
E 

i N O R T H A M E R I C A N 4 
I 
.J FISHERIES "
JOURNALOF 
i! 

6 	 MANAGEMENT 

2-2 303Cd)t&+ 
Volume 16 	 N o v e m b e r  1996 

Norr.4 Awrienn Joanal o / F i > i r r Mm8Unmr 1b:693-727. 1996 
-	 b Copyrighx by the Amcristln Racrier Society 1996 

~ 

nci/ 	 Channel Suspended Sediment and Fisheries: 
I A Synthesis for Quantitative Assessment of Risk and Impact 

CHARLESP.NEWCOMBE 
Habirar Prolecrion Branch, Minisrry of Environmenr, Lands and P a r k  

Vicroria, Brirish Columbia V8V 1x4,Canada 
rrces 

5 	 JORGEN 0.T. JENSEN 
I 
 Science Branch. Pacific Biological Slotion. Depnmenr of Fisheries and Oceans 

Nanaimo, Brirish Columbia V9R 5K6,Canada 

Abslracr-Our meta-analysis of 80 published and adequately documented repons on fish re- 
sponses to suspended sediment in streams and estuaries has yielded six empirical equations rhat 
relate biological response to duration of exposure and suspended sediment concentiation. These 

$0Wildlife 	 equalions answer an important need in fisheries management; quantifying the response of fishes 

to suspended sediment pollution of streams and estuaries has bccn difficult historically, and the 

lack of a reliable metric has hindered assessment for risk and impact for fishes subjected to excess 

sedimentation. The six equations address various taxonomic groups of lotic, lencic, and estuarine
rccs 

ldlifr 	 fishes, lifestages of species within those groups. and panicle sizes of suspended sediments. The 
equations all have the form 

:iaa 	 r = a + boolog&) + c(lo&.v); 

r is severity of ill effecr, x i s  duration of exposure (h), y is concentration of suspended sediment 
(mg SSIL), a is the intercept. and b and c are slope coefficients. The severity of ill effect (2) is 
delineated semiquanritatively 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 race, reduced 
fish dmsiry, reduced fish population size, and habitat damaee). The study also provided best 
available estimates Of the onset of sublethal and lethal effects, and il supponcd the hypnthcris 
that susceptible individuals are affected by sediment doses (concentration X exposure duration) 
lower than those st which.populstion 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 thar meta-analysis can be an important roo1 
in habitat impact &ssessment. 

While it  is now generally accepted that the se- for sediment and aquatic organisms have been lim- 
verity o f  effect of suspended sediment pollution ited in sevya l  ways. First, initial analyses were 
on fish increases a s  a function of sediment con- based on pooled data (Newcombe 1986;Newcom-
centration and duration of exposure, or dose (the be and MacDonald 1991). Second, the database 
product of concentration and exposure time), at- available for those analyses embraced a wide tax- 
tempts to document the dose-response relationship onomic range from phytoplankton to fish. Third, 
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the database contained little infomation about par- TABLE I.-Scale al lhe severity (SEV) of ill effcns also dr 
titular species and life stages. l-he resulting dose- assoeiad with excess suspended sediment. which 
response model for:quatic ecosystems (Newcom- sEv Dcwripion of effect are grs 
be 1986; ~ewcom>e  ~n@paoD6nald 1991) estab- betwet 
lished a general princip12fbu'ti&iemodel was he$& , N U  r R e l  tality,a No behavioral elfseujl:d;pMT.to be too imprecise to help fishery and habitat .%?4c,$ -: , severi 

$,. 

. *. .,., repres 
ory et al. 1993). 2 Abandonment of cover -.. We 

In an effort to refine the general dose-response 3 Avoidme response the cli 
i ary bt 

managers address local sediment problems (Greg- 
I Alarm reaction ' Z  .< . 

I model, MacDonald and Newcornbe (1993) extract- Sublethal effects 
i ed and analvzed data for juvenile salmon from the 4 Short-termreduction in fccdin~rater; in fee -

recent literiture. These data yielded an equation short-term reduetion in fceding success long-I 
5 Minor phyriological imu; 800 h similar to the one for pooled data, but the two inc- in  mtc of coughing;

curves differed in important ways. This finding increavd respiration rate to be 
established a need to revisit the dose-response da- 6 M-tc physiological s a a a  can b 

7 Mcderate habitat dcpdation; as pa tabase so that models could be tailored to partic- impaired homing
ular groups of fishes as functions of taxonomic 8 Indications of major phyrioiogisai suess: chang 
group, natural history, life history phase, and pre- long-term reduction in feeding rate: of fog 
dominant sizes of the sediment particles respon- long-term reduction in feeding rucscss: All 
sible for ill effects (Newcombe 1994). We have poor condition from 
endeavored to meet this need and present a meta- Lethal end psralethni chara 

9 Redueed growth me; bothanalytic synthesis of dose-response data in this delayed hatching;

paper. Insofar as this research provides new un- reduced fish density tatio~ 

derstanding of channel sediment impacts, it leads 10 0-2090 monaiity; of su 


increased predation: mentto discussion of potential changes in the methods 
moduate to revere habitat degradation

and goals of quantitative impact assessment. Spe- I 1  >20-40% memlily 1961 
cifically, the results (i) suggest the need to change 12 >40-M)4b monaiity (McI 
the methods of data collection for environmental 13 >60-80% mortality (SWE 
law enforcement. (ii) demonstrate the value of 14 >SO-103% monality degr 
meta-analysis as a research method in fisheries 1977 
habitat impact assessment, and (iii) prompt an ex- StNC 
pression of concern about land use practices and posure duration (1-35.000 h). Except when it re- al. 1 
protection of instream, riparian, and upland zones. fers specifically to duration, we use "exposure" Coal 

broadly to include dose, particle size, and other exce 
Methods potential contributors to stress on fishes. In most habi 

This study is based on 264 data triplets con- cases, data on particle shape and roughness and cess 
sisting of (i) suspended sediment concentration, on water temperature were lacking. low 
(ii) duration of exposure, and (iii) severity of ill 

effect for fishes. These data were taken from a Severins-of-Ill-Effrc Sculc: 


comprehensive literature review (Newcombe As before (MacDonald and Newcombe 1993; 

1994; Newcombe et al. 1995). Supporting data ex- Newcombe 1994) and i n  a nearly identical way, life 

tracted from the review included taxonomic group. we scored qualilalive response data alodg a semi- resr 
species of fish, natural history, life history phase. quantitative ranking scale (Table 1). Superimposed Uni 
and sediment particle size range. on a 15-point scale (0-14) were four major classes 

We define dose as concentration of suspended of effect: ( i )  nil effect. ( i i )  behavioral effects, (iii) 
sediment (SS) times duration of exposure: dose has sublethal effects (a category that also includes ef- and 
the units mg SS.h.L-I. The natural logarithm of fects such as short-term reduction in feeding suc- al. 
dose is termed the stress index (Newcombe 1986. cess), and (iv) lethal effects (direct mortality, or ula 
1994; Newcombe and MacDonald 1991: MacDon- its paralethal surrogates-reduced growth, re- 19i 
ald and Newcombe 1993). Response is the severity duced fish density, habitat damage such as reduced (HI 
of ill effect, described below. The dose-response porosity of spawning gravel, delayed hatching, and anc 
matrix, which is the basis of data presentation in reduction in population size). When these various bet 
this report, encompasses all combinations of sed- effects could be compared directly, pollution ep- al. 
iment concentration (1-500,000 mg SSIL) and ex- isodes associated with sublethal or lethal effects 
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also degraded habitat and reduced population size. 
which is why these seemingly disparate ill effects 
are grouped together in the hierarchy. For events 
between the extremes of nil effect and 100% mor- 
tality, we assumed for modeling purposes that ihe 
severity-of-ill effects (SEV for "severity") scale 
represents proportional differences in true effects. 

We now incorporate all feeding reductions in 
the class of sublethal effects, and we set the bound- 
ary between short-term and long-term reductions 
in feeding success at 2 h. In practice, repons of 
long-term disruption of feeding rates encompass 
800 hand more. We consider all feeding reductions 
to be sublethal effects (unless feeding reductions 
can be linked to slow growth when we treat them 
as paralethal effects) because they reflect less a 
change in fish behavior than reduced availability 
of food and reduced visual hunting range. 

Along the SEV scale, habitat damage ranges 
from moderate to severe. Habitat damage can be 
characterized in biological or physical. terms or 
both of these in conjunction. Biological manifes- 
tations of habitat damage include underutilization 
of stresm habitat (Binwell et al. 1984), abandon- 
ment of traditional spawning habitat (Hamilton 
1961), displacement of fish from their habitat 
(McLeay et al. 1987), and avoidance of habitat 
(Swenson 1978). Physical manifestations include 
degradation of spawning habitat (Slaney et al. 
1977b; Cederholm et al. 1981), damage to habitat 
structure (Newcomb and Flagg 1983; Menzel et 
al. 1984). and loss of habitat (Menzel et al. 1984: 
Coats et al. 1985). Biophysical manifestations of 
excess SS are reported (in one typical example) as 
habitat degradation that reduces ihe relative suc- 
cess of one or  more fish species that depend on 
low siltation rates and silt-free (<3% silt) riffles 
(Berkmann and Rabeni 1987). 

Habitat degradation can be inferred by (i) evi- 
dence of increased mortality at any stage in a fish's 
life cycle (egg-to-fry survival may decrease as a 
result of increased sedimentation: J. Lapemere, 
University of Alaska, personal communication), 
(ii) avoidance behavior by fishes (Suchanek et al. 
1984a. 1984b). (iii) reduced abundance of insects 
and reduced quality of rearing habitat (Slaney et 
al. 1977b), (iv) decreased size of zoobenthic pop- 
ulations (Gammon 1970; Rosenberg and Snow 
1977). (v) reduced utility of spawning habitat 
(Hamilton 1961). (vi) delayed hatching (Schubel 
and Wang 1973), and (vii) disruption of homing 
behavior and home water preference (Brannon et 
al. 1981; Whitman et al. 1982). 

Relative severity of habitat damage is a contin- 

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 between these extremes. 
Severe habitat damage has been described by var- 
ious authors. some of whom used aquatic inver- 
tebrates as indicators (Herhen and Richards 1963; 
Vaughan 1979; Vaughan et al. 1982; Menzel et al. 
1984; Wagener and Lapertiere 1985). Severity of 
habitat damage caused by excess SS sometimes 
has been reported in terms of the length of time 
required for the stream to return to its natural 
state-sometimes as long as 15-20 years (esti- 
mated) after extensive coal mining (Vaughan et al. 
1982). 

The distinction between moderate and severe 
habitat damage is a matter of degree that still has 
not been delineated exactly. Severe habitat damage 
can be characterized in its extreme by the absence 
of fish where fish normally are found or by sub- 
stantial reduction in fish popultion 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 ih the 
deposition of suspended sediment in or on spawn- 
ing habitat during egg incubation might be con- 
sidered "moderately severe" if the area affected 
were a small portion of the total available. On the 
other hand, chronic or acute SS pollution that caus- 
es substantial reduction in the size of riverine fish 
populations (Herbert et al. 1961; Stober 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. 

Habitat 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 mortality rates are fundamental to 
the notion of habitat damage. For example, habitat 
damage may manifest itself as foregone opportu- 
nity for fish to use a portion of a stream. Reduced 
suitability of habitat could result in increased age- 
specific morbidity and mortality rates, or both, de- 
pending on the focus and methods of a study. Hab- 
itat damage, t4erefore, should be seen as an ac- 
cumulative measure of numerous (potentially un- 
documented) ill effects at various stages in a fish's 
life cycle. It is a unique phenomenon in that it can 
only be studied in the field (in contrast to direct 
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effects-age-specific morbidity and moitality, for 
example-that can be studied in the laboratory as 
well as in the field). Thus the documented harm 
caused by excess SS--especially when it is not 
known by direct observation to have caused an 
increase in morbidity or mortality rates--can rea-
sonably be characterized in more general terms as 
habitat damage. 

Model Formularion 

From the expanded database (see Appendix Ta- 
ble A,]), six groupings of fish data were identified 
for which sample sizes were large enough to sup- 
port modeling. The six groupings arose from var- 
ious combinations of four attributes: taxonomic 
group, life stage. life history, and particle size of 
suspended sediment. 

Taxonomy.-Salmonids (family Salmonidae) 
were distinguished from nonsalmonids, although 
several groupings were not exclusively one or the 
other. 

Life srage.-Life stages were allocated among 
four categories: .eggs, larvae (recently hatched fish, 
including yolk-sac fry, that had not passed through 
final metamorphosis); juveniles (fish, including 
fry, parr, and smolts, that had passed through larval 
metamorphosis but were sexually immature), and 
adults (mature). 

Life 'hisrory,'-~stuarine species were catego-
rized separately from anadromous and freshwater 
species, although these two groups werecombined 
for early life stages. 

Sediment panicle size.-The predominant sizes 
of suspended sediment particles reported in the 
database literature ranged up to 250 p.m. We col- 
lated sizes into two categories separated at 75 6m. 
Fine particles were smaller than 75 pm, small 
enough to pass through gill membranes into in- 
t&~amella;spaces of gill tissue. hi^ category in. 
cludes clay, silt, and very fine sand panicles (Ag- 
riculture Canada 1974). Coarse particles were 75-
250 pm in diameter, large enough to cause me- 
chanical abrasion of pills. This size range includes 
very fine to fine sand panicles. 

The six data eroups for which we develo~ed - .  
models follow. Species in each group are listei in 
Table 2.  

Group I: juvenile and adulr salmonids: particle 
sizes 0.5-250 pun.--Group I (N = 171 studies or 
experimental units) includes Atlantic and Pacific 
salmon, aout. Arctic grayUng, mountain whitefish, 
and rainbow smelt (a nonsalmonid). Some studies 
dealt with fine sediment as categorized above, 
some with coarse sediment, and some with both. 

TAIII.~~
2.--Common and scientific names of fish species 
and other laxa mentioned in this paper and the sediment 
effects model(s) to which they contributed. Species 
without a model number were not used in any model. 

Scientific name Made1 

~ n c h mrnirehilii 58 
Micmptew snlmidrs 6 
Micropnnrs doiornict4 
Momne saotiiis 4.5 
Lcpomis mcmchims 6 
CypnnuS cnmb 6 
Tnurogoi~brus adrpersus 5 
Pucidas; inoludcr 6 

Semorilus 
atrornaeulntu~ 

(Genus and spc ic s  5 
ob~curc) 

(Gcnua and species 5,6 
o b s c u ~ )  

Carmius ~urorus 6 
Thymallus omficus 1-4 
Clupeo horengus 4.5' 
~oreg.nnus ortedi 4 
Clupro paibri 4 
Trinrcrex moculalur 5 
Fundzrlw m o j h  5 
B~evooniotyronnus 5" 
C.vprindon variegolus 5. 
Fundulus hereroditus 5 
Moronc a m c r i c o ~  4.5 
Pemo povrrcenr 4 
Rarbom harcromorphn 5 
(Genus and spcier 1.24 

obscure1 
saimo mbr 1.2
Oncorhynchus lsho~trclul 1-3
Oncorhynchus ke10 1.3.4 
Oncorhynchur kisurch 1.3.4 
Oneorhynchus spp. 1.2 
Oncorhynchur ncrka 1-3 
Alora ~opidissimn 4.5 
~ ~ ~ i d i a  5.mcnidia 
Osmenrr mordor 1.2 

~~ ~~~ . 
~ ~quadrocus ~ r 5' ~~	 s 

SficWcback ( ~ @ e ~ p i n e l  Gm~erosreur~ c u c i ~ t ~ ~ s5 

Common name 

Anchovy (bay) 

Bass !largemouth) 

Bass (rmllmouth) 

Bass (aripd) 

B1ue@Il 

Carp lcommonl 

Cunner 

Dancrs 

Firh 


Firh lwarmwalcr) 


Goldfish 

Grayling (~rc t i c )  

Herring (Atlantic) 

Hcrrine llake) 

Herring (Pacific) 

Hogchoker 

Killifish (swiped) 

Menhaden (Atlantic) 

Minnow (sheepshead) 

Mummichoa 

Perch (white) 

Perch (yellow1 

Rasbora (harlequin) 

Salmon 


:?;"':' ~~~~~~~ 
salmon (c,,um) 

Srlmon (coho) 

Salmon (Pacific) 

Salmon bockeye) 

shad 

Silvcnide ( ~ r l a ~ t i ~ )  

Smelt (rainbowl 


;Elhead 
Slickleback (fourspine) 

Sunfish ( p n l  
Sunfish(redearl 
Toadfish (oyster) 

Tmut(brook,
Tmut !brown) 
Tmul lcutulroall 2;{:$:,ow) 

Tmut (sea) 

Whi"fish (lakc) 
Whitefish (mountain) 

6 
6 
5 
12.4 

1-3 
1,2 
1.2 
1.2 
1-4 
1.2 

1.2 
1.2 

A rrI8tively scn3itiv= species used in the empirical model for 
estuarine species. 

bCrcck chubs arr included anera hart ccauae relcvan, 
audy (Vaughan eta]. 1978)  loreduced fish abundance in 
streams where chubs and dancrs wcre rcponcd to live. 

Lcpomus cyandltu 
kpomus nticmiophtu 
opronur roz, 

(Genus and s p i e s  
obscure) 

Salvclinus/ontinolis
Solrno trrra 
Oncorhvnrhur ciorki 
s ~ l v ~ ~ i ~ u s~moveush 
Oncorh~~nchusmvkiss 
(Genus and species 

obscure) 
8 	 Coregonus ciuprafonnis 

Prosopium wiliinmsoni 



fish species 
.e sediment 
d. Species 
model. 

Model 

5. 
6 

4.5 
6 
6 
5 
6 


5 

5.6 

6 

1-4 
4.5' 
4 
4 
5 
5 
5' 
5. 
5 
4.5 
4 
5 
1.24 

12  
, 1-3 

1.3.4 
1.3.4 
1.2 
1-3 
4.5 
5& 
1.2 
5' 
1-4 

5' 
5 
6 
6 
5 
1.2.4 

1-3 
1.2 
1.2 
1.2 
1-4 
1.2 

1.2 

-1.2 

godel for 

relevant 
(dancein 
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TABU 3.-Attributes, slopes and coefficients. and statistics of six models that relate severity of ill effect on fishes 

(2. 15-paint scale) to duration of exposure (x, h) and concentration of suspended sediment (y, mgL) in the fom z = n 
+ b(iogs) + c(lo&~). 

Term 


Tuana 
Wfc stageb
Life h i e  
Sediment panicle sired 

lntcrccpt ('3)
' Slope of logs (b) 


slop af 1og.y (c) 


Codficicnt of 

determinationc(r2) 


F-ruristic 
Robability (PI 

Sample sire (N) 


'S - salmonids (predominantly):N 
b A - dulw J -

Model 

Atttibutes 

S l o p  and ~Nlelantr 

Stallslier 

= nonsslmonidr. 
juvcnilcr: L = larvm: E = eggs. 

FW - freshwater and anadromous: ES = estuarine. 
F - fine (predominantly c75 w): C = coarse (75-250 v).

'Comftcd for degrees of freedom. 

Group 2: adult salmonids;porticle sizes 0.5-250 
p . - - G r o u p  2 (N = 63) is a subset of group 1. 

Group 3: juvenile salmonids; particle sizes 0.5- 
75 wm.-Group 3 (N = 108) is a subset of group 
1. In a few cases, sediment sizes were as large as 
150 1~m.  

Group 4: eggs and larvae of salmonids and non- 
salmanids: particle sizes 0.5-75 lwn.-Group 4 (N 
= 43) includes salmonids that do not bury their 
eggs. Nonsalmonids comprise species that spawn 
in rivers, lakes, and estuaries. Sediment sizes ex- 
ceeded 75 fim in a few studies. 

Group 5: adulr estuarine nonsalmonids; parricle 
sizes 0.5-75 p.-Group 5 (N = 28) includes sev- 
era1 species believed to be particularly sensitive 
to the effects of suspended sediment; these are 
footnoted in Table 2. Some test sediments ex-
ceeded 75 fim. 

Group 6: adulr freshwater nonsalmonids; par- 
ricle sizes 0.5-75 p . - G ~ o u p  6 (N= 22) includes 
both lentic and lotic species. Particle sizes ex- 
ceeded 75 &m in some cases. 

For each group, the severity of effect (SEV, 
15-point scale, 0-14) was regressed on suspended 
sediment dose (exposure duration [ED, h] and sus- 
pended sediment concentration [mg SSL]). Pre- 
liminary analyses indicated that logarithmic trans- 
formations of ED and concentration provided suit- 
ably linear relations of the form 

SEV = a + b(log,ED) + c(log,mg SSiL); 

intercepts (a) and' slope coefficients (b and c) 
emerged from the fitting exercise. Commercial 
software was used for the regressions (Tablecurve 
3D; Iandel Scientific). Coefficients of determina- 
tion ( rZ)were adjusted for degrees of freedom (9 
= 1 - [sum of squares due t? error]l[sum of 
squares around the mean]). The software also gen- 
erated F-statistics, P-values, and 95% confidence 
intervals around the SEVs. Although arithmetic 
values for exposure duration and concentration are 
also given in the Results and in the Appendix, the 
models we present are based on logarithmic trans- 
formations. 

The regressions, having been fitted to the data. 
become predictive models of the form 

z = a + b(log&) = c(log,y), 

for which z is calculated severity of ill effect 
(SEV). x is an estimate of exposure duration (ED), 
and y is the concentration of the (estimated) pre- 
dominant subpended sediment size (mg SSiL). 
These predictive models are numbered 1-6 to cor- 
respond with the data groupings already described. 
Because of scatter even in the fitted data, the pre- 
dictive equations can yield severity-of-ill-effect (z) 
values greater than 14, which already includes the 
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Juvenile and Adult Salmonids 

Duration of exposure to SS (log. hours) 

(A) Average severity-of-ill-effect scores (empirical) 

FIGURE I .-(A) Average empirical severity-of-ill-effect scores for juvenile and adult salmonids (freshwater, group 
1)  in  the matrix of suspended sediment (SS) concentration and duration of exposure. Both matrix axes arc expressed 
i n  loearithmic and absolute terms. Dashes mean "no data." Shaded bands denote inferred (bv manual interoola~ion, 
thresholds of sublethal effects (shading without a border) and lethal effects (shading with a border; se; Table i 
for criteria). (B,upper matrix) Severity-of-effect scores calculated by model ( I )  (Table 3). Severity-of-ill-effect 
calculalions are based on the logarithmic values shown on the axes of the matrix. Shaded areas represent extrap- 
olations beyond empirical data; extrapolations have been capped at 14 (upper limit of the effects scale: Table 1). 
although higher values are possible. Diagonal terraced lines denote thresholds of sublethal effects (lower left) and 
lethal effects (middle diagonal) delineated by the model with reference to Table I. (B, lower maMx>Half-95% 
confidence intervals around calculated severity-of-effect scores. Shaded areas denote half-intervals greater than 

j. 1 .o. 

most serious effects to be measured (100% mor- concentration are the midrange values. Thus the 
tality; catastrophic habitat degradation). range of logarithmic values represented by a row 

or a column in the figures is approximately the 
Data Presenrarion value 2 0.4999 in logarithmic units (take antiiog- 

Empirical dara.-Severity-of-ill-effect values arithms for absolute values and their ranges). The 
for each of the six data groups are presented as accompanying confidence values are one-half the 
rounded averages in the cells of dose matrixes 95% confidence intervals around 2. 
whose axes are concentration of suspended sedi- Cells of a matrix that contain data form a cluster 
ment and duration of exposure (panel A of the of "populated" cells. The imaginary "tight-string" 
figure for each group). Maximum possible duration polygon that encompasses all the populated cells in 
of exposure in the matrix is 48 months (log,[hours] a mamx is the "data envelope." Typically, some 
= 10.4999). All but one of the matrixes show a cells within a data envelope are unpopulated. For 
maximum possible suspended sediment concen- predictive purposes, values are assigned to these 
tration of 268,337 m g L  (log.[mg S S L ]  = cells by interpolation. Empty cells outside the en- 
12.4999). The exception-adult estuarine fishes- velope are given values by extrapolation. Interpo- 
has a maximum possible concentration of 729,416 lations are considered to have greater intrinsic re- 
mg S S L  (log,[mg S S L ]  = 13.4999). liability than extrapolations because they can be 

Displayed logarithmic values of duration and compared more easily with known data. 
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Juvenile and Adult Salmonids 


Duration of exposure to SS (log. hours) 


1 0 1 1 ) 2 ) 3 1 4 1 5 1 6 1 7 ( 6 1 9 ( 1 0 1  


Average severity-of-ill%ffect scores (calculated) 

:r:group 	 Half-95% confdence intervals (*)
.pressed 
olation) 	 around calculated severity-of-illeffect scores (above) 
Table I 
li-effect 
extrap-

:able I), 
left) and 
alf-95% 
crer than 

hus the 
y a row 
iely the 
antilog-
5s). The 
half the 

I cluster 	 FIGURE1.-Continued. 
-stringw 
+ cells in 
y, some Thresholds of ill effect.-Display of empirical 
red. For severity-of-effect scores in the dose matrix permits 
to these estimation of the minimum concentrations and du- 
the en- rations that trigger sublethal and lethal effects 

Interpo- (panel A of the figure for each group). For this 
instc re- purpose, unpopulated cells within the data enve- 

can be 	 lope are assigned values by manual interpolation. 
Thresholds thus estimated from empirical data of- 

ten are lower than thresholds predicted by regres- 
sions fit to meta-analytical data. We interpret "em- 
pirical thresholds" as an approximated response 
of the more "sensitive" individuals within a spe- 
cies group. 

Predicriom of ill %fecr.-The regression equa- 
tion fitted to each of the six data groups provides 
predictions of response within the matrix of con- 
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1 Adult Salmonids 
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Duration of exposure to SS (log. hours) 

(A) Average severity-of-ill-effect scores (empirical) 

/ 
centration and duration of exposure (panel B of 
the figure for each group). ~ a c h  prediition is ac- 
companied by half-95% confidence intervals. 

Each orediction matrix is divided into a maxi-

r 
~~~- ~- - ~~~~-~ ~ ~ ~ ~ ~ ~~r~~~ ~ 

mum of three zones bv terraced lines seoaratine 
behavioral, -and lethal responses, We 

these thresholds to 
ones to discern responses of "sensitivem individ- 
uals within each species group. 

Results 

Dose-response models fitted to the empirical 
data groups were all highly significant (P< 0.01) 
and accounted for 55-70% 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 model-gen- 
erated responses (and confidence intervals) for 
each cell of the dose-response matrixes. These 
panels provide a set of "look-up tables" suitable 
for field use in impact assessment. Superimposed 
on them are predicted thresholds of sublethal and 
lethal effects based on the response categories in 
Table 1. Response surfaces resulting from the 
models are shown in Figures 7-12. Data are de- 
rived from sources listed in the Appendix. 

I 
I 

FIOURE2.-Emplrtcal se\erlt).-of-111-effectscores for adult salmon~ds (freshwater, group 2)  and scores (uilh half-
95% confidence 8nlervalsr predlcled by model (2). Conventtons are those of Ftgure I 

Grouo I :  Juvenile and Adulr Salmonids 

Average empirical severity-of-ill-effect data for 
group 1 fill 56  of the 143 available cells (Figure 
]A). Data are widely distributed, but thresholds 
for the onset of sublethal and lethal ill effects can 
be inferred within broad limits, based on manual 
interpolations within the data envelope (see gray- 
shaded zones without and with borders). 

The full matrix array of severity scores predicted 
by model 1 (Table 3, Figure IB) shows regular 
increases of response intensity with sediment dose, 
as expected. Predicted thresholds of sublethal and 
lethal effects (terraced diagonals) have similar ori- 
entations to those inferred from empirical data, but 
they generally occur at higher sediment doses. 

Group 2: Adulr Salmonids 

Group 2 data fill 36 widely scattered 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 ZA), but predicted 
sublethal effects emerge at slightly lower sediment 
doses than implied by empirical data. 
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Juvenile Salmonids 

Duration ofexposure to SS(log. hourr) 

(A) Average severity-of-ill-effect scows (empirical) 

f FIOURE3.-Empirical s e v w i f y - o f 4 l l - e  scores for juvenile salmonids (freshwater, group 3) and scores (with 
half-95% confidence inrcrvals) predicted by model (3). Conventions are those of Figure 1. 

i 

t 

! 4 (Table 3: Figure 4B), which generated no se- environments provided average severity scores for 
verity score lower than 4. Empirical and predicted 15 scattered matrix cells of the 143 available (Fig-

: thresholds of lethal effect agreed well and occurred ure 6A). Model 6 (Table 3) generated lethal effects 
at relatively low doses. thresholds that agreed well with interpolations of 

i empirical data for exposures of 7 d to 7 weeks 
Group 5: Adult Esruarine Nonsalmonids (Figure 6B). Although sublethal thresholds could 

Average severity-of-effect scores for at least 15 be inferred from empirical data, the model indi- 
species of estuarine fishes filled 23 of the available cated that they lay beyond the matrix-below con-
154 matrix cells (Figure 5A). Most of the data centrations of I mgL,  exposure durations of 1 h. 

i 

i 
i represent I-6-d exposures or both. 

Model 5 (Table 3) was developed for only the 
seven species represented by adequate data. These Response Surfaces 

I 
seven are believed to be relatively more sensitive Dose-response surfaces based on models 1-6 
to the ill effects of suspended sediment than the are shown in Figures 7-12. We think it important 
other species in the database (Table 2). Predicted to emphasize that only models (I) ,  (3), and (4) 
thresholds of lethal effect (Figure 5B) tracked em- address early life stages in some form. Many stud- 
pirical thresholds well for exposure durations less ies have shown that early stages (some stages of 
than I d; both estimates indicated that lethal effects egg development through young juveniles) are 
on those sensitive species result from short ex- more susceptible to toxicants and other pollutants 
posures to a wide range of sediment concentra- than older juveniles and adults. The response sur- 
tions. Sublethal effect thresholds were consider- faces (and prediction matrixes) should be judged 
ably closer the origin in the predictive matrix than by the data availpble to develop them. 
in the empirical matrix. 

Discussion 
Group 6: Adult Freshwater Nonsalmonids Fisheries biologisrs, habitat protection special- 

A relatively small sample of stream and still- ists, and enforcement officers in many pans af the 
water fishes in cold, temperate, and warmwater world may find that the dose-response equations 
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FISH RESPONSES TO SUSPENDED SEDIMENT 

Juvenile Salmonids 


Duration of exposure to S S  (log, hours) 


Average severity-of-ill-effect scores (calculated) 


5 6 6 7 
4 5 6 6 

res (with 
Half-95% confidence intervals (5) 

ores for 
~ l e(Fig-
l effects 
tions of 0.9 0.7 0.7 0.6 0.5 0.6 0.6 0.7 0.8 

weeks 
Is could 0.7 0.6 0.5 0.4 0.4 0.4 0.5 0.6 0.7 0.
el indi-

OW con-
. of 1 h, 

els 1-6 
lportant 
and (4) 
ny stud- 
:ages of 
les) are 
qllutants 
nse  sur- 
judged generated in this study are useful additions to their 

daily work. The discussion below focuseson (i) 
validation of the models, (ii) the dose-response 
patterns of ultrasensitive species and life stages, 

special- (iii) potential new options in environmental law 
:s of the enforcement, (iv) the role of meta-analysis in the 
iuations findings of this study, (v) possible directions of 

future research, and (vi) implications of this study 
for ecosystenl assessment. 

Vaiidarion Ihe 

Validation of the models in this study will rely 
on new studies that add to the data now available. 
Creation of new data-in sufficient volume for 
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Eggs and Larvae of Salmonids and Nonsalmonids 

Duration of exposure to SS (log, hours) 

(A) Average severity-of-ill-effect scores (empirical) 

FIGURE severity-of-ill-effect scores for eggs and larvae of salmonids and nonsaimonids (freshwater 4.-Empirical 
and estuarine. ,group 4) and scores (with half-95% confidence intervals) predicted by model (4). Conventions are 
those of Figure 1, except the model (B,upper matrix) recognized no threshold of sublethal effects. 

testing and refinement of these models-is bound 
to be a slow process. However, in the brief time 
since the conclusion. of the data-gathering phase 
of this study, some new data have emerged. 

First, coho salmon fry (mean weight, 1.95 g; N 
= 10 fish), when exposed to suspended sediment 
at a concentration of 5,471 mg SSlL for 96 h, 
sustained a mortality rate of 10% after they had 
been held in water at 18.7'C and 9.7 mg Oz/L 
(J.O.T.J., unpublished data). This mortality rateex- 
pressed as a severity of ill effect (with reference 
to Table 1) is SEV = 10. Severity of ill effect as 
predicted by model 1 (SEV = 0.7262 + 
0.703410ge[96 h] + 0.7144(10ge5,471 mg SSlL]) 
is 10.09. These values agree closely and tend to 
validate this model. Steelhead (N = 10). similarly 
exposed, had 0% monality. This result too is con- 
sistent with the predictions of the model, because 
SEV = 10 represents 0-2090 mortality, and the 
test fish exhibited behaviors of severe sublethal 

j stress. 
i Second, a recent laboratory study of effects of 

' !  suspended bentonite clay (1-5:pm diameters) on 
larval nonsalmonid fishes (smallmouth bass, large- 

i mouth bass, and bluegill) in warm water (20-25C) 
, % 

I j has produced several sets of morbidity data (re- 
' i  

duced growth rate) and mortality data that are 
highly consistent with the predictions of model (4) 
(J. Sweeten, Asherwood Environmental Learning 
Centre, personal communication). 

Third, an inverse relationship has been docu- 
mented between sediment concentrations in 
streams and maximum salmonid densities in flu-
vial habitats in British Columbia (Ptolemy 1993; 
R. A. Ptolemy, British Columbia Ministry of En- 
vironment, Lands and Parks, personal communi- 
cation). For example. the density (number of fish 
per unit area) of juvenile chinook salmon and steel- 
head that rear in the turbid main stem of the Bella 
Coola River (British Columbia) is lower than 
would be expected in clear water. Rearing occurs 
in June, July, and August. During this time, tur- 
bidity averages 21 nephelomet~ic units, suspended 
sediment concentration averages 61 mg SSL,  par- 
ticle sizes are smaller than 75 pm, and the tem- 
perature range is 8-lZ°C). Reduced fish density is 
consistent with the range of ill effects-low par-
alethal rankings-prediaed by the models. These 
results tacitly acknowledge the role of excess sed- 
iment exposure-particularly concentration and 
duration-as a factor in the productivity of salmon 
streams. Two extenuating factors-relatively 
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NEWCOMBE AND JENSEN 

Adult Estuarine Nonsalmonids 


Duration of exposure to SS (log. hours) 


Average severity-of-ill-effect scores (empirical) 
- d l - - - - -
- - 12 13 - -

-	 11 12 -
12 9 10 - -
12 	 - 10 -
1 2 - 8 8 -
14 14 7 -

-	 * - -

FlounE 5.-Empirical severity-of-ill-effect scores for adult nonsalrnonids (estuarine, group 5) and scores (with 
half-95% confidence intervals) predicted by model (5). Conventions are those Of Figure 1. 

i 
Considerations relevant to this "anomaly" include 
(i) the extremely fine texture of suspended sedi- 
ment (generally much smaller than 75 pm); (ii) 
the relatively cold water temperatures; (iii) thepo- 
tential for favorable physicochemical effects such 
as flocculation, which could be enhanced by the 

i chemistry of brackish water; (iv) beneficial be- 

i 
I 

havioral adaptations of juvenile salmonids; and (v) 
the suitability of reedy habitat, where average sed- 
iment concentrations and average particle size may 
be further reduced below those found in traditional 
sampling sites. 

Ultrasensifiviry of Some Species and Life Stages 

Rapid escalation of ill effects on eggs, larvae, 
and fry (Figures 4, 10) and on some adult fishes 
of the estuary (Figures 5, I I) as duration of sed- 
iment exposure increases suggests that the mech- 
anisms of self-preservation in at least some estu- 
arine fishes are easily overwhelmed by the pres- 
ence of suspended sediment. This pattern implies 
the existence of an abrupt threshold concentration 
of suspended sediment leading to ill effects in ul- 
trasensitive species and life stages. 

If this inference is correct, these dose-response 
patterns might be explained in terms of the time 

required to reach an end point (e.g., lethality), and 
might indicate that the physiological and physical 
processes involved in homeostasis are more sen- 
sitive to exposure time than to suspendedsediment 
concentrations. It is reasonable to specu1at.e 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 easily be halted or re- 
versed. 

Environmental Enforcement issues 

Fisheries biologists and enforcement personnel 
can, as pan of an investigation, document the sed-
iment concentration and duration of exposure, and 
they can use these data to infer the most probable 
severity of impact. The dose-response equations 
alone are sufficient for this task. But the "look- 
up" tables (here, Figures 1-6, panels B) simplify 
the task even more; they are based on the equa- 
tions, and they supply ranges of interpolation and 
extrapolation and confidence intervals. They make 
it possible for field workers readily to distinguish 
between minor and major events in the broad con- 
text established by the dose-response matrixes. 
This knowledge can contribute to decisions about 
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FISH RESPONSES TO SUSPENDED SEDIMENT 

Adult Estuarine Nonsalmonids 

Duration of exposure to SS (log. hours) 

(B) Average severity-of-illeffect scores (calculated) 

Half-95% confidence intenrals (*) 

around calculated severity-of-ill-effed scores (above) 


the need for additional field work by which to 
gather physical evidence about the nature and se- 
verity of the ill effects. This new capacity to make 
inferences-an unprecedented development in the 
field of channel sediment impacts-might also in- 
fluence the goals of a prosecution. 

Impacts on fish populations exposed to episodes 
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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Aduit Freshwater Nonsalmonids 

Duration of exposure to SS (log. hours) 

(A) Average severity-of-illeffect scores (empirical) 

FIGURE 6.-Empirical severity-of-ill-effect scores for adult nonsalmonids (freshwater, group 6) and scores (with 
half-95% confidence intervals) predicted by model (6). Conventions are those of Figure 1, except the model (B, 
upper matrix) recognized no threshold of sublethal effecls. 

is free to move elsewhere in the stream system. 
Absence of dead fish (notwithstanding reduced 
egg-to-fry survival) is, however, not necessarily 
an indication of absence of harm. indirect effects 
of sedimentation-loss of summer habitat for feed- 
ing and reproduction-may outweigh the direct ef- 
fects seen in caged fish (Reynolds et ai. 1989). 
This dichotomy has practical implications for en- 

. 5 forcement. An investigation during a pollution 

1 event should attempt to document suspended sed- 
iment concentrations and durations for possible 

; 
I use with the models given here. 
r However, in the aftermath of a sediment pol- 

! lution event, the investigation should switch its 
focus and gather evidence of sediment deposition. 
Changes in streambed composition resulting 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 
Li 1992; Kondolf and Wolman 1993; Potyondy and 
Hardy 1995) and could be used in place of or in 
conjunction with the traditional methods. Photo- 
graphic and videographic records are invaluable 
regardless of the streambed survey methods cho- 
sen. 

Four provisions of existing legislation and four 
potential goals of prosecution are convictions, 
fines, compensatory damages, and remediation. 
When the state's purpose is to secure a conviction, 
a s~ngle water sample may be the only evidence 
required. In some jurisdictions, water quality cri- 
teria may be used to identify potential episodes 
of SS pollution by a tandem system of thresholds. 
Typically these guidelines state that SS concen- 
trations should not exceed background by more 
than 10 mg S S L  when background is less than 
100 mg S S L  and not more than 10% when back- 
ground is equal to or greater than I00 mg SSlL 
(Singleton 1985a. 1985b). This tandem system of 
thresholds-based on literature reviews specifi- 
cally intended to document the nature and sever- 
ity of ill effect under these conditions-is com-
mendable because it recognizes the seasonal pat- 
terns in suspended sediment load of natural 
streams. However, t h ~ s e  guidelines do not purport 
to deal with the inherent nature of sediment as a 
deleterious substance in aquatic ecosystems as 
defined by an act of legislation. Nor do they pur- 
port to detect the least change in concentration 
capable of causing ill effects. Various researchers 
report ill effects when concentrations exceed 
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FISH RESPONSES TO SUSPENDED SEDIMENT 

Adult Freshwater Nonsalmonids 

Duration of exposure to SS (log. hours) 

l 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 l 1 0 ~  

(8) Average severity-of-ill-effect scores (calculated) 

10 10 11 12 

9 10 11 11 

9 10 10 11 


9 10 11 12 

9 10 11 11 


6 6 7 8 10 11 11 12 

5 6 7 8 10 10 11 12 

5 6 7 7 9 10 11 12 


9 10 11 11 


Half-95% confidence intervals (*) 

around calculated severity-of-ill-effect scores (above) 


0.9 0.8 0.7 0.7 0.8 0.8 

.9 0.8 0.7 0.6 0.7 0.7 0.9 . 

.9 0.6 0.7 0.6 0.6 0.7 0.8 1. 
0.9 0.8 0.7 0.7 0.7 0.8 1. 

D a y s  I Weeks 1 

FIGURE6.-Continued. 

background levels by small amounts (see Law- 
rence and Scherer 1974; Swenson 1978; Gradall 
and Swenson 1982). 

Prosecution based on these rules has been suc- 
cessful because the increased concentrations are 
known to harm aquatic life. Such evidence 
abounds, but pertains largely to invertebrate pop- 
ulations (fish food) and primary production (phy- 

toplankton and periphyton, the source of energy 
on which invenebrates may depend) (Newcombe 
1994). ' 

However. to the extent that legislation empha- 
sizes the exis!ence of An impact, or the probability 
of an impact, its primary foal is to secure a con- 
viction. Scope for additional penalty-fines, com-
pensatory damages, and remediation-depends on 



NEWCOMBE AND JENSEN 

Juvenile a n d  Adult Salmonids 

Floun~7.-Dose-response surfaces describing the severity of i l l  effect for juvenile and adult salmonids (fresh- 
water, group I )  as a function of suspended sediment concentration and duration of exposure (model I): i = 1.0642 
+ 0.6068(logg) + 0.7384(log.y1. 

an ability to demonstrate harmful effects. Dose- 
response models enhance this capability. 

It is difficult to overstate the value 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 
as catastrophic events in which one or more of the 
following conditions prevail: (i) the pollution 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 (especially relevant 
for streams on which previous work has been 
done): or (iii) the pollution event is detected after 
the fact, in which case the option to sample sus- 
pended sediment is foregone already. Notwith- 
standing these exceptions, efforts to collect se-
quential water samples during a pollution episode 
may be the most cost-effective option, especially 
when court fines, compensation, and remediation 
are high-priority goals. 

In short, the dose-response equations proposed 
i n  this report make it possible not only to identify 
the existence of a pollution event-this informa-
tion alone being sufficient to secure a conviction- 
but also to document the severity of ill effect in 
suppon of additional penalties. 

Mera-ana&sis 

No single 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 she$ new light on old problems 
by using existing data. Limitations of the database 
can be overcome with further study. 

Furare Research 

The dose-response models in this synthesis are 
only a beginning. Many gaps remain. Gaps are 
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FISH RESPONSES T O  SUSPENDED SEDIMENT 

Adult Salmonids 

FGURE8.-Dose-response surface describing the severity of ill effect for adult salmonids (freshwater, group 2) 
as a function of suspended sediment concentration and duratnon of exposure (model 2): := 1.6814 + 0.4769(log$) 
+ 0.7565(loge)'). 
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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-doubtlessmasks 
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- 
tinctions. For example, artificial spawning chan- 
nels must be cleaned annually. Gravel cleaning. 
which raises a plume of silty 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 
he known more precisely. Our analysis has shown, 
in particular, that sublethal effects thresholds are 
poorly delineated for most groups. Finding useable 
dut;~is a challenge; we rejected many studies be- 

cause they were too vague about sediment con- 
centration, duration of exposure, or the exact na- 
ture of the ill effect. We undoubtedly overlooked 
some reports, but more directed research is war- 
ranted. Research is especially needed into parricle 
quality (particle size, angularity, and mineralogy); 
particle toxiciry (loxicants in and adsorbed on sed- 
iments), and temperature effects. 

Panicle qualip oitd toxicology.-I11 effects in- 
crease as a function of increasing particle size (if 
other variables are kept constant). Pollution events 
often subject fish to particle sizes to which they 
are not normally exposed. Newcombe et al. (1995) 
documented that rainbow trout died rapidly when 
exposed to a silty water discharge (mortality. 80-
100%; concentration, -4,315 mg S S L ;  duration, 
<57 h: particle sizes, 100-170 pm, water tem- 
perature. 10°C). These results differ from those 
from other pollution episodes in which the particle 
size was smaller; generally, the ill effects would 
be much less severe--on the order of 0-10% mor-
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Juvenile Salmonids 

.-

tality. Some research to quant~fy ill effect as a 
function of particle size has been done with several 
species of Pacific salmon (Servizi and Martens 
1987, 1991, 1992). Further work should make it 
possible to create a set of dose-response models 
as functions of particle size range that are unique 
to each relevant life stage. The growing need to 
explore ill effects of suspended sediment as a func- 
tion of particle size imposes an obligation among 
fisheries biologists to use a uniform nomenclature 
in reference to the particle grade scale. Suitable . 
systems exist already so  there is no need to invent 
a more specialized one. For example, soils sci- 
entists recognize three panicle size-classes-sand, 
silt and clay (Agriculture Canada 1974)-with for-
malized subdivisions, names, and sizes as follows: 
very coarse sand, 2.0-1.0 mm; coarse sand, 1 .O-
0.5 mm; med~um sand, 0.5-0.25 mm: fine sand, 
0.25-0.10 mm; very fine sand. 0.10-0.05 mm; silt, 
0.05-0.002 mm; and clay, S0.002 mm. Fisheries 

FIGURE9 -Dose-response surface descr~b~ne the sevcrlly of 111 effect lor luvenlle salmon~ds (freshwater, proup 
3) as a funct~on ofsuspended scd~menl concentralton and durai~on of exposure (model 3) := 0 7262 T 0 7034(log+) 

biologists would do well to adopt this or some 
similar panicle grade scale. 
The importance of panicle angularity, especially 

in relation to gill abrasion, should be studied. The 
mineralogy of sediment particles may offer clues 
to the potential for toxicity and physiological ef- 
fects. Likewise, the presence of innate or adsorbed 
toxicants may offer clues to latent effects on fish 
population health. Studies of the mineralogy and 
potential chemical activity of the particle itself, of 
particles in the colloidal size range capable of en- 
tering the fish's cells, and of particles with ad- 
sorbed toxicants may reveal common properties 
relating 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 
explanation in the phenomenon of phagocytosis. 

Phagocytosis, the envelopment of fine particles 
by cells of the fish's gill and gut, transports the 
panicles into the fish's body. Although these par- 
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FIGURE10.-Dose-response surface describing the severity of ill effect for eggs and larvae of salmonids and 
~nonsalmonids(freshwater and estuarine, group 4) as a function of suspended sediment concentration and duration 
of exposure (model 4): i - 3.7466 + 1.0946(logg) + 0.3117(log.y). 

ticles may end up in various tissues, the spleen is 
a major repository. The spleens 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 a sequence of harmful events 
within the cells of a fish's body leading to ill effects 
that are only pardally understood today. lnvasive 
panicles may be the biological equivalent of a Tro- 
jan horse: harmless when on the outside, devas- 
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 industrial effluent, may be one 
such latent ill effect yet to be linked to this phe- 
nomenon. 

Water temperarure.-Severity of ill effect as a 
function of ambient water temperature ought to be 
explored more fully. I11 effects are greater in sea- 

sonably warm water than would be'the case for 
the same fishes in seasonably cold water. Mech- 
anisms for this effect have not been systematically 
described. The dynamics of this variable probably 
have to do with the temperature-related patterns 
of oxygen saturation, respiration rate, and meta- 
bolic rate of fishes (slower in cool water, more 
rapid in warm)-all of which result in reduced risk 
of gill abrasion in cool water and increased risk 
in warm water. These mechanisms should be ex- 
plored in the context of seasonal temperature rang- 
es in a fish's natural habitat. 

Ecosystem Considerations 

Broad-based ecosystem research supporting 
stream protection is under way, but it is a relatively 
new science. Stream protection requires, among 
other things, quantitative linkages between im- 
pacts of channel sediment and the land use prac- 
tices that generate the sediment. Leadership in this 
area will come from many disciplines, as exem- 
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plified by several important contributions dealing 
with water quality, resource roads. timber harvest. 
and channel sediment (Cederholm et al. 1981; 
Chamberlin 1988; Hanman 1988; Macdonald er 
al. 1992; Davies and Nelson 1993: Grayson et al. 
1993; Macdonald 1994). This research emphasizes 
the consequences of land disturbance in the upland 
and riparian zones. It shows that the upland zone 
capable of impacts on stream quality may be much 
larger than previously supposed--especially in 
hilly rerrain. The size of upland and riparian zones 
may be a function of the time scale used to view 
them. Latent impacts of land use practices-re- 
duced slope stability, increased frequency and se- 
verity of flooding, more frequent and longer-last- 
ing episodes of channel sediment pollution-may 
develop decades after the fact of land disturbance. 

Thus we should broaden our definition of the 
upland and riparian zones to accommodate latent 
ill effects from land disturbance. A broader defi- 
nirion, lo the extent it is scientifically supported, 

FIGUREI I .-Dose-response surlace describing the severity of ill effecr for adult nonsalmonids (estuarine, group 
5) as a function of suspended sediment concentration and durationofexposure (model 5):z = 3.4969 + 1.9647(lo@) 

can justify a wider legislated zone of ~rotection 
that extends well into the upland. far away from 
the stream itself. 

Suspended channel sediment is a major factor 
determining stream quality. Excess sediment is a 
serious but still underrated 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 ,lo Harold Mundie (Nanaimo, 
British Columbia) for his sustained interest i,n this 
study and for his many thoughtful suggestions. We 
also thank Jacqueline LaPerriere (Alaska Coop- 
erative Fisheries Research Unit, University of 
Alaska, Fairbanks), Ron Ptolemy (Fisheries 
Branch, Ministry of Environment, Lands and 

FIOURE12.-D 
6) ass function 01 
+ 0.2829(log.y). 

Parks), and Jer 
Center) for ra 
Branch, Malas 
mation about f: 
cells and tissut 
and Associates 
ard Singleton ( 

Environment, 1 
(Institut Fran~r  
de la Met, Nan 
Bill McLean (( 

River, British 1 

the models; a: 
viewers and sti 
to the manusc' 

Agriculture Car 
Bcation for 
culture. Pul 
tawa. 



FISH RESPONSES TO SUSPENDED SEDIMENT 


Adult F r e s h w a t e r  Nonsalmonids 


arine, group 
9647(log&J;) 

protection 
away from 

ajor factor 
jiment is a 
Jnless  it i s  
can nor be 

,r increased 
ght be pub-
protection 

;tream pro- 

(Nanaimo, 
:rest in this 
zstions. We 
tska Coop- 
iversity of 

(Fisheries 
Lands and 

E l o u n ~  12.-Dose-response surface describing the severity of ill effect for adult nonsalmonids (freshwater,group 
6)as a function of suspended sediment concentration and duration of exposure lmodel 6): ;= 4.0815 + 0.7126(logd) 
+ 0.2829(log,.v). 

parks), and Jerry Sweeten ( ~ s h e r w o o d  Learnin$ Alabaster, I. S.. and R. Lloyd. 1980. Finely divided 
solids. Pages 1-20 ie Water quality crilerla for center) for raw data; sal ly  cjoldes ( ~ i ~ h ~ ~ i ~ ~  

Malaspina *anaim') for infor-
mation about fate and effects of small particles on 
cells and tissues of fish; Mike Miles (Mike Miles 
and Associates, Victoria, British Columbia), How- 
ard Singleton (Water Quality Branch, Ministry of 
Environment, Lands and Parks), and Mark Labelle 
(InslirutFranFaisde Recherche pour I~Exploitation 
de la Mer. Nantes C e d e 4  for  various sugeestions; 
Bill McLean (Qunisam River  Hatchery. Campbell 
River, British Columbia) fo r  field-testing some of 
the models; and American Fisheries Society re-
viewers and staff for their numerous improvements 
to the manuscript. 

References 

Agriculture Canada. 1974. The system of soil classi- 
fication for Canada. Canada Department of Agri- 

taws. 

freshwater fish. Butterworth, London. 
Auld, A, H,,and 1, R. Schubel, 1978. Effects of $us. 

pended sediment on fish and larvae:a labo-
ratory assessment. Estuarine and Coastal Marine 
Science 6: 153-164. 

Berg. L. 1983. Effects of short term exposure to sus- 
pended sediments on the behaviour ofjuvenile coho 
salmon. Master's thesis. University of British Co- 
lumbia. Vancouver. 

Berg. L,, and G,Northcote, 1985, Changes in  ter. 
r,toria~. gi~~-flaring, and feeding behaviour in ju- 
venile coho salmon (Oncorh,vnchus kisurch) follow- 
ing short-term pulses of suspended sediment. Ca- 
nadian lournal of Fisheries and Aquatic Sciences 
4?:1410-14m. 

Berkmann. H. E.. and C. F. Rabeni. 1987. Effect of 
siltation on stream fish communities. Environmental 
Biology of Fishes 18:285-294. 

Binwell. I. K.. G. F. Hartman. B. Anderson. D. 1. 
McLeay, and 1. G. Malick. 1984. A brief investi- 
gation of Arctic grayling (Thvmallus nrcricus) and 

aquatic invertebrates in the Minto Creek drainage, 



716 NEWCOMBE AND JENSEN 

Mayo. Yukon Territory: an area subjected to placer 
mining. Canadian Technical Repon of Fisheries and 
Aquatic Sciences 1287. 

Bisson. P. A,. and R. E. Bilbv. 1982. Avoidance of 
suspended sediment by juvenile coho salmon. North 
American Journal of Fisheries Management 2:371- 
374. 

Boehlert, G. W. 1984. Abrasive effects of Mount St. 
Helcns ash upon epidermis of yolk sac larvae of 
Pacific herring Clupea harenguspallasi. Marine En- 
vironmental Research 12:113-126. 

Boehlert, G. W., and 1. B. Morgan. 1985. Turbidity 
enhances feeding abilities of larval Pacific herring 
(Clupea harengus pallasi). Hydrobiologia 123: 161- 
17n..-. 

Brannon. E. L.. R. P. Whitman, and T. P. Quinn. 1981. 
Report on the influence of suspended volcanic ash 
on the homing behavior of adult chinook salmon 
(Oncorhvnchus rshnwvlscha). Final Reoon to Wash- 
tngton State Liniversit). Washinpton Water Re.  
search Center. Pullman. 

Breitburg. L. 1988. Effects of turbidity on prey con-
sumption by striped bass larvae. Transactions of the 
American Fisheries Society 117:72-77. 

Buck. D. H. 1956. Effects of turbidity on fish and fish- 
ing. Transactions of the North American Wildlife 
Conference 21249-261. 

Camobell. H. J. 1954. The effect of siltation from eold 
dredging an the survival of rainbow trout and eyed 
eggs in Powder River. Oregon. Bulletin of the Or- 
egon State Game Commission, Ponland 

~ e d e r i o l m .  C, J., L. M, Reid, and E, 0. Salo. 1981, 
Cumulative effects of logging road sediment on sal- 
monid oo~ulations in the Clearwater River. leffer- . . 
son Count). Washtnpton. P a p s  38-74 1,) Salmon-
spawnlng gravel a renewable resource in the Pac~fi r  
Northwest Washtneton State Umvers~t), Washung- 
ton Water ~ c s e a r c h ~ e n t e r .  Reoorl 3 9 , ~ u l l m a n  

Chamberlin. T. XI..editor. 1988. Applying 15 years of 
Carnation Creek results. Pacific Biological Station. 
Carnation Creek Steerins ~ o m m i u e e .  Nanaimo. 

~~~ ~~ ~~ ~ 

~ ~~ 

~ 
 -

British Columbia. 
Coats. R.. 1.Collins. 1. Florshcim. and D. Kaufman. 

1985. Channel change, sediment transport. and fish 
habitat in a coastal stream: effects of an extreme 
event. Environmental Management 9:35-48. 

Cordone. A. J.. and D. W. Kellcv. 1961. The influences 
of inorganic sediment on the aquatic life of streams. 
California Fish and Game 47:189-223. 

Dadswell, M. I., G. D. Melvin, and R 1. Williams. 1983. 
Effect of turbidity on the temporal and spatial uti- 
lization of the inner Bay of Fundy by American shad 
(Aiosa sapidissinta) (Pisces: Clupeidae) and its re- 
lationship to local fisheries. Canadian Journal of 
Fisheries and Aquatic Sciences 40(Supplement I): 
322-330. 

Davies. P. E.. and M. Nelson. 1993. The effect of steep 
slope logging on fine sediment infiltration into the 
beds of ephemeral and perennial streams of the Dar. 
zler Range. Tasmania. Australia. Journal of Hy. 
drology 150:481-504. 

Erman, D. C.. and E K. Lignon. 1988. Effects of dis-

charge fluctuation and the addition of fine sediment 
on stream fish and macroinvertebrates below a wa- 
ter-filtration facility. Environmental Management 
1285-97. 

Gammon, J. R. 1970. The effect of inorganic sediment 
on stream biota. U.S. Environmental Protcctian 
Agency. Water Pollution Control Research Series, 
18050 DWC 32/70, Washington. D.C. 

Gardner. M. B. 1981. Effects of mrbidity on feeding 
rates and selectivity of bluegills. Transactions of the 
American Fisheries Society 110:446-450. 

Gibson. A. M. 1933. Construction and operation of a 
tidal model of the Sevcrn Estuary. His Majesty's 
Stationery Office. London. 

Goldes. S. A. 1983. Histological and ultrastructural ef- 
fects of the inert clay kaolin on the gills of rainbow 
trout (Salmo gairdnrri Richardson). Master's thesis. 
University of Guelph. Guelph. Ontario. 

Gradall. K. S.. and W. A. Swenson. 1982. Resoonses 
of brook trout and creek chubs la turb~dity. Trans. 
actions ofthe American Fisheries Soclet) 1 1  1:392-
395. 

Grays0n.R. B., S.R. Haydon, M. D. A. 1ayasuriya.and 
B. L. Finlayson. 1993. Water quality in mountain 
ash forcsts-seoaratine - the imoacts of roads from 
those of logging operations. Journal of Hydrology 
150:459-480. 

Greeorv. R. S.. J. A. Servizi. and D. W. Martens. 1993. - .  
comment:. utility of thestress index for predicting 
suspended sediment effects. North American Jour- 
nal of Fisheries Management 13:868-873. 

Griffin. 1.E. 1938. Experiments on the tolerance of 
young trout and salmon for suspended sediment in 
water. Oregon Deparrment of Geology and Mineral 
Industries Bulletin 10 (Appendix B):28-31. (Not 
seen: cited by Alabaster and Lloyd 1980.) 

Hamilton, I. D. 1961. The effect.of sand-pit washings 
on a stream fauna. Internationale Verfinigung fur 
theoretische und angewandte Limnologie Verhan- 
dlunpen 14:435-439. 

Hartman. G. F. 1988. Carnation Creek. 15 years of fisli- 
eries-forestry work: bridges from research to.man- 
agement. Pages 189-204 in T W. Chamberlin. ed- 
itor. Applying 15 years of Carnation Creek results. 
Pacific Biological Station. Carnation Creek Steering 
Committee, Nanaimo, British Columbia. 

Herbert. D. W. M., 1 .S .  Alabaster, M. C. Dan, and R. 
Lloyd. 1961. The effect of china-clay wastes on 
trout streams. International Journal of Air and Water 
Pollution 5:56-74. 

Herbert. D. M. W.. and J. C. Merkens. 1961. The effect 
of suspended mineral solids on the survival of trout. 
International Journal of Air and Water Pollution 5: 
46-55. 

Herbert. D. W. M.. and J. M. Richards. 1963. The~ ~ ~ ~ 

growth and survival of fish in some suspensions of 
solids of industrial oripin. International Journal of 
Air and Water ~ollutiok 7:297-302. 

Herbert. D. W. M., and A. C. Wakeford. 1962. The 
effect of calcium sulphate on th t  survival of rain- 
bow trout. Water and Wasv Treatment 8:608-609. 
(Not seen: cited by Alabaster and Lloyd 1980.) 

HCSSP. 
nu! 

ins 
An 
52. 

Horkel. 
bid 
Of 6 
the 

Hughes, 
(So, 
Re\ 

Jnhnson 
pen 
pea 
mer 

Kemp, t 
basi 
41:; 
ley 

Kondlof, 
tech 
in ir 

Kandolf, 
of sr 
Sean 

Langer, I 

mon 
men 
Nort 

Lawrencc 
spon 
fluid 
nical 

LeGore. 
of a< 
reros 
ehus 
imen 
searc 

Lloyd, D. 
Alasl 
eratu 
quali 
Gamt 

MacDona 
of thl 
ment 
Journ 

Macdonal 
fisher 
nadia 
Scien, 

Macdonall 
The S 
ject: r 
nical 
1899. 

MacKinla! 
and R 
(Onco 
water: 



717 FISH RESPONSES TO SUSPENDED SEDIMENT 

n of fine sedimenl 
,rates below a wa- 
ntal Management 

iorganic sediment 
nental Protection 
Research Series. 

D.C. 

bidilv on feedine 


nd operation of a 
:y. His Majesty's 

ultrastrucfural ef. 
e pills ofrainbou. 
). Maner's thesib. 
Itario. 
1982. Responses 
turbidity. Trans- 

Soclety 11 1 :392- 

. Jayasuriya, and 
rlity in mountain 
.ts of roads from 
lal of Hydrology 

:Martens. 1993. 
PX for predicting 
I American lour- 
68-873. 
the tolerance of 
lded sediment in 
ogy and Mineral 
B):28-31. (No1 

1 1980.1 
ind-pit washings 
Vereinigung fur 
nalogie Verhan- 

15 years offish- 
:esearch to man- 
Chamberlin. ed- 
~n Creek results. 
n Creek Steerinp 
mbia. 
C. Dart. and R. 
-clay wastes on 
of Air and Water 

961. The effecl 
urvival oftrout. 
tter Pollution 5: 

ds. 1963. The 
suspensions of 

ons l  Journal of 

rd .  1962. The 
urvival of rain- 
tent 8:608-609 
.loyd 1980.) 

Hesse. L. W.. and B. A. Newcomb. 1982. Effects of 
flushing Spencer Hydro on water quality, fish, and 
insect fauna in the Niobrara River. Nebraska. North 
American Journal of Fisheries Management 2:45- .-
32. 


Horkel. J. D., and W. D. Pearson. 1976. Effects of tur- 
bidity onventilation rates and oxygen consumption 
of green sunfish, Lepomis cynellus. Transactions of 
the American Fisheries Society 105:107-113. 

Hughes, G. M. 1975. Coughing in the rainbow troul 
(Salmo goirdneri) and the influence of pollutants. 
Revue Suisse de Zoologie 82:47-64. 

Johnson, D. D..and D. 1. Wildish. 1982. Effect of sus- 
pended sediment on feeding by larval herring (Clu- 
pea harengus harengus L.). Bullelin of Environ- 
mental contamination and Toxicology 29:261-267. 

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

Kondlof, G. M., and S. Li. 1992. The pebble counl 
techniques for quantifying surface bed material size 
in instream flow studies. Rivers 3:80-87. 

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

Lanzer. 0.E. 1980. Effects of sedimentation on sal- 
monid stream 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 Marine Service Tech- 
nical Report 502. 

LeGore. R. S.. and. D. M. DesVoigne. 1973. Absence 
of acute effects on three-spine sticklebacks (Gos- 
lerosteus aculearus) and coho salmon (Oncorhvn- 
chus kisurch) exposed to re-suspended harbour sed- 
iment contaminants. Journal of the Fisheries Re- 
search Board of Canada 30:1240-1242. 

Lloyd. D. S. 1985. Turbidity in freshwater habitats of 
Alaska: a review of published and unpublished lit- 
erature relevant to the use of turbidity as a water 
quality standard. Alaska Department of Fish and 
Game, Habitat Division, Report 85. Part I .  Juneau. 

MacDonald, D.D., and, C. P.Newcombe. 1993. Utility 
of the stress index for predicting suspended sedi- 
ment effects: response to comment. North American 
lournal of Fisheries Management 13:8?3-876. 

Macdonald. J. S., editor. 1994. Proceedings of the Takls 
fisherylforestry workshop: a two year review. Ca- 
nadian ~ e c h n k a l  ~ e ~ o r ; o f  ~ i she i i e s  and Aquatic 
Sciences 2007. 

Macdonald, J. S., J. C. Scrivener, and 0.Smith. 1992. 
The Sluart-Takla fisher~ruforestry intcraclion pro. 
ject: stud) descr~ption and des~pn. Canad~an Tech. 
nical Report of ~ i s h e r i e s  a n d  Aquatic Sciences 
1899. 

MacKinlay. D. D., D. D, MacDonald, M. K. lohnson, 
and R. E Fielden. 1987. Culere ofchinook salmon 
(Oncorhvnrhus rshaw,v~schn) in iron-rich ground-
water: Stuart pilot hatchery experiences. Canadian 

Manuscript Repon of Fisheries an6 Aquatic Sci- 
ences 1944. 

McLeay, D. J. I .  K. Birtwell. G. E Hartman, and G.L. 
Ennis. 1987. Responses of Arctic grayling (Thy-
mallus arcricus) to acute and prolonged exposure to 
Yukon placer mining sediment. Canadian Journal of 
Fisheries and Aquatic Sciences M:658-673. 

McLeay, D. I., G. L. Ennis. 1. K. Birtwell, and G. F. 
Hanman. 1984. Effects an Arctic grayling (Thy-- .  - . 
mollus orctrcur) of prolonged crposure to Yukon 
placer minmp sediment. laboratory stud) Canaddan 
Technical Report of Fishertes and Aaual~c Sciences 
1241. 

McLeay. D. J. and five coauthors. 1983. Effects on 
Arctic grayling (Th.vmNus orcricus) of short term 
exposure to Yukon placer mining sediments: labo- 
ratory and field studies. Canadian Technical Repon 
of Fisheries and Aquatic Sciences 1171. 

Menzel, B. W., J. B. Bsrnum, and L. M.Antosch. 1984. 
Ecological alterations of Iowa prairie-agricultural 
streams. Iowa State Journal of Rssearch 595-30. 

Marran. R. P.. 11. I. V. Rasin. Jr.. and L. A. Noe. 1973. 
Effects of suspended sediments on the development 
of eggs and lsrvac of striped bass and white perch. 
appendix I I .  Final Report to U.S. Army Corps of 
Engineers. Conrracl DACW61-71.C0062, Philadel- 
-L:.

p1,,&,. 

Morgan, R. P.. I1.J. R. Rasin. 11.. and L. A. Noe. 1983. 
Scd8mcnt effects on eggs and larvae of str8ped bas< 
and whne perch Tranract~ons of the Amerlcan F~sh. 
eries Society 1 12:220-224. 

Neumann, D. A,. 1. M. O'Connor. J. A. Sherk, and K. 
V.Wood. 1975. Respiratory and hematological re- 
sponses of oyster toadfish (OpsonUs tau) to sus- 
pended solids. Transactions of the American Fish. 
eries Association 104:775-781 

Newcomb, 	T. W.. and T. A. FIagg. '1983. Some effects 
of MI. St. Helens ash on juvenile salmon srnolts. 
U.S. National Marine Fisheries Service Marine 
Fisheries Review 45(2):8-12. 

Newcombe. C. P. 1986. Fisheries and the problem of 
turbidity and inen sediment in wafer: a synthesis 
for environmental impact assessment. British Co- 
lumbia Ministry of Environment. Environmental 
lmpact Unit. Environmental Services Section, 
Waste Management Branch, Victoria. 

Newcombe. C. P. 1994. Suspended sediment in aquatic 
ecasystcms: i l l  effectsas a functionofconcentration 
and duration of exposure. British Columbia Min- 
istry of Environment, Lands and Parks, Habitat Pro- 
tection Branch. Victoria. 

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

Newcombe, C. P., B. Sheohcrd, G. Hover. and M. Ladd. 
1995. ~ocumentation of a fish kill (juvenile rain- 
bow trout: Or~corhvnchusmvkfss) in Bellevue Creek 
(near Mission. ~ e l o w n a .  British Columbia, Cana- 
da), caused by silty water discharge. British Colum- 
bia Ministry of Environment, Lands and Parks, 



71s 	 NEWCOMBE 

Habitat Protection Branch, Habitat Protection Oc- 
casional Repon. Victoria. 

Noggle. C. C. 1978. Behavioral, physiological and le- 
thal effects of suspended sediment on juvenile 
salmonids. Master's thesis. University of Washing- 
ton, Seattle. 

011. 	A. G. 1984. Personal communication. Alaska De- 
partment of Flsh and Game. Farbanks (No1 seen 
clted as personal communlcauon in Llovd 1985.) 

Peters. 1. C. 1967. Effects on a trout slrram of sediment 
from agricultural practices. Journal of Wildlife 
Management 31:805-812. 

Phillips. R. W. 1970. Effects of sediment on the eravel 
environment and fish production. Pages 64-74 in 
Proceedings of the sympossum on forest land use 
and stream environment. Oregon State Universit?. 
Continuing Education Publications. Corvallis. Or- 
egon. 

Potyondy. J. P., and T. Hardy. 1995. Reply todiscussion 

by G. Mathias Kondolf. "Use of pebble counts to 

evaluate fine sediment increase in stream channels." 

Water Resources Bulletin 31:539-540. 


Plolcmy. R. A. 	 199? Maximum salmonid oenslller ir 

fluttal habstats in B r ~ t ~ s h  P a p  223-?5r
Columb~a. 

L. Bcre and I? W. Delane,. edllors Proceedinpr 
of the coho Workshop. ~ a n a i m o .  British ~alumb;a. 
Department of Fisheries and Oceans. Vancouver. 

Redding. 	J.  M.. and C. B. Schreck. 1982. Mount St. 
Helens ash causes sublethal stress responses in 
steelhead trout. Pages 300-307 in MI. St. Helens: 
effects on water resources. Washinplon State Uni- 
versity. Washington Water Research Center, Report 
41. Pullman. 

Reynolds. J .  B.. R. C. Simmons. and A. R. Burkholder. 
1989. Effects of olacer mining discharge on health 
and food of Arctic grayling. Water Resources Bul- 
letin ?5:625-635. 

Roeers. B. A. 1969. Tolerance levels of four soecies of 
estuarine fishes lo suspended mineral solids. Mar- 
ter's thesis. University of Rhode Island. Kingston. 

Rosenberg. D. M.. and N. B. Snow,. 1977. A design for 
environmental impact studies with special reference 
to redimenlation in aquatic systems of the Macken- 
zie and Porcunine river drainages. Pages 65-78 in 
Proceedings of the circumpolar conference on 
northern ecology. National Research Council. 01-
tawa. 

Scannell. F? A. 1988. Effects of elevated sediments lev- 
els from placer mining on survival and behavior of 
immature Arctic grayling. Master's thesis. Univer- 
sily of Alaska. Fairbanks. 

Schubel, 1. R.. and J. C. S. Wang. 1973. The effects of 
suspended sediment on the hatching success of Per-
ca Jlovesce,ts (yellow perch). Morone americano 
(white perch). Morone saxariiis (striped bass) and 
Aiosa pseudohare~~gus (alewife1 eggs. Chesapeake 
Bay Institute, lohns Hopkins University Special Re- 
port 30, Reference 73-3, Baltimore, Maryland. (Not, 
seen: cited by Morgan et al. 1983.) 

Scrivener, C. 1.. T G. Brown, and B. C. Anderson. 1993. 
Juvenile chinook salmon (O~~corhpacltus rshaw~y~s-
cha) utilizalion of Hawks Creek. a small nonnatal 

AND JENSEN 

tributary of the upper Fraser River. Canadian Jour- 
nal of Fisheries and Aquatic Sciences 51:1139- 
1146. 

Scullion. J., and R. W. Edwards. 1980. The effects of 
pollutants from the coal industry on fish fauna of a 
small river in the South Wales coalfield. Environ- 
mental Pollution Series A 21:141-153. 

Servizi. 1. A,, and D. W. Martens. 1987. Some effects 
of suspended Fraser River sediments on sockeye 
salmon IOncorh~~nchusnerkn). Canadian special 
Publication of Fisheries and Aquatic Sciences 96: 
254-264. 

Servizi, 1. A,. and D. W. Martens. 1991. Effect of tem- 
perature, season, and fish size on acute lethality of 
suspended sediments to coho salmon (Oncorhvn- 
chus kisurch). Canadian lournal of Fisheries and 
Aquatic Sciences 48:493-497. 

Servizi, J. A,, and D. W. Martens. 1992. Sublethal re- 
sponses of coho salmon (Oncorhynchus kisurch) lo 
suspended sediments. Canadian Journal of Fisheries 
and Aquatic Sciences 49: 1389-1395. 

Shaw. P. A.. and 1.A. Maga. 1943. The effect of mining 
silt on yield of fry from salmon spawning beds. 
California Fish and Game 29:29-41. 

Sherk, J. A.. I. M. O'Connor, and D. A. Neumann. 1975. 
Effects of suspended and deposited sediments on 
estuarine environments. Pages 541-558 in L. E. 
Cronin, editor. Estuarine Research 2. Academic 
Press, New York. 

Sigler, J ,  W., T. C. Bjornn, and E H. Everest. 1984. 
Effects of chronic turbidity on density and growth 
of steelheads and coho salmon. Transactions of the 
American Fisheries Society 113:142-150. 

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

Singleton. H. 1. 1985a. Water quality criteria for'par- 
ticulate matter British Columbia Ministry of En- 
vironment. Water Management Branch, Victoria. 

Singleton, H. J. 1985b. Water quality criteria for par- 
ticulate matter: technical appendix. British Colum- 
bia Ministry of Environment, Water Management 
Branch, Victoria. 

Slaney, F? A.. T. G. Halsey, and H. A. Smith. 1977a. 
Some effects of forest harvesting on salmonid rear- 
ing habitat in two streams in the central interior of 
British Columbia. British Columbia Ministry of 
Recreation and Conservation, Fish and Wildlife 
Branch. Fisheries Management Repon 71. Victoria. 

Slaney, P. A., T. G. Halsey, and A. F. Tautz. 1977b. 
Effects of forest harvesting practices on spawning 
habitat of stream salmonids in the Centennial Creek 
watershed. British Cqlumbia. British Columbia 
Ministry of Recreation and Conservation, Fish and 
Wildlife Branch. Fisheries Management Report 73. 
Victoria. 

Slanina, K. 1962. Beitrag zur Wirkung mineralischer 
Suspensionen auf Fische. Wasser und Abwasser 
1962:186-194. 

Smith. 0. R. 1940. Placer mining silt and its relation 
to the salmon and trout on the Pacific coast. Trans- 

actions of the 
230. 

Stober, Q. 1.. and 
pended volca 
salmon in the 
of washing to^ 
nical Complet 

Suchanek, P M., I 
Schmidt. 198' 
criteria. Alask 
itna Hydro Aq 
Anchorage. (Ir 

Suchanek. P. M., 
1984b. Residl 
partment of Fi 
Studies, 1984 
seen: cited by 

Swenson. W. A. I 
abundance in 
ronmental Pro 
mental re sea^ 
EPA 60013-78- 
Swenson 1982 

Swenson. W. A,, an 
turbidity on st 
larval lake he) 
lions of the A1 
545. 

Sykora, J. L.. E. J .  
Of lime-neutral 
juvenile brook 
Water Researct 

Townsend. A. H. 	 I 
Chatanika Rive 
ker, Habitat Di 
and Game. Fet 
cited by Lloyd 



. 

nadian Jour- 
:s 51:1139-

te effects of 
h fauna of a 
Id. Environ- 

iome effects 
on sockeye 

lian Special 
Sciences 96: 

ffect of tem- 
:lethality of 

(0ncorh.vn-
isheries and 

Sublethal re- 
rs kisurch) to 
L of Fisheries 

:ct of mining 
wning beds. 

mann. 1975. 
.ediments on 
;58 in L. E. 
!. A c a d h i c  

'erest. 1984. 
and growth 

tctions of the 
I SO. 
ininp on Arc- 
s thesis. Uni- 

teria for par- 
?istry of En- 
h. Victoria. 
teria for par- 
ritish Colum- 
Management 

mith. 1977a. 
aimonid rear- 
ral interior of 

Ministry of 
and Wildlife 

1 71. Victoria. 
'autr. 1977b.' 

on spawning 
tennial Creek 
sh Columbia 
lion. Fish and 
:nr Repon 73, 

mineraiischer 
nd Abwasser 

~d its relation 
: caaa .  Trans- 

FISH RESPONSES TO SUSPENDED SEDIMENT 

actions of the American Fisheries Society 69:225- Turnpenny, A. W. H., and R. Williams. 1980. Effects 
230. Of sedimentation on the gravelsof an industrial river 

Stober. Q. I.. and five coauthors. 1981. Effects of sur- system. lournal of Fish Biology 17:681-693. 
pended volcanic sediment on coho and chinook Vaughan, G. L. 1979. Effects of stripmining on fish and 

salmon in the Toutle and Cowlitz rivers. University diatoms in streams of theNew kiverdrainage basin. 

of Washington. Fisheries Research Institute. Tech- journal ,,f the T~~~~~~~~ ,,f
~~~d~~~ Science 54: 
nlcal Completion Report FRI-UW-8124, Seattlc. 110-114. 

Suchanek*P. M.* R. P.Marshall. S. S.  and D.C. Vaughan, G. L., L. ~ i ~ t ~ ~ ,  1982. N~,,, and J. schiller, 
Schmidt. 1984a. Juvenile salmon rearing suitability 

criteria. Alaska Depanment of Fish and Game. Sus- River project data bases and documentation. loint 


itna Hydro Aquatic Studies, 1984 Report 2. Part 3. research, volume 2: biological and associated water 


Anchorage. (Not seen: cited by Lloyd 1985.) quality data. University of Tennessee, Departments 


suchanek, p. M., R. L. sundet, and M. N. wenper. Of Civil Ensineering and Zwlogy, and U.S. De-

1984b. Resident fish habitat studies. Alaska De- partment of Energy. Knoxville, Tennessee. 
partment ofFish and Game, susitna ~~d~~ ~~~~~i~ Vawhan. G. L.. A. Talak, and R. J. Anderson. 1978. 
Studies, 1984 Report 2, Pan 6. Anchorage. (Not The chronology and character of recovery ofaquatic 
seen: cited by Lloyd 1985.) communities from the effects of strip mining for 

Swenson. W. A. 1978. Influence of turbidity on fish coal in east Tennessee. U.S.Fish and Wildlife Ser. 
abundance in wenern Lake Superior. U. S. Envi- vice FWSIOBS-78/81:119-125. 
ronmental Protection Asency. National Environ- Vinyard. G. L., and W. I .  O'Brien. 1976. Effects of 
mental Research Center, Ecological Research Series light and turbidity on the reactive distance of biue- 
EPA 60013-78-067, (Not seen: cited by Gradali and gill (Lepomis macrochirusj. Journal of the Fisheries 
Swenson 1982.) Research Board of Canada 33:2845-2849. 

Swenson. W, A., and M. L. Matson. 1976. Influence of Wapener. G.L., and I, D. ~ ~ p1985. ~ f f ~ ~ t ~  ~ of i ~ ~ ~~ ~ 
turbidity on survival, growth, and distribution of placer on the invertebrate communities of
larval lake herring (Coregonus or'edii). Trans'c. interior Alaska streams. ~ r e s h w a t ~ ~  invertebrate ~ i .
lions of the American Fisheries Society 105:541- 

oiogy 4:208-214, 545. 
Sykora, 	 L,, E, Smith, and M, Synak, 1972, Effect Wallen. E. 1. 1951. The direct effect of turbidity on 

of lime-neutralired iron hydroxide suspensionson fishes. Oklahoma Agricultural and Mechanical Col- 
juvenile trout ISalvelinusfbnrinolisMilchill), lcse. Arts and Sciences Smdies. Biolozical Series 

Water Research 6:935-950. 48(2). (Not seen: cited by Alabaster and Lloyd 
Townsend. A. H. 1983. Sport fishing-placer mining: 1980.) 

Chatanika River. Memorandum to Director B. Ba. Whitman, R. P.. T P. Quinn, and E. L. Brannon. 1982. 
ker. Habitat Division. Alaska Department of Fish Influence of suspended volcanic ash on homing be- 

and Game. February 2. 1983, Juneau. (Not seen: havior of adult chinook salmon. Transactions of the 

cited by Lloyd 1985.) American Fisheries Society 1 1  1:63-69. 


Appendix follows on page 720 



720 NEWCOMBE AND JENSEN 

Appendix: Dose-Response Database 

TABLEA,! Dose-response database  f o r  fishes exposed to  suspended sediment.  

sedimcnl doar 

Exposure 
conscn- Erporurr Fish response 

Life tration duration 
Species smpc* ( m e n )  lhl SEVh Dcscriplionc 

*dull a l m o n l d s  and ralnbow smelt (frrshwater, g r o u p  1 and 2) 

Grayling IArcric) I W  0.10 3 Fish avoided turbid warcr 
Grayling (Arctic) 100 1.006 8 Fish had decreucd r e a i r m e  

10 environmental stresses 
Grayling 1ArclicI 100 I.W8 9 Impaired feeding 
Grayling IAreticJ IW I.WP 9 Reduced growth 
Salmon 2 4 4 Feeding activity reduced 
Salmon 16.5 24 4 Feeding behavior apparendy 

reduced 
Salmon 1.650 240 7 Loss of habitat caused by 

excessive aedimsnt 
transpon 

Salmon 75 16P 7 Reduced gudiry of remine. . 
habitat 

Salmon Firh abandoned their 
traditional spawning habits, 

Salmon (Allantic) lncrca~edrisk of predation 
Salmon (chinook) No histological signs of 

damage to olfactory 
epithelium 

Salmon lehinwk) Home water preference 
disrupted 

Salmon lehmwk) Homing behavior nonnal. b a  
fewer ter1 fish returned 

Salmon (chinoak) No monality (VA. <5-iW 
pm: median, <I5  pm) 

Salmon (chinook) Monalify rate 60% (VA. 
<5-100 pm) 

Salmon Ichinook) Monality mrc 100% IVA. 
<5-100 wml 

Salmon 1PacificI No monality lolhcr end 
p i n t s  no, investigated1 

Salmon 1sockcycJ Plasma plueose lcvelr 
increased 39% 

Salmon Isockcycl Plasma glucose lcvels 
increased 150% 

Salmon Ismkeyel No monality (VA, c5-100 
pm: median. <I5  pml 

Salmon Isoekcycl Monality rate 6o4r 1VA. 
CS-IW pm: median. < I 5  
Irm) 

Salmon Imckcye) Monality rate 100% (VA) 
Smcll Irainbow) Increased vulncnbiliry to 

predation 
Signs of sublethal stress (VA) 
b a r  of habit caused by 

execrsivs sediment 
transport 

Blond cell count and blwd 
chemistry change 

Feeding behavior apparently 
reduced 

Reduced qvdlly of rearing 

habztat 
Gill lissue damaged 
No mortality lolher end 

points not investigated) 
Decrease in populalion size 
Firh more active and less 

Reference 

Suchansk el d. (19848. i984b) 

M c h a y  er al. (19841 


McLcay ct al. (19841 

McLcay ct st. (19841 

Phillips (1970) 

Townscnd (1983): On (1984) 


Coats ex al. (1985) 

Hamilton 11961 1 

Whatman ct al. 11982) 


Newcomb and Ragg (19831 


Newcomb and Rage (19831 


Newcomb and R q @  11983) 


Griffin (1938) . 

Scrvrzi and Manenr (1987) 


Serviri and Manenr (1987) 


Newcomb and Rage (19831 


Newcomb and Ragg (1983) 


Newcomb and Ragp (1983) 
Swcnron (1978) 

Redding and Schrcsk (19821 
Coats ct at. (1985) 

Redding and Sehreck (1982) 


Townscnd (1983): On (1984) 


Slaney el al. (1977b) 


Herbcn and Merkcns (1961) 

Griffin (1938) 


Pcrcrs (1967) 

Gradall and Swenson (1982) 


Irout lbmwn) 
'Irout (brown) 
Rout (brown) 

Trout ( sut thar)  
lmul (lake) 
lmul  (rainbow) 

?out (rainbow) 
Trout (rainbow) 

'lroul lrainbow) 
'lmul (rainbow) 
Iruul (rainbow) 

'Trout (rainbow) 

'In,ut (rainbow) 

I ~ I I U Ilrainbow) 
'i8uat lrainbow) 
!mu\ lrainbow) 
~lrout (rainbow) 

Trout (rainbow) 

'Tma (rainbow) 
'lmul Irainbow) 

'Imul (rainbow) 
Trout (rainbow) 
'Trout (rainbow) 

'linur (rainbow) 

Whitefish (lake) 
Whitefish (lakc) 
Whitefish lmwntai 

Grayling (Arctic) 
Grayling (Arclic) 
Grayling (Arctic) 

Grayling (Arctic) . 
Grayling (Arctic) 

Grayling (Arclic) 

Grayling (Arclic) 
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TABLE
A. l .--Continued. 

Sediment dore 

Exporun 
coneen- Exposure Fish rerpnse 

Life vation duration 
Spccics stage' ( m a 1  (h) SEVb Descriptionc Reference 

'Ir<rul (brown) A 1 .80  17.520 8 Gill lamellac thickened (VFSS) Hcrben a al. (1961) 
' I ~ ~ U I(brown) A 1,210 17.520 8 Same gill lamcllae became fused Hcrbcn cl al. (1961) 

(VFSS) 
'Iroul (brown) A I I 720 10 Abundance reduced Pews  (19671 
'Imul (brown) A I W  '720 I I Population reduced Scullion and Edwards (1980) 
' i r~~u l(brown) A 1.040 8.760 14 Populslion one-seventh oi Herben et al. (1961 ) 

expected sire (River Fnl) 
'lnsul (brown) A 5.838 8.760 14 Fish numbers one-seventh d Hubcn cr 4. (19611 

cxpeted (River Par1 
'I rtlut tcurthroatl A 31 - 4 Feeding ceased: fish sought cover Cordonc and Kelly (1961) 
'Irlrul (lakc) A 3.5 168 3 Fish avoided turbid a r c s  Swcnson (1978) 
'Irrrul trainbow) A 6t I 3 Avoidance behavior manifested Lawrence and Seherer (1974) 

O M  of the time 
'lmul lrainbow) A 661 I 3 ~ i ; h  attracted to turbidity Lawnnce and Schcrcr (1974) 

. 11977b) 'lrout (rainbow) A 1 MI 0.10 3 Fish avoided turbid water Suchanek ct al. (1984a. 
tavddnnce behavior) 1984b) 

961 1 'IIIIUI {rainbow) Rate of coughing inercascd tFSS1 Hughes (19751 
'l>uulIminbow) Race of coughing increas~d (FSSI Hughes (19751 

53) 'Imul lrainbow) Gills of fish that survived had Hcrbcri and Merkcns (1961) 
al. 119811 thickened epithelium 

Fish survived: ~ l lcpithslium 

~rolifcratcd and thickened 


al. (1982) Rate of weight galn reduced Hcrben and Richards (1963) 

ICWS) 


el. (1982) 'In~ul (rainbow) Rate of weight rain reduced (WF) Herben and Richards (1963) 

'lnvul lrainbowj Some fish dicd Hcrben and Mcrkcns (1961) 


md Flag€ (1983) '11.0ul trainbow) Survival .ale reducei Herbcn and Mcrksns (1%1) 
-~~ .-.-...~ 

' lrc~t~l(rainbow) Tcsl fish began to die on the 6rst Herbcn and Richards (1963) 

and Flagg (1983) dav (WFl 


D. Hcrbcn, personal 
md Flagg 119831 communication 10 A l s h t e i  

and Lloyd (19801 
581 Imai lrainbowi A 1 $ 720 10 Abundance reduced Peters (1967) 

i~ttul ininbow! A 59 2.231 10 Habitat damage: reduced pororily Slaney el nl. 11977bl 
Mancnr 119871 of crave1 

' l ~ o a tlrainbow) 4.250 58b I2 ~ o n a i i t yiatc 50% 1CSi H e r ~ e nand Wakcford ,1961, 
1 Mansns (1987) ' i~oa! lrainbaw) 49.8% 96 I2 Monalily rate 50% (DM1 Laursncc and Seherer 11974) 

'lrllul lrainbawl 3.500 1.48F 13 Calaruophic reduction in H s r ~ e n  and Mer~cnr 11961 
and Flag? (1983) population size 

160.000 24 14 Monslity rate lW5, D. Hcrben, personal 
and Flags (19831 communication to Alabaster 

and Lloyd (19801 
210 24 10 Fish abandoned vaditional Hamilton (19611 

and Flagg (19831 spwning habitat 
19781 0.66 I 3 Swimming behavior changed Lawrence and Schcrsr 11971) 

16.61) 96 12 Manality rate 50%. (DM) Lawrence n d  Schcrer (1974) 
10.M)O 24 10 Fish died: silt-clogged pillr Langcr (19801 

Juvenile salmonids (freshwater, groups 1 and 3) 

~d Sehreck (1982) 
I ~rilvling (Arctic) 20 24 3 Fish avoided pans of the r m a m  Binwell ct al. (19841 
I ,ti!yllng (Arctic) 1O.W 96 3 Fish swam near the surface M e k a y  ct d.(1987) 

(1983): 011 (19841 Ietnyllng (Antic) 86 0.41 3 78% of fish avoided lvrbid water Ssanncll (1988) 
~rn, .>201 

11. (1977bl 100 I 4 Cuch ra~ereduced tdnfamiliar McLeay et al. (19871 
prey: dmrophilal 

d Merkcnr (19611 < otuyling (Arctic) 100 I 4 Catch rats reduced (unfamiliar McLeay a al. (19871 
~ 3 8  prey: ~b i f i e id r j  1 ,,ri>!.ltnp (Arctic) 300 I 4 Catch rate reduced (unfamiliar M e k a y  cr al. I19871 

57) prey: drorophilal 

d Swenson (1982) 1.WO I 4 Feeding rate reduced tunfmiliar McLeay ct sl. (19871 
prey: mbifieidr) 
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TABLEA. 1 . 3 o n l i n u e d .  

Sediment dore 

Exwdun 

Life 
conen-
ration 

Exposum 
duration 

Fish responsr 

~ p c i n '  sufcY 1mgR1 (hl SEVb Dncription' 

Grayling lArcticl Ll 1 . m  I 4 Feeding rate reduced iunfamiliar 
m v :  dr0~o~h l l a l. . . . 

Grayling IArcIirl Fwd  intake severely limited 
Grayling 1Arclirl Reduced ability to toleratc high 

temperatures 
Grayling iArclici Firh moved out of the teat 

channel 
Grayling (Arclirl Fish had frequcnl misrvikcE whilc 

feeding 
Grayling (Arctic, Fish responded very slowly la 

Grayling (Arctic1 
Prey 

Rate of feeding reduced 
Grayling IAmi r l  Rate of feeding reduced 
Grayling 1ArcricI Fish failed 80 mnrumc all prey 
Grayilng (Arctic1 Serious impa imn t  of feeding 

behavior 
Grayling (Arctic1 Rcnpiwion rare increased (FSS) 
Grayling IArctic: Fish less rolnam of 

pcnochlomphenol 
Grayling IArcrirl Mucur and sediment aceuiulalsd 

in the pill lamcllae 
Fish dirpiaycd many signs of 

p w r  condition 
Moderate damage ra gill riaruc 
Hypmlasin and hypcnmphy of 

gill liarue 
Grayling (Arctic1 Gmwth rate educed 
Grayling (Aletic1 Firh responded less rapidly to 

drifting fwd 
Grayling IArcticl Weight enin reduced 
Grayling (Arctic) Weight gained reduccd by 335 
Gr~ylinp (Arctic\ Firh displaced from their habilar 
Grayl~ng.tArctic; No changes in gill hislology lnol 

an cod point) 
Salmon lshinookl Tolerance to stress reduced fVA) 
Salmon lchinooki Growth ralc reduced ( W F H I  
Salmon lchinookl Monalilv rate 50% 
Snlmon Ichinwkl ~ o r t n l i &  raw 505 
Salmon (chinook1 Monalily rate 50% 
Solmon (chinook; Mortality rare 5 0 5  
Snlmon ichinookl Manality rate 50% 
Salmon lchinookl Monality rate 90% (VAI 
Salmon (chum) Monalixy rare 50% 
Salmon Ichum) Monality rate 5090 (winler) 
Salmon lcohol Alarm reaction 
Salmon (coho1 Alarm reaction 
Salmon ieohol Cough freqvcney no! increased 
Salmon Icoho) Changer in mmito"al bchsviar 
Salmon lcoho) Avoidance behdvlor 
Saimon Icoho) Avoidanc~ behavior 
Salmon (eahol Avoidance behavior within 

minutes 
Salmon lcohal Feeding rare decreased 
Salmon lcohol Feeding raw decreased la 55% of 

maximum 
Snlmon (coho1 Fecding rate decreased to 10% of 

maximum 
Salmon leahol Feeding ceased 
Salmon (cahol Coughing bchavbr manifcsc 

within minutsr 

Reference 

McLeay cl al. (19871 

Simmons 11982) 

MeLeay rt al. (1987 1 


McLcay a al. (19871 

MsLeay a al. (19871 

~ e & a y  st al. (1987) 

McLcay el al. (19871 

McLeay et ai. (19871 

McLeav e l  al. (19871 


Simmons 11982) 

Simmons (1982) 


Mclcay CI al. (19841 

M c k a y  a a;. (1987) 


M e k s y  ct al. (1987) 

McLssy st al. (1987) 

Mclcsy s al. (1987) 

MeLesy st a]. (1 983) 


Slobcr el a]. (1981) 

MacKinley el al. (19871 

Ncwcomb and n a g g  (19831 

Ncweomb and ma.. 119831 


Stober el al. (1981; 

Srobera  a]. (19811 

Newcomb and Flagg (1983) 

Smilh 119401 

Smith (1940) 

Berg i1983) 

Bisson and Bilby (1982) 

Serviri and Menens (1992) 

Berg and Nonhcote (1985) 

Biaron and Bilby (19821 

Nogglc (1978) 

Serviri and Menens (1992) 


Nogglc (19781 


Noggle (19781 

Scrvizi and Manens (1992) 


'I ABLE A 

Spcic  

Sillmon (coho 
S U ~ I I I O ~(Coho 

5islrnon (coho 

Sillnnon (coho; 
Sitlmon (coho) 
S;llman (coho) 
Sulmon ( c a b )  

Salmon lcoho) 
srlmon (coho) 
Sllmon (coho) 
Salmon (coho) 
Solmon ( c a b )  
Salmon lcoho) 
Salmon leoho] 
Snlman (coho) 
Slllnlnn Icoho) 
Ydlmon (coho) 
Sulmon Icoho) 
Salmon (sockey 
S;tlmon Isockey 

Sulnlon (sockeye 
Yrlmon (sockeye 
Salmon (roekeys: 
Snlmon (rackeye) 

Salmon (sockeye) 
Snlmon (sockeye) 
Sllmon (saskeye) 
Salmon (soekeye) 
Salmon (rockcye) 
Salmon (sockeye) 
S;$lmon (sockeye) 
Sulmon (saskeye) 
Snlmon (mkeycyc) 
s t w 1 w  
liout (bmok) 
'hour (bmok) 
mu1(bmok) 

liout (bmok) 
' h u t  (rainbow) 
Iruut trainbow) 
' r r ~ u c(rainbow) 
'lrout (rainbow) 
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119821 

:I al. 11987) 


:I al. 11981) 

:I ai. 11981) 

:t al. I19811 

:t al. 119871 

:t a]. 119811 

:I sl. (1987) 


c i  ai, 119871 

r t  al. 11987) 


et n1. 119841 

et al. 119811 


et al. 11981) 

st al. 119871 

ec nl. 11987: 

cr al. 119831 


ey e ~ a l .  11987i 
tb and Flagg 119831 
tb and Flaps 119831 
I el. 119811 

I al. 119811 
,band Flags 119831 
940) 

. , 

tnd Bilby 119821 

and Mancns 119921 

3 Nonhcotc 119851 


(19181 

and Mancnr (19921 


(1978) 

and Manenr 119921 
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TABLEA.1.--Continued. 

Sediment dose 

Exposure 

Life 
conccn- Exoorurc Fish rcrmnrc 

Speie, stageY- SEVh &scriplion' 

Sulmon lcoho) I 6 Increased physiological stress 
Salmon ceoho) b C w g h  frequency great\! 

increased 
Salmon leoho) Cough frequency i n c ~ s s d  more 

rhan 5-fold 
Sulmon (coho) Blocd glucose lcveir increased 
Suimon lcohol Gi l l  damage 
Salmon tcohol Fatigue of thc sough reflex 
Sitlmon lsohol High level sublclhal slress: 

avoidance 
Sslmon (coho1 Growth rate reduced IFC. BCI 
Sidlmon lcoho) Mortality rate I %  
Srlmon Icohol Monalitv rate 50% 
Salmon leoho) ~ o n a l i &rate 50% 
Snlman lcoho) Monaliry rare 50% 
Srlmon Icohol Manalily rate 50% 
Snlmon lcohol Monality rare 50s 
Saimon (coho) Morlality rate 50% 
Solmon (coho) Mannlity rate SO*. l V A !  
Salmon 1cahoJ Moml i l y  raw 50% (VAI  
Salmon leohol Monaliey raw 505, 
Srlmon Isockeyc) Body moirturr eonlent reduced 
Snlmon troekeycl Plasma chloride lcvrlr 

increased slightly 
S'llmon lsockeyc) Hypertrophy and necrosis of pill 

tissue ICSSI 
Solmon Isockeyc) Hypsnmphy and necrosis of pill 

tissue (FSSI 
Solmon laoekeyc) Hypsnrophy and nccrosir d gill 

tissue 1MCSS) 
Hypenmphy of gill lissur IFSSi 
Hypsnmphy and necrosis of gill 

lissuc IFSSi 
Snlmon Isockcyc) Hypcnmphy and necrosis of :ill 

tissue 1MCSSl 
\diman laockcycj N o  fish died 1MFSSl 
Snlmon laoskeyc) N o  monsli~). 
h lmon  lsackeyc) Monality rare 109 1FSS 
S8tlmon (sockeye1 Gil l  hyperplaria. hypenroph). 

reparation. necrosis IMFSSI 
Sillmon lsmkcycj Mortality rate 505 
Salmon tmekcyc) Monniity rate 50% 
Srlmon tsockeye) Monality rate 50% ICSS, 
Sulmon Ismkcycl Monslity rate 50%. rMCSS I 
Sslmon (sockeye) Monnlity rate 50%. lMFSSi 
S:llmon Iracksyc) Monality rate 50% (FSSI 
Salmon (sockeye) Monslitv rate 90% i V A l  
Sitimon laodcyc) 14 ~ o n a l l f yrace 90% tMFSSt 
Slllmon (sockeye) 14 Monalny rare 90% IFSSJ 
SIcclhcad 9 Growth rate reduced 1FC. BCI 
I rou l  lbmokl 9 Gmwlh rates declined 
I m u t  l b m k l  9 Gmwlh raw reduced 1LNFH) 
l'roul l b m k )  9 Tesl fish weighed 16% of eonmls 

II.NFHI 
'Iroul (brook1 
'Imu1 (rainbow) 
'lmul trainbow) 
' In~ul  trainbow) 
'!mu! (rainbow] 

~~. 
8 Panicles penetramd ccllr ot 

branchial epirhchum 

Reference 

Berg and Nonhcozc 11985) 

Serviri and Manens 11992) 


Servizi and Manens 11992) 


Scrviri and Manens 11992) 

N q g l e  119781 

Ssrviti and Manens 11992) 

Servizi and Mansns 11992) 


Sigler a al. 119841 

Scrvizi and Mancnr 11991 1 

Nogglc 119781 

Nogglc 119781 

Seruizi and Manenr 11991) 

Scrvizi and Malens 1!9911 

Slabcr el nl. 11981! 

Stobcr ct al. 11981 i 

Slabci e l  al. 11981 1 


Stobsr el al. 11981 1 

Stobcret al. 119811 

Scrviri and Msnenr 11987) 

Ssrvizi and Manens 119871 


Scrvirl and Manenr 119811 


Scrviri and Mancns 11987) 


Scrviri and Manenr 119811 


Scrviri and Manens 119811 

Scrviri and Mancns (19871 


Scrvizi and Manens 119871 


Scrvlrl mo Mancnr 1987 

S5r$124 and Manens 11981 

80, tzl and Mancnq 11981 

Servlr an? Manens I ISSl 


Ncwcomb and Flagg 11983) 

Ncwcomb and Flagg (1983) 

Servizi and Manenr 11987) 

Servizi and Mancnr 11987) 

Servizi and Manenr 11987) 

Serviri and Manenr 11981) 

Newcomb and Rage (1983) 

Scrviri and Manenr 11987) 

Scrvizi and Mansns 11987) 

Sigler el al. 119841 

Sykora ct al. 119721 

Sykars et ai. 119721 

Sykara st al. 119121 


Sykora c l  a!. 11912. 

Campbell 11 9541 

Goldcr 11983) 

Goldcr 119831 

Goldcs 11983) 
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Spc ie s  stagca tm&I (hl SEVh Descriptionc Rsfcrsnu Spcci 

Trout lrsinbowl 
Tmut ~rainbowi 
Tmul Irainbowl 
Trout trainbowl 
Trout (rainbow) 
T-.,. I . S ~ ! - . ~ W ~
..U". ,. 

Y 
I 
Y 
Y 
Y 
Y 

90 
9il 

270 
810 
810 
n n  

456 
450 
450 
456 
456 
4% 

10 
10 
I I 
12  
I 2  
12  

Monalily rates 0-2090 (DEI 
Monalily rates 0-15'70 (KC1 
Moitalily rates 10-35s (KC1 
Monslity rater 3 5 4 3 %  (DEI 
Manality rates 5 4 0 %  (KC1 
Monaliw rates 2540% IDE) 

Hcrbcn and Merkcns (19611 
Hcrbcn and Msrkenr (19611 
Herben and Merkens (1961 1 
Hcrben and Merkcns (1961) 
Hcrben and Merkens (19611 
Hcrben.and Mcrkens (1961) 

Herring 
Herring (I& 
Herring (Pac 
Herring mac 
Herring (Pac 

Tmul trainbowl 
Trout trainbow) 

Y 
Y 

1.433 
4.250 

672 
672 

1 1 
12 

~ o n a l i &rate 40% (CS) 
Monsliry raw 5 0 9  

Herben and Wakeford (1962) 
Hcrbcn and Wakeford (1962) 

k r c h  (while 

Trout (rainbow) 
Trout (rainbow) 

Y 
J 

2.120 
4.315 

672 
57 

14 
14 

Monality rate IW% 
Momlily rate -100% (CSS) 

Herbcn and Wakcford (1962) 
Newcombc ct a!. (19951 

Perch (white 
Rrch (white 

Salmonid eggr and larvae ( f rahwsler ,  group 41 
Perch (whim 
Perch (whim 

Grayling (Arcllrl SF 25 24 10 Monnlicy rate 5.7% J. LaPcrricrs (personal 
communlc~liml 

Perch (white 
Perch (yello! 

Grayling (Arctic1 SF 22.5 4 s  10 Monalily rate 14.0% J. LaPerrierr Ipcnon81
mmmunieationl 

Perch (ye1101 
Shad (Amen 

Grayling IArcricl SF 65 2.: 10 Monalily rat? 15.05, J. Laperritre (personal 
communic~uon) 

Shad (Amcri 
Shad IAmcri 

Gravl in~ (Arctic) SF 21.7 72 10 Monalily rate 14.7% J. LaPcrricrc (pnona l  
......... ~ ...-~ . - ~ ~ .  

Grayling tArclicl 

Grayling (Arctic1 

Grayling (Aretie) 

Grayling (Arcric) 

Salmon 

Salmon (churn1 
Salmon tcohol 

Steelhead 

Trout lrninbowi 
Tmut trainbowl 

Trout trainbawl 
Tmut (rainbowl 
Trout (rainbow) 

10 

I I 

I2 

12 

10 

Monality rare 13.4% 

Monaliry rate 26% 

Monalily rate 41.3% 

Mortality rate of 47% 

Monality: deterioration of 
spawning pravcl 

Monal,ry rare 77% lconrrolr. 6%l 
Monailcv rate IW% leontmls. 

16.261 
Hatching success 424. tcontmls. 

6?e<.. . 
Monality: dcleriaralion 01 

spawning gravel 
Manalily ralc grealcr than 

conlralr iconuols. 6%) 
MonaBty rate 40% 
Monality rare 47% tconuols 

324.1. 
Monality rates 60-70% (controls, 

38.6%) 
Monalily rate 72% 
Monality raw 100% 
Monality rate 98% l ~ o n t r ~ k .  

14.6%) 

J. LaPerriem (personal 
communicationl 

J. LaPcnicre (pnona l  
cammunicslion) 

1. LsPcrricm (personal 
eommunicadon) 

J. LaPcrners (prsonal 
communication1 

Ccdcrholm e l  al. (1981) 

Lnngsr (19801 
Shaw and Maga (1943) 

Slancy cc ai. 11977bl 

Cederholm ct al. 11981 1 

Campbell (19541 

Slsney et al. 11977bl 
Slancy ec 81. 11977bl 

Erman and Lignon (1988) 

Slancy el a1 11977a 
Slanr) n a1 t1977bt 
Turnoennv and Wllllsmr 

Anchovy (br 
Anchovy (bl 
Anchovy (bt 
Hsss 11Vip< 
Hllss I J I ~ ~ P <  
Cunncl 
Cunner 
Cunner 
rllnnrr...-. 
Fish 
Hcrrinp (AU 
Hogchoker 
Hogchoker 
Hagchok" 
Killifish (ss 
Killifish ( su  
Killifish ( r e  
Killifish (am 
Killifish (su 
Killifish ( su  
Killifish (su, 
Mcnhldcn (. 
Menhaden (. 
Menhaden (. 
Minnow (rhm 
Minnow (sh, 
Minnow (rh 
Mummichos 

Nonsalmonid eggs and larvae (estuarined, gmup 4) 
Mummichog 
Mummichot 

Bars (striped) 
Baas trrripcd) 
Bars Iruipcd) 

Bars 1rt"ped) 

Bass (striped) 

200 
8 W  

100 
I.000 
I.OW 

500 

0.42 
24 

24 
168 
68 

72 

4 
9 

9 
I0 
1 I 

12 

Feeding rate reduced 40% 
Development ralc slowed 

significantly ' 
Hatching delayed 
Reduced hatchinp succesb , 
M o n l t y  rate 35% (conuols. 

16%) 
Monality rate 42% lcontmls. 

17%) 

Brsilburg (19881 
Morgan el al. (1983) 

Sch~bel and Wang 119131 
Auld and Schubcl 11918) 
Auld and Schubrl I19781 

Auld and Schubel (1978) 

Morgan ct al. (1973) 

Mummisho~ 
Pcrth (white 
Perch (whia 
Perch (whia 

Perch (whiu 

Perch (whiu 
Perch (whiu 
Pcrsh (whiu 
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Sediment dose 

Exposur 
conen- Exporun Fish rerponae

L i f ~  ,ration duration 
Spccicr stage' I m g R ~  (hl SEVh Description' 

Perch lwhitel A 3.181 24 14 Momiity raw 90% (FEI 
Rarbora (harlequin1 A 40.000 24 10 Fish died (BCI 
Rasbora (harlequin) A b.033 168 10 No monality 
Shad 1AwricanI A I50 0.25 3 Change in prefened swimming 

*....I. 

Silvcnidc IAllanticJ Monality rate 10% (FE) 

Silverside (Allsndc) Mortality rate 50% 1FE) 

Silverride (Atiandcl Monaiity rate 90% (FE) 

Spot Monality rate IOW 1FE) 

spot Monslily rale 10% 1FE) 

spot Momlity rate 10% 

Spot Momlity rnlc 50% IFE) 

Spa! Monality rate 50% 

Spot Momlity rale 5Wi 

SDO$ Momlily ralc 90% IFEI 


Monaliry rate 9%+ 

Monalily rate e l %  (lA1 

No monaliry IKS: IO-12'Cl 

Monality rate -50% (IA) 

Monality rate 50% (15.0-I6.WC) 

Monality race 50% (KS) 


Stickleback lf&&inel Monalily rate 50% 110-IZOCI 
Stickleback (foumpincl Monality rate 50% (9.0-9.5'12) 
Stickleback (fourspinel Monirlity rate 10%. 
Stickleback Ifourspine) Monality rare 95% 1KS) 
Stickleback (threespine) No momlity in lcrl designed to 

identify lethal threshold 
Toadfish loyserl  Oxygen canrumption more 

variable in o ~ a m s s c d  fish 
Toadhrh loyrrerl b Flrh !arge.y ""sffected, but 

dcvslapd latent 111 eflcctr 
9 La~rnl111 effects msnltcrlcd in 

subsequent lest at low SS 

Adult no"$ialrnonlds lfrwhwster, gmup 6) 

Barr Ilargcmaulhl 	 720 9 Weight gain reduced -50% 
Barr tlarpcmouth) 720 9 Grnwlhmlardsd 
Barr llargemouth~ 720 12 Fish unable to repmdvcc 
Bluegill 0.05 4 Rare of feeding d u c c d  
Blucpill 4 Reduced capacity to locale prey 
Bluegill 9 Growth relarded 
Blucgill 9 Weight gain reduced -50% 
Blucgill 12 Firh unable lo repmducc 
Carp lcommonl 10 Some momiity IMC) 
Darterr 14 Dancn absent 

Firh 10 Density of fish reduced 
Fish 10 Firh Liils downstream from 

sediment source 
Fish 12 Fiah absent or m k c d l y  reduced 

in abundance 
Fish 12 Habitat dcnrucrion: fish 

papulations smaller thaa 
cxpected 

F i rh twmwnte r l  10 Some fish died: most survived 
Fish Iwarmwacerl 10 Fiah died: opercular cavities and 

gill filaments clogged 
12 Firh populations dervoyed 
10 Some momlity (MC) 

Refcnncc 

Shcrk el al. (1975) 

Alabaster and Llovd 11980) 

Alabaster and LI& ( 198oi 

Dadswell el al. (1983) 


Sherk ct sl. (1975) 

Shcrk ct ai. (1975) 

Shsrk a al. 119751 

Shcrk et sl. (19751 

Shcrk ct al. (1975) 

Shcrk ct d.(19751 

Shcrk e l  al. (19751 

Shcrk el al. 11975) 

Shcrk el a]. (19751 

Sherk a al. 119751 

S h u k  et al. (1975) 

Ropers 11969) 

Rogers (1969) 

Ropers (1969) 

Rogers 11969) 

Rogers (1969) 

Ropers (1969) 

Rogers (1969) 

Rogcrr (1969) 

Ropers (1969) 

LeGmc and DssVo,gnr 


(19731 
Neumann a at. (1975) 

Neumann et al. (19751 

Buck (19561 
Buck 119561 
Buck (19561 
Gardncr (1981) 
Vinyard and O'Bricn 119761 

Buck (19561 
Buck (1956) 
Wallen (19511 - .  
Vaughan 119i9): Vaughan ct 

al. (1982) 
Erma m d  Lignon (1988) 
Herse and Ncweomb 11982) 

Herben and Richanla (1963) 

Vaughan (1979): Vaughan et 
al. 11982) 

Species 

bunhsh (preen) 
Sunhsh I r edm 

:' A = adult: E 
old): J = juvc 
o l  the year 

"Swver~ty-of-ill 
L 	 Full RIPOIISC 

source docum 
MCSS = ma< 
~uleiumsulfa^ 
r a n k  IA = i l  

clay: VA = % 

"kc herring 



FISH RESPONSES TO SUSPENDED SEDIMENT 

TABLEA. l .-Continued. 

Sediment dose 

Exposure 
coneen. Exposvn Fish response 

Life tration duration 
Spccicr nape8 (mgR1 (h) SEVb Descriptionc Rsfcrcnse 

Sunfish (green) A 9.640 I 5 Rntc of ventilation increased Horkel and Pearson (1976) 
Sunfish tredcarl A 62.5 720 9 Weipht gain reduced -50% Buck (1956) 

compared lo conmls 
Sunfish lredcar) A 144.5 720 9 Growlh relarded Buck 11956) 
Sunfish lredear) A 144.5 720 I? Fish unable to repmducc Buck (1956) 

Y A  = adu11; E = egg: EE = eyed egg: F = fry: P - swim-up fry: FF = young fry 1C30 weeks old): P = older fry (>30 weeks 
old); l = juvenile: L Ilarva: PS - presmolc: S - rmolt: SF = sac fry: U = underyearling: Y = approximslc yearling: YY = younp 
of rhc year. 

hs~everi~y-of-Ill-effectranging from 0 (no dssctible effect) lo 14 lmaximum effect: scc Table I). 
CFUII response snnolalions arc in Ncwcomk 11994). Panicle sizes of suspended sediment (SSI somctimsa wen  given casporically in 

source documens. As abbrevialed here. VFSS = very fine l € lS  pml: FSS - fine (15-74 pm): MFSS = medium lo fine (75-149 pml: 
MCSS - medium to coarse (150-290 pm): and CSS = coarse 080-740 pm). Usual "sedimenls" used: BC = bsnlonitc clay: CS = 
cslcium rulfae: CWS = coal washery solids: DE = diatomaceous canh: DM - drillinp mud Inontoxic): FC = fire clay: FE = fuller's 
earth: 1A = tncinerator ash: KC - kaolin clay: KS = Kingston silt: LNFH = lime-nculralired ferric hydroxide: MC = montmorillon#tr 
day: VA - volcanic ash: WF r wood fibers. Other abbreviation: N77J = ncphclometnc lurbidiry units. 

"kc hcmng larvae wcm tested in freshwater. 






