 12  Fish unadke o reproguce - Back (1956)
H Carp {common) A 15.000 136 10 Some moraiity (MC) Wallen (1951)
< Dareeny A 1048 5,760 14 Dartexy abeent Vaaghas (1979Y; Vanghan o«
i al (198
2 ' Fuk A 120 384 [0 Denmey of fish reduced Erman and Lignon (1988)
FRab A 620 48 10 Fah kills dowaszream from Heaso and Newcornb (198D
Fish A 900 720 12  Fish abeent or murkedly recuced Herberr and Richards (1963)
in abundance
: Fih A 1045 8,760 {2  Habrat destocoon: fish Vaughan (1979); Vanghxo a
3 populancas smaller than al (1982)
{ . expected
Raly (warmrwater) A 100.000 pirl 10 Soma fish died: mosr survived Wallen (1931)
! Fah twarmeaern) A 200.000 1.128 10 Fiab died: opercular cavines and Whalles (1931)
H . gill fAlamenss ciogged
H Fiah (wermwazer) A 2 3,760 12  Fish popaisnons desroyed Merazi et al. (1984)
F GoidAsh A 25.000 336 10 Some morality (MQ) Wailes (1951)
:
1
-
=
&
h
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Wy

- (B4 -
) Fish respoase
e Deacripoon Referenca
14 Mortaisty raze 90% (FE) Sherx ot al. (1979)
10 Fuh died (BO) Alabasizr and [loyd (1930
10 No mortaliry Alsbester and Lloyd (1980}
3 Chaspe m preferred swimming Dudrwail et al. {198))
depty
10 Momility raze 10% (FE) Sherx ct al. {1975)
12 Morality rate 50% (FE) Sherx et al. (1975)
14 Monality rua 90% (FE) Sherx et al. {1975)
10 Marality mis 10% (FE) Sherx e bl {1975
10 Morality ruz 10% (FE) Sherx o al (1979)
10 Mortality reee 10% Sherx et ab. (1979)
12 Monality rue 50% (FE) Sherx 1 al. (1979)
12 Morutity rae 50% Sherk et al. (1975)
12 Moty s S0% Sherx et al. (1975)
14 Morlity raws 50% (FE) Sherk et al {1979)
4 Moralzy mee 90% . Sherx et sl (1975)
10 Moaruliry rue < 1% (IA) Rogers (1969)
10 No morality (KS: 10=-12C) Rogers {1969}
12 Morlity rsze ~50% (LA) Rogers {1969)
12 Morality rua 50% (15.0-160°C)  Rogens {1969)
12 Morality ram 50% (XS) Rogers (1969}
12 Morliry rae 0% (10-12°C) Rogens 11969)
12 Morality rze $0% (9.0-9.5°C) Rogenz (1969} *
14 Moty ris 100% Rogers (1969)
{4 Mormlity raze 93% (XS) Rogers (1969}
10 No morliry i wt designed (o LeGore and DesVoigne
denify lethal twethoid {(1973)
6 Oxyypes coasumpnna more Neumarn' et al. (1975)
varisble in prestesed fish
'8 Fish larpely unaffecied, but Neumans et al. (1975)
developed Laen il effects
9 Lloes Ul effects mandesed in Neumans et al. (1975)
sheequent et & low 55
moaide (fresiywater, groay 6
9  Weight gmin reduced ~50% Buck (1956)
9 Growdh Bock (1956)
12 Fish ooable m Back (1936)
¢ Qe of feeding redwend Gantoer (1981)
4 Rexfaced capacity o ioaue peey Vinyard and O'Brien (1976)
9 Growsh revarded Back (1936)
o1 Veight pain reduced ~50% Back (1956)
. tsh womble m reprodace Buck (1956)
- Some moratiry (MC) Wallen (1951)
{4 Derters sheent Vaughan (1979); Vanghan ot
ab (1982)
10 Densxy of fish reduced Erman and Lignon (1988}
10 Fub ks downsresms from Hesss and Newcomb (1982)
sedimen source
12 Fish absent or markadiy reduced Herbert snd Richards (1963}
i sbendance -
12 Habioat desiruction: fish Vaugnan (1979); Vaughan et
popuistions umailer than al. (1982)
expecwd
10 Some fzh died: most sarvived Walles (1951)
10 Fixh died: opercaler oveios and Wallen (1951)
sill filsments clogged
12 Fuh popuiapoas Mexnzel et al. (1984)
10 Some mormality (MC) Walken {1951)

FISH RESPONSES TO SUSPENDED SEDIMENT iy
Tasux A.l.—Continued,
Sedument dose
Exposure
CONOKN- Exposure Fish response
Life oanon
Specias wge* (mgl) m SEV* Descripuoe Reference
Suansh (gree) A 9.600 1 5 Ract of venulauon incressed Horkel sod Pearson (1976)
Sundsh {redear) A 623 720 9 Weight gun reduced ~30% Buck (1956)
W w0 congoia

Sunfish {redear) A 1443 - T 9 Groww: recargnd Bock (1956
Sunfish (redeast A 1448 e 12 Fish gnable w0 reprocace Buek (1936}

‘A = aduit: E = egp EE = eyed egg: F = fry: F* = rwm-up fry: FF = young fry (<30 wesks old); FF® « older fry (>30 weexs

old): J = juvemie: L = larva: PS = presmoit: S = smoit: SF = 1 fry: U = underyariog, ¥ = wppro}umes yearing; Y = young.

of the yesr,
* Sevenry-of-ill-eflact g from 0 (na d bie effect! to 14 (maximum cffect see Table |).
¢ Full resp are in Ne {1994). Parucia sizes of suspenc di (85) were pven ly in

30UTCE QOCUMETIS. A3 abbreviuad here. VFSS = very fine (<15 umr: FSS = fine (15-74 umr; MFSS -madmnﬁmﬂs-u?umr
MCSS = medium @ coarse (150-290 wmf: and CSS = coarse (130-740 um). Ususl “sediments” used: BC = bentonite clay: CS =
calcium sulfate: Dvs-muwnhervwhds.DE dusomacenas earth: DM = mﬂhngmdlmnux.ﬁ: ﬁncurFE-hmzx
eann: [A = mcinerator agn: KC = vaolin clay: KS = Kingson ait LNFH = | lizzd ferric b MC = owsie

clay: VA = volcanic ush: WF = wood fibers. Otber abbreviasion: NTU = nepoeiometne mrdidity uaim.
9 Lake herning larvae were tested in freshwaler
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