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for sediment and aquatic organisms have beenliJn­
ited in several ways. First. initial analyses "were
based on pooled data (Newcombe 1986; NIi';cocn­
be and MacDonald. 1991), Second.. the ~ab8S'e
available for those analyses embraced a widcWt-

anomie range from phytoplankton to fish..'Il1i1'i
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Absrracr.--Our meta·analysis of 80 published and adequately documented reports on fish re~-~;': ;,;.

sponses to suspended sediment in streams and estuaries has yielded six. empirical equations that,};".".·
relate biological response to duration of exposure and su.spended sediment concentration. Th~)"j:F
equations answer an imporwit' need in fisheries management: quantifying the response of fi~ ,. . .
to suspended sediment pollution of streams and estuaries has been difficult I1istorically,. 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 taXono.mic groups of lotie:. Icntic:·a.ad estuarine ~:
fishes. life stages of species within those groups, and particle sizes of su.spended sediments. The _=, _ .'
equations all have the fonn .. ' ...• . '. ·•..····,.s<::-'..

. . .~. ":' ..:~..c'!.'
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z is severiry of ill effect., J: is duration of exposure (h). y is concentration of suspended sediment. . ~i
(mg SSIL). a is the intercept., and b and c are slope coefficients. The severiry of ill effect (:) is . ~.:-,.

delineated semiquantitatively along a is-point scale on which is superimposed four "decision" ':0:;

categories ranging from no effCl:t through behavioral and sublethal effects to lethal consequences. ".
(a c:ztegory that also includes a range of paralethal effccu such as reduced growth rare. reduced
fish densiry. reduced 'fish population size. and habitat damage), The smdy also provided best, _'. ;:;::
available estimates of the onset of sublethal and lethal effe:cts. and it supported the bypothesis ';'.*...
that susceptible individuals are affected by sediment doses (concentration X exposure duration) ::'.:-~:

lower than those at which population responses can be dcteCted. Some species and life stages.;. c'

sbow "u1trasensitiviry" to suspended sediment.. When tested against data not included in the ,,,,.
analysis. the equations were robust.. They demonstr:uc that meta-analysis can be an important tool
in habitat impact assessment.. ··;':i.-:::·
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While it is now gencral..1y accepted that the se:­
verity of effect of suspended sediment pollution
on fish incre:lSes as a function of sediment con­
centration and duration o.f exposure. or dose (the
product of concentration and exposure time). at-

tempts to document the dose-response relationship
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also dJ:gradcd habitat aDd redao:d populuion si;
wlUcb is why these seemingly disparate ill eff~
are grouped together in !he hierarchy. For cvC'r
betwectl the extremes of nil effect and loo'it> me
Wity, we asSumed fo~ IIIOdcling purposes tbat t

severity-of-i1I effects (SIN for _"scveriry") sc:
rcpn::scnu proportiooal diffemlces in ll'Ue dfec

We oow iocorporau: all feeding redw:tioDS
the: class of sublethal effects. and we Set !he bom:
art between sbort-lcml and loog-Ierm iediu:tic
La feeding success at 2 b. In pr2A:tiee. n=portS

long-term disruption of feeding r:ues =lDP'
800 b and more. We coosidc:r all feeding n::dw:tic
to be sublethal effects (lIDleSs feeding re4"~c
can be liakcd 10 slow IfOwth wben we t .,. "'~

as paraletbal effects) because mey' rclIe.;..._~
cbaIIge in fisb behavior liwI reduced availabii
of food lIDd reduced visual buntiag nmge.

Along !he SEV sale, habial damage rm;
from moderiue 10 severe. Habicu damage can
c:haractcrizcd io biolQcical or pbysical lenDS

both of these io coojllllCtiOD. BiologicalllWlif
wiol1S of habitat damqe iocludJ: UDcI.crul:illi:a1
of Strelllll habitat (Binwell et aL 1984). ahaJ1d
ment of tr2ditiow S'pIWlILag habicu (HmW

1961), displacement of !ish from their bAb
(McWY et aI. 1987), aDd avoidance of IW:
(5 wensoa 1978). PhysicaJ.·manifeswiollS iael
degradatioo of. spaWlliog habitat (Slaney et

1977b; CcderIi~lm et aL 1981), damage 10 W
suuc:mre (Newcomb'lIId Flagg 1983; Menze
aL 1984), and loss of babiw (MelW:l et aI. 1~

Coau et al. 19~). Biopbysical maoifcswioo
excess SS =~ (io ooe rypical example
babicu degndation that reduces the relative:
.ccss of one or more lIslt species !hat depeac
low siltation r:ues ano sill-free (<3% silt) ri
(Berlanano and Rabeoi (987).

Habitat degradatioo ClD be iofem:d by (j)
dence of inereued mormlley at any stage io a t
life cycle (eU-Ia-fry survival may d=
result of inereued sedimcnauion: J. lAPcrr
Universiry of Alaska. penooal communicu
(ij) avoidance behavior by fisbes (Suclwlek I

1984&, 1984b). (iii) raluced abundanc:: of ia:
and 'reduced qualiry 0( reariog habitat (Sian.
aJ. 1977bl. (iv) dccrcsscd size of laobenthic
u1&aoaa (Gammon 1970; Rosenberi aDd ~

.' 1977). (v)' reduced wiey of spawn; :
'. ;- <Hamiltoo 1961). (vi) dellyed lultchio........ ...t
.~': aIicl WUIl:1973l. U1d(viil disnJption of bo
'::';:'bab&~or aDd home _im=femlce (BraDJI....+.~ 1911: WbltIIWI et aJ. 1982). ;

~~;..~Ya sCvcrity of babiw damage is a ,cc

'~~\Z~~~~'?F

i~J.:••
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pOSUTe dur:ltioa (1-35.000 h). Except whea it n:­
fers specifically [0 duratioo, we use "exposure"
broadly 10 include dose. panicle size:.. and other
potential contributors to st:n:ss on fishes. In most
cases, data on particle shape and roughness ..nd
on water temper:lture were lacxing.
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SIN l:lexril'Oaa of _

TABU! \.-5cale of t!Ie severiry (SEV) of iU effects
usoc:iated with e.xccss suspmded sedimelI1.

Sew:riry-oJ:/lI·E:ffeet Sc~le

As before (MacDonald and Newcombe 1993:
Newcombe 1994) and in a ncatly identical wmy.
we scored qualitative response dala along a semi­
quantitative r.mJcing scale (Table I). Superimposed
on a 15-poiot scale (0-14) were four major classes
of effect: (i) nil effect.. (ii) behavioral effects. (iiil
sublethal effecu (a c:::uegory that also includes cf­
fern such as short-term reduction in feeding suc­
cessIo and (iv) lethal effectS (direct mortality. or
iu paraJeth.aJ surrogates-reduced growth, re­
duced fish densiey, babitat clMnage such u reduced
portUity.oUpawaiJ1&,Filiadcll)'Cd h.!cbia" lIlld
reduction in population size). WhCII thaa various
etfcca could be'Cclmpu= din:c:tly, pollutioa C1"

. isodcs &ssoeuted "";tb sublctbal or 1etba! effCCU
..... ,. ..

the duabase contained lime iofomuuioo about p'D'­
ticular species and life stages. The resultiag dose­
.n:spoasc model for aquatic ecosystems (Newcom­
.be 1986; Newcombe and MacDooald 1991) esu.h­
lisht:d a general priociple:.. but this modJ:l was bdd
'to be too imprecise to help fishery lIDd habiw
maoagcrs adc1re3s loc:a.l· sedimeot prob1e~ (Greg-
ory et aI. 1993).· ' ,

In an effon to relioe the geiu:ral dose-rcspejose
tDOdd, MacDooald and Newcombe (1993) eXtral:t­

.c: cd and aoalyicd data for juvenile salmoo from the
r reectIl literature. Tb=e data yieldJ:d. an equatioo

similar to !he' ooe for pOOled daIa. but the IWO
cunc:s differed io impon:ult ways. .This finding
c:szablisbcd a need to revisit the dose-resp<lo.se da­
iabaso so that models could be tailored to partic.
·w zroup5 of fistU:s as functions. of taxooomic
JI'tIlIIl, JWUnllUstory. life history pbase. and pn:­
dotttiuot sizes of the sediment paniclc:ll respoo­
sible (or ill effectS (Newcombe 1994). We have
Clldelvored to meet this need and p=t a melli­

analytic synthesis of dose-re:sponse data in this
pap:. losofar as this research provides new uo­
dcntmdiog of channel sediment impacts. it leads
iii discussioo of potential changes in the methods

aDd &Ws of quantitative impact assessment. S~e·
c:ifjally, the results en sugl:est the need 10 cbange

. the lDClIlods of dau colleaioa for eaviroamenml
law enfon::meot, (iil cU:tDOl1Str.ltC the value of
tIIClHJWysis .U a =11 mcthod in t1sbcri=
habitat impact assessment, and (iii) prompt an ex­
pressioa of concern about land use pnctices and
pruta:tion of instream. ripariao. and upland zones.

Methods

This srudy is based on 264 data triplets can·
sistial of (i) suspende11 sediment concentnUon.
(iil cilr.ltion of exposure, and (iii) severity at: ill
effca for fisbes. These dau. were talteo from a
C:OlDJll"hensive liter:uure ",view (Newcombe
1994; Newcombe et al. 1995). Supportiog data ex·
!nCUd from the review included tuonomic group,
species of fish. natural history. life history phase.'
aocI =limcot particle size "lOge.

We deane dose as co=tr.Uion of suspeodl:d
sediment (5S) times dumon of exposure: dose bu
the lIIIits mg SS·h,L-I. The natur.ll logarithtn of
do... is termed the ~trcss index (Newcombe 1986.
1994: Newcombe and MacDonald 199\; Mac:.Oon­
aid aad Newcombe 1993), Response is the severiry
of ill effect, dcsaibed belo.... The d~DIC
IlWIiz, which. is tho buiJ of d.ua pn:senwion in'
this rqIOrt, cocompusa all conibitWioDS of sed·

.'. imal conc:cotration (1-500,000 ml SSIL) aDd ex-
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,'also degraded habitat and reduced population siZe.
which is wby these seemingly disparate ill effeCtS
an: grouped logeUler in the hierarchy, For events
between the extremes of nil effect and 100% mor­
taliry, we assumed for modeling purposes that the
SlOventy-of·j1J eff= (SEV for "severity") scale
represents proportianal di fferenccs in trUe effeets.

We now incorporate all feeding reductions in
the cws of subleth.1J effects. and we set the bound­
ary between shon-teno and long-term reductions
in feeding success at 2 h. In practice, repans of
long-u:rm distnption of feeding rates encompass
800 h and more. We consider all feeding reductions
to be snblcmaJ effects (unless feeding reductions
can be linked to slow growth wben we treat them
as p2I'll1cth.1J eff=) because they redeet less a
clwIge in fish behavior than reduced availability
of food and reduced visual hunting l':1lIge.

Along the SEV scale. habitat damage l':1lIges
from moden1e to severe. Habitat damage can be
/:haracu::riz.e in biological or physical tenns or
both of these in conjunction. Biological manifes­
wions of habitat damage inc:lude underutilization
of stream l1abitat (Birtwell et aI. 19&4), abandon­
ment of traditional spawning habitat (Hamilton
(961), displacement of fish from their habitat
(Mcl...eay et aI. 1987), and avoidance of babitat
(Swensoo 1918). Physical manifestations include
degradation of spawning habitat (Slaney et aI.
1977b; C:derlIolm et aI. 199 I). damage 10 habitat
Stnlcnm: (Newcomh and Flagg 1983;' Menzel et
aL 19&4). and loss of habitat (Menzel et aI. 19&4;
Coats et aI. 1985). Biophysical manifestations of
excess S5 an: reponed (in one rypic:ll example) as
habitat degradation that reduces the relative suc­
,cess of one or more fish species that depend 'on
low siltation rates and silt-free «3% silll riffles
(Bc:rbnann and Rabeni 198;1,

Habitat degradation c;lII be inferred by (j) evi·
dence of in=ed mon.a.lity at any stage in a I1sh's
life cycle (egg-la-fry survival may decrease as a
result of increased sedimentation: 1. l..:IPeniere.
University of AlasU" personal communic:uion l.
(ii) avoidance behavior by Iisbes (Suchanek et aI.
1984a., 19&4b), (iii) reduced abundance of insects

and reduced quality of !Wing habil:1l (Slaney el
l1. 1977b), (iv) decn:a.scd size of zoobenlllic pop­
uia.r:ions (Gammon 1970: Rosenberg and Snow
1977), (v) reduced utility of spawning habitat
(HamiltoQ 1961), (vi) delayed hAtching (Schubel
and Willig 1973). and (vii) disruption of homing
behavior aDd home wau:r p",f~nce (Brannon et
aI. 1981; Whian&n et aJ. 1982).

Relative seventy of habiw damage is a cantin-

uurn on a twa-:dimensional plane (SS concentratiou
X duration of S5 exposure) in which an evCQt may
be minor (ephemeral or low SS concentratioll or
both), or major (1oog term or high SS concentra­

. non or both), or anywhere between these extremeS.
Severe habitat damage has been described by var·
ious authors, some of whom~ aquatic inver·
tebrates as indi=rs (Herbert and Richards 1963;
Vaughan 1919; Vaughan et aI. 1982; Menzel et aL '
1984; Wagener and LaPerriere 1985). Severity of
habitat damage caused by excess SS sometimes
has heen reponed in terms of the lengtb of time
required for the stream to recum to, its~
state-sometimes as long as 15-20 years (esti­
mated) after extensive coal mining (Vaughan et aL
1982). -
, The distinction between moderate and severe
hahitat damage is a matter of degree that srill bas
not been delineaLcd exact!y. Severe habitat damage
can be-characterized in its extreme by the absence
of fish where fish normally arc found or by sub­
Stantial reduction in fish popultion si%c.. as wu
documented for brown trout by Hcrbc:n et aL
(1961). (Scientific names of fish species an: givetl
in Table 2.) A pollution event that results in the
deposition of suspended sediment in or on spawn­
ing habitat during egg incubation might be con­
sidered "moderately severe" if the area affected
""ere a small portion of the total available. On the
other hand. chronic or acute 5S pollution that c:aus­
es substantial reduction in the size of riverine fish
populations (Herbert et aL 196 l; Stober et aL
1981) should be considered to represent "scvcn::~

habitat damage. Likewise. major 5S pollution d:lat
results in extensive deposition. of sediment on
spawning grounds should be characterized 7u Se­
vere habitat damage because its effeets could re­
duce the strength of an entire year-elass.

Habitat damage is a ,'alid description of the
hann caused by SS pollution. but it is probably an
abstraction insofar as ill effects operate on one or
more life stages of a fish's life cycle. Age-specific
morbidity and mortaliry roues arc fundamencal to
the norion of habitat damage. For example. habitat
damage may manifcst itself as foregone opportu­

nily for fish to use a portIon of a stream. Reduced

suitability of habitat could result in increasai age­
.pecific morbidity and moruJilY rates, or both. de­
pending on Ule focus and methods of a study. iUb­
itat damage~ Ulerefore. should be seen u an IC­

cumulative meuure of numerous (potentially un­
documen,cd) ill effects at various stages in a fish's
life cycle. II is • unique phenomenon in th&c ir CUI

only be studied in the field (in contrut to direct
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Group 2: adult salmollids; paniI:/e ri= 0.5-250
sun--Groap 2 (N .. 63) is & subset of group l.

Group 3: juvmile salmonidl::ponide Jizes 0.5­

75 JUIl.-Group 3 (N .. lOS) is asubset of group
I. In a few cues. sediment sizes wen: as large as
ISO IUD-. ~~

Group 4: eggJ aNi /AnI" afll1bnollidJ ewf ""n- t:

J4lmoflid:s; panicle sius O.J-rs jUIL-Group ~ (N =
.. 43) includes salmonids t!lIt'do not bury their
eggs, Nonsa!monids comprise species wt spawn e
in riven. lakes. 3Ild eStUari=. Sediment si1.cs ex- it
ceeded 75 ~ in a few studic:s.:·

Group 5: adult eJtlUlrinc 1lDIUD1mDIlid:s: porriclt a,
sil:e:.f 0.5-75 ........-Group 5 (N· 2Sl includes ,sev- rr
eral species believed 10 be pIflicl1larIy sensitive f,

",....__ 10 the effcas o( suspended !lCdimenc: these are
l~-:- footnoted in Table 2. Some _ sedimenu ex- b

:t."?' Cee;;:"d~;S6~ull ;e;~Walt~:r£AlmDnidJ: par-
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; ......~. .. For each group. the severity of effect (SEV. II.

~,''. IS-point scale. 0-14) wu ~greaedon suspended d
,~ sedimenr dose (exposu~ durszi.·(ED. h] aJld sus- 1
~. PClldcd sediment conulla-atinii [ml SSlLJ). Pr
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,,'j!,.~~c.:speeillc:morbidity and monality. for TABLE 2.-CommOllllld sciculifte ........ of ftsll species
-.'"lr;~ can be'studied in rlIe laboralnry l!J; ISld olllcr tau mentioned in this paper aDd the scdimeDr
;;~i:;~, ~ ill !be' flc1d);':Tbus the documented haml effecu moclcl($) to wbich tIley eOlllrilnllcd. Species
,>;,~ by exai:U S~pccialJy wben ir is Dnt Vti!bout • modd Damber ""'"' l>OI oued ill any model.

:',;;;,'kDOWlI' by direet.obscrvation to have caused an e-a- .­::w i.ac:niae ill mOrbidity tit mortality r.ues---an rca- ":'AttQ-:-:-..-.--''::lboy-:'I-----:..:.;.:=:..::::::--....::=:.
.~~. scm..bi,~~ in man: genc:ral t= as au. I""-'D)
~hiDtQi·dlDiagi:.'~;>' ' au. IGIIOIImauIIII
~~(1Ii:'~~"j~~_. au. faripal)

:"";"MDtUl'F~~·:'l. BIaefill

~"~.;;~P;~~·%base (see App~ndixTa- =_1
~~~~~). ~'IJ:OUPI~~ ?' fish data were Identified Dar=>
pt~m.:~samp1e:~, ~ large enough to sup­
..f;t~IDoddiDg;.:.I'be.m groupings arose from var- Fi&b

:,I:,.;'-;:iOiis.:i:aaliiswiciDi oUOur attribures: Wlonomic
·-:Jo::,1.· .... ,., . '1'.. ' .,' ,.. •• _ •••1 • FUb lwvnrwarer)
':~~up:.~~1¥c.~. and panicle size of
;,r,~ IlISpeadaI scdimcDt.::: ,. ",

~~17~F:"~~ (family ,Sa!moni~)
~~.wercjlliziapisbcdf'rou:l noasalmoDids. alrllougn

~~~~i#.p:~ n,o.t cxch13ively one or rlIe
i~"'~"·"'~,--':":;4i:.7~.' ' ..
~:Lifi..aqe.~C'aages were allocated among
~:f.tf~~ellt.··~ (rccClltly tlatehed fish.
.~.:.IDCIIIdiDI)'UIk- fry; that !wi nt)( passed through
~~~JbIal';~); juwnilcs (fish. including
~1tfry:~ smola; 1IW.h&d pa.ued through larva!,*m....mc.jtiDw but. Were sexually immature). and
t~GdIdii(-e,:.-~'!r7'If
~;"':~:Life JdIilIr:r;~ species were· eatego­
:~rizcid ~y:from anadromous alld freshwlllCr.....,... .. ,

\it.~dlIDugh these two groupS were combined
~':1 farGrIy JiIi stiies. ·:X;.,,· .
/?;...;~~ iiU.~The pl"Cdominant sizes
::~J;.Ot~ udimelI~'. panicles reported in rlIe
:.,;. dasaIiase~ ':'DIed up to 250 lJ.IIl. We cnl­
.~ .•~, laed.siza iIID two ear.eaaries separated al 7S fUI1.

>;f~ ~~ smaller than 7S lJ.IIl. small
,~CII01I&b ro ..... thrtnIp, gill membnnes into in­

>•.~ spaa:s of Jill tissue. This category in­
'!~.clades Clay. silt.. I!Id very line sand particles (Ag­
;/'ricu1nu1: Caada 1974). CxJnc particles wC1'C 75­
", ..;~~o IUiIc iA diam= luge enough to cause me­
• ,..:.~c:aI abaIioa of pus.,Tbis size range includes
;~;~,llnero:_ s&nd panicles.

~:'. Tbct six _ groups for which we developed
': '::JDOdeIa follaw. Species in each ~oup arc lisled in
, ,Table l:..~' j;',.
t', .,i.'Grot.,' 1:~c ·GNi 'tuI.W1 saJmonid:s: parricle
I".'·,Dza OJ-23J po.-Group I (1'1 ~ 171 srudies or Wbilrisll naul
:,. 'r:rpcrimeztaIlllilS) includes Atlantic and Pacific 1-__·_1 ...;....;.:::.::::.: 0:-

:.' ..~aalmoll, trOtII,Atctic lJ'ayling. rnounwri whitefish. • A _ ..Iy -.ow __ ..- ia Illo cmpin<:al _, fot

.... 'i aDd ninbow _It (a nonsalmonid), Some srudies •=--cno::: i_ widl _ .... __ lIw~_
, . deaJr. willi &. sedimeur 'as categorized above. ...." f\l..'-" aI. 19711~ 10 _ ilIII_'·
:' l,~ ·';";lII·_ sedimCIIt. and some with bam. ,-- l'CIJIlMd IOU_

'~~~~4i~\~-,
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T..au 3.-Aaribula. slopes aDd c:ocfflci...... and swisli.. of six models tha1 relate severity of ill .tree! em iishes
(z. 15-poiDt sc:aJc) lD duntion of CXl"'""'" (.r. h) and =trmem of suspende<l sediment (y. mgIL) in the form: - a
+ b(loL.tl + c(10 &.Y).

Mo<IoJ

Term

"'_121
r...... S S S S+N
1.if1l ....... j+ A A J E+L

U111llIIarT FW FW FW FW+E$
Salam porucle oizo" FIDe FIDe .F F

SIopa _ caeIIIdmD

1-=l" (0) 1.0642 1.61'4 0.1262 3.7<166
S..... of los.r lb) O.606ll 0.4769 0.7034 1.Q!146
Slaf- of 10&... (e, 0.73&4 0.73~ 0.7144 Q.J1I7

5lalillic:l

CadIlcio:al 0{

-(,:1) 0.6009 0.6173 O..l9ll4 0..l316
F.....uae 13O.2! S"J7 82.00 21.03
~(", <0.01 <0.01 <0.01 <0.01
~ t.iD(HI 171 63 108 43

'S-_IF i_'Y);N-_
.... - -... J - jaoeaila: L - lorno:: E - ens­
'FW-_md_ES -csmvmc.
• F - _ (F-m-y <7, _l: e - ..,..... ns-~o ,,,,all•
• Cam::saI for cIqI.- 0{ -....

N N
A A-'
ES FW
F F

3.4969 4.0813
1.96<17 0.7126
0.2669 lI.1!29

0.6200 0.6998
24..50 21.42
<0.01 <0.01
~ :::

Group 2: atbili saimonids: parTicle sizes 0.5-250
)UIL-Group 2 (N = 63) is a subset of group 1.

Group J: jll\lenUe salmonids: parTicle sizes 0.5­
75 )UIL-Group 3 (N = 108) is a subset of group
l. In I few cases. sediment sizes were as large as
ISO p.m.

Group 4: eggs and larvae 0/ salmoniiU and non­
sabrtonids: parTicle sizes 0.5-75 IU'L-Group ~ (N
,. 43) includes salmonids that do nOI bury their
eu1. NonulmoDids comprise species tlul spawn
in ri~. lakes. and estuaries. Sediment sizes ex­
ceeded 7S IJ.II1 in a few studies.

Group 5: adulr estuarine fIOlUalmonids: panicle
sizu 0.5-75 ,um.-Group S (N '" 28) includes sev­
cnJ species believed to be panicularly sensitive
[0 tile effecu of suspended sediment: these are
fOOllloted in Table 1. Some test sedimeats ex·
ceeded 7S lUU-

Group 6: adult jreshwQ.u, nonso{moniiU: pa,·
rU:u si:es OJ-75 ,um.-Group 6 (N " :::) iacludes
both lentic and lotic species. Panicle sizes ex·
<:=led 7S l'oIJ1 in some cases.

For CJlCh group. the severity of effee;t (SEV.
15-point scale. 0-14) was regressed on suspended

sediment dose (exposure duration [ED. hI and sus·
pended sediment concenlr.uion (mg SSItJ). Pre·
liminary analyses indicated that loSarithmic tnns­
fonnations of ED and cODCl:na:uioa proVided suit­
ably linear relation! of Lbe fonn

SEV = a .,. b(1o~) .,; c(log.,mg SSIL);'

intercepts (a) and slope coefficients (b and c)

emerged from the liering exercise. Commercial
software was used for the regressions (TableCusve
3D: Jande! Scientific). Coefficients of determina­
tion (,.::) were adjusted for degrees of freedom (,z
'" 1 - (sum of squares due to error!/{sum of
squares around Lbe mean/). The software also gen­
erated F-swistic:s. p-values. and 9Se;;, confidence .
intervals around the SEVs. Although arithmetic

. values for exposure duration and concen=tion are
also given in the Results and in the Appendix. the
models we present are based on logarithmic trans­
fOmlJlnons.

The regressions. having been fitted to the data.
become predictive models of [he fonn

z - a + b(log..,rl = cOog.,)').

for which : is calculated severity of ill effect
(SEV)• .r is an estimate of exposure duration (ED).

and y is the concentration of the (eStimated) pre'
dominant suspended sediment size (mg SSIL).
These predictive models are numbered 1-6 to cor·
respond with the dati groupings already de.lcibcd.
BcullSe of seaner even in the fitted data. the pre­
dictive equations CaD yield sever1ry-of-iII-effect (:)
values grearer Ilwl 14. which already includes Lbe .

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

PredicliollS of ill effect.-The regression equa­
tion filled to <:lch of the si .. d1u groups provides
predictions of response within the matrix of coo-

I Davs I WeeKs

71112161217

rlCUltE I.-Connnued.

O.B 0.8 0.7 0.7 O.B 0.8
0.7 0.6 0.6 0.6 0.6 0.7
0.6 0.5 0.5 0.5 0.6 0.6
0.5 0.4 0.4 0.4 O.S 0.5
0.4 OA 0.4 0.4 0.4 0.5
0.4 0.3 0.3 0.3 0.4 0.4
0.4 0.3 0.3 0.3 0.4 O.S
OA 0.4 OA 0.4 0.4 0.5
0.5 0.5 0.5 0.5 0.5 0.6
0.6 0.6 0.6 0.6 0.6 0.7
0.7 0.7 0.7 0.7 0.7 O.B
O.B O.B O.B O.B 0.8 0.9
0.9 0.9 0.9 0.9 0.9 1.0

3

0.8
0.7
0.6
0.6
0.5
0.5
0.5
0.5
0.6
0.7
0.7
O.B
1.0·

Hours

HaIf·95% confidence irTtervaJs (±)

around caJallated severity-of-ill-effecl scores (above)

Juvenile and Adult Salmonids

Duration of exposure to SS (log. hours)

FISH RESPONSES TO SUSPENDED SEDIMENT

a

0.9
0.8
0.7
0.6
0.6
0.6
0.6
0.6
0,6
0.7
0.8
0.9
1.0

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

- 1it~sholds oj ill <ffeer.-Display of empirical
seYer'i!y-<lf-eifect scores in the dose matrix pennilS
estimation of the minimum concenlr.ltions and du­
ruions that trigger sublethal and lethal effecu
(pauel A of the figure for each group). For this

PtIl"ose. unpopulated cells within the data enve­
IClIle Ire assigned values by manual intef1'Olation.

... Thresho~<h tblU estimated from empiriaJ dau of·

.l~r:·

,..

'.:':
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Average empirical seventy-of-ilI-effeet data for
group I fill 56 of the 143 available cells (Figure
IA). Data an: widely di.snibutcd. but thresholds
for the onset of subletbal and lethal ill effecu can

be inferred within broad limits. bued on manual
interpolations within the data envelope (see gray­
slladed zones without and with borders).

The full matrix array of severity scores predicted
by model I [Table 3. Figure 1B) sllows regular
increases of response imensiry with sediment dose.
as t:spected. Predicted thresbolds of sublethal and
lethal effects.(terT:Iced diagonals) have similar ori­
emations 10 those inferred from empirical data. but
they gener:rll y occur at bi gber sediment doses.

NI!WCOMBl: AND JENSEN

3'·

Results

..... ','5..

~CSllO- inOdels fined to· the empiriul
. data' groups were all hilhJy si!ftlificant (P < 0.0 I)
.:uId IIXOunted for 55-70'il> of the variances [Table
3). Avenged emPirical data on whiell the models
an: bued are displayed in' panel A of Figures \­
6. Paue( B of Figures ·'1-0· lives the model·gen­

ented risponsi:S .(lJIl1:r:onfldcDee U;t='Vals) for Growp 2: Adult Salrnonid.I
. each.ci:u of tba dO~11SC matrixes. These Growp J: J"vanil. S-almDnid.I • -..:',

panels prOvide '..iC:i of ~loOJt-up urbles" suitable Group 2 data fill 36 widely scanered cells of the .1 Avenge severiry-of~effeetscores for group 3 fill
for lield Use it!~ UsemnC1lt. Superimposed I-13 available in (he empirical matrix (Figure 2A). 37 cells. most of them clUStered 11 exposure du- "
oa dieDi arc predicted tbrr:shoJdJ of sublethal and The thresholds of lcthaJ effect predicted by model ,.' rations of 1 h and 2 d to 7 week.! (figure 3A)~ M Wr1
led1&! etf'eclS' baed Od the respCltlSe cstegories in 1 (T.lble 3; Figure lB) are similar to the empiri· for :adult salmonicls. predicled thresIlold. (model mal
Table' 1•. RespoaIO. juifacCs resu1tiJ1g from the cally inferred threshold (Figure 2A). but predicted 3: Table J; Figure 3B) "'en: similar 10 empirical clus
models arc:sh~ ia·'F;.,ua:7-I7. Data are de· sublt:thal effects emerge at slightly lower sediment ~,'. :~. thresltolda for leduJ effecu but lower tlWt cmpo- Sub
rived from sOura:s 1laed. hi tbc Appc:lldix.. doses tban implied by empirical data. .~ .~ ical ones for sublctba.l etfecu. ., .. piri

.'~ ',I":: , .. ".~.;.,:\ ~ ~"''h.''.',r..:. " ';Z: ~ • I. ~.~ ~~eo: "':'l.-i".;.\ ;~!:;l .•'... • • -:. ., _ ' .

.~ '. :;r~~;ttf~1.t~,~~('~~,·e , ' .. i/.,., ~~.~';'~/~'..:~·:.~~~:~_·.rl:K': :,. '.' .:.
_.·'\.iI~.·:·II:··.~~~~~~~~~~~~~~~-~:~==- ---------
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Half·9S% confidence intervals (:1:)
around calculated severity-of-ill-effect sc:cres (above)

FIQUllE 2.--Canunucd.
J

Grollp J: JlIV~lli/~ Salmonw

AVC:r:1ge sevc:riry~f-effeC'l scores for group 3 till
37 celli. most of them clustered at exposure du­
l'll:iOllS of 1 band 2 d to 7 weeIts (Figure 3Al. As
fQr adult nlmonids. predicted thresholds (model
3: Table 3; Figure 3B) were similar (0 empIrical
tbre.sholds for lethAl effecu but lower th.an empIr-
Ical ooes for subletl1a.l effecu. .

Group 4: Eggs an4 Larvae of SaJmOllids an4
Noruaimonids

Avenge severity scores for eus and larvae of
salmonids and freshwater :md esruarine nonsal­
monids nil 23 cells (Figure 4A), Most data are
clustered in the exposure mterval of I d10 7 weeu.
Sublethal effecu thresholds "'ere estimated em­
pirically. but they were not recognized by model
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generaled in lbis SlUdY.~ usefnl~tions ~ r:hcir fUI:
daily work.. The discussion beloW focuses 011 (il. ••
Validation of the models. (ii) lbc doa.c-resp0ns4,
pattems of ultrasensitive spec:ies "and lifc·uqe::s. _. ..I

(iii) polential new options in avironmeJital law
enforcement, (iv) lbe role 0(. nicD-analYlia in, !he on
flndlngs of this slUdy. (v) pouible~~ 0(. Cre

. "J,~ "'~

.},t~~i·r~;;;;·~.·" .~~.
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Dlscu.uloa

Fisheries biologisl.S. habiw prolCCtion special·
islS. and en(orcemenl officers in llWIy pltU o( the
world may find thaI the do......~polWl equations

Rap",lS~ Surfaces

Dose-response surfaces based on models 1-6
.... sllown in Figures 7-12. We think il importlUll
to empbuize lbal only models (I). (3), and (4)

address early li(e slages in some form. Many slud·
ies h..ve shown thaI early s1.8ges (some SLages of
ell developmenl through young juveniles) are
more susceptible 10 toxic:anlS and other pollulaQU
lban older juveniles and adults. The response sur­
faces (and prediction matrixes) sbould be judged
by the data available 10 develop them.

:.~:;;·,,~.FIovu3.-I:apiric:aJso-i'Y....f·iI1-effea scores for juvenile salmoolds (fresbwa'er. group 3)..,d scores (with
J:;:'!.fbaJl-gs.. COII&IeDce-iIIternls) pr'OCIiaod by model (31, Convemioos are those of Figure l.

,~~·.~~~~~;.~~}i~:~.~~·~~~~~;'~::;··~:·~.;~'~. ~~: '.--
,:,.. , .... (Table' k Firure 48), which generated no se· environments provided average severity scores (or
::. '. '.verity sconi lower t!wI4. Empirical and predicted 15 scanen:d matrix cells of the 143 available (Fig­
I~: .~t ~Ids o(1efJW effect agreed well aDd occurred ute fiA). Model 6 (Table 3) generated leth.al effecu
·i:·<~:~~.1ow ~':~:' .",,: \'\.'''. 'tlIre:iholds that agr=d well with inierpoWions o{
t=~': '.~'~'o:'..~;:.:.,~.:~.; :····.·:-..7::':.:(.-:.... '.;' empirical diu {or exposures of 7 d to 7 ween
;~;~: .. ~~:!,~.~EmwiMN~tIJIJimD~ (Figure 6B). Although sublethai ll1tuholds could

.. ...•.• ~ AvenllC ..,.mry....f-effect sc:on:s for at leasl 15 be illferred from empirical data.. the model iodi­

...', ':.."'ipeCia of esIariIIe tlshes filled 2J o( the available cOIled thaI they lay beyond the matrix-below con­
;' '. 1541D11Jtt cells (Figure.SA)_Mon of the d.1ta centraoons o( I mg/L, exposure durations of I II.
. .represeu 1-6-4 exposan:s.f,.:t"? or both. - --' .
. "'~ . Model S (Table 3) wu deVeloped (or only the
,'... sevQ ipcCa represented by adequate data. These
'. ". seven are beIie'fed to be relatively more sensilive
·,··ID lbe ill etfeca o( suspended sedimenl than the

i- .. Ocber'spccic:s iii the database (Table 2). PTedicted
" .,;. dIri:sbolds o( IelhaI effect (Figure SB) tracked em·
. pirieal thn::sIIolds well (or exposure durntions less

dwI1 d: bodu:slimar.es iDdica1ed thallelhal effecu
..;.. oa those'sauili"e species ~ult from slio" el'
;. : pomri:s iO a wide l"I!Ige of Sediment ~o'ncenln­

QOIIL Sublahal dfca thresholds Iller!:' Consider·
.: ably clOser 1lIa origin in the predictive'm.aD"ix lban
. in !he empirical m&lrix. . "':.' '.,"

,,~\ -).... ··/<Il·~r .... ,+1" "i"_ _ ..... ."
'. !~:'G~;P6; ;u.,bF~aur NatU.;JJ; ..
....;.:. Ardaavetiimau sample p( s=am and slill­

": ,.' '- lUbes ill cold, u::mpenu:, and warmwaler
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small panicle size Uld relaa.cly cool wata- re;
could el:plain the abseDce of dired lcUlality in the ct:
Bella Cool&. ..::~-; (5

Fourth. juvenile ulmonici.l (cltinook salmon.
rainbow trout. and mountain wbirethbl = Iiloug~' rh'
10 seck refuge-an avenge of 9 cl for ale~ w· ;0

chinook salmon-in a small normataI tributarY 01 oi
the upper Fraser River:. pemaps lO avoid unsuir.able in........

.~:~:.:~~,;i.:~~2~~~:

....,..

~.

~
~.-
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L
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I
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duced growth rate) and mortality data that are
l1ighly consistenl with the predictions of moc1cl (4)
(1. Swet:ten. Ashcrwaod Environmenlal LcanJing
Cenlre. penODaJ communication).
. Third. aD invem: relaLion.ship has been docu·
mented between sediment concentrations in
stre:mu and maximum sa.lmonid densities ill lIu­
vial ltabitatS in British Columbia (Ptolemy 1993:
R, A. Ptolemy. British Columbia MinistrY of En­
vironment. I.••UIIU and Parks. personal cOll1llluni­
carion). For example.. the density (Dumber of fish
per unit area) of juvenile c:lsinook salmon and stet:l­
bead that rC3%' in the rurbid maiD slem of the Bella
Cuola River (Britisl1 Columbia) is lower than
would be expected in clear water. Rcarinll occurs
in June. July. and August. During this time. rur­
biclity averages 21 nephelometric unitS. suspended
sediment coneenlrlluon averages 6\ mg SSJI... pu­
ticle sizes ate smaller than 75 lUll- and Iile ,em·
pco'ature range is ll-12"C). Reduced flsb density is
consislCDI with the range of ill effecu-low par­
;uethal rankings-pTedicu:d by the models. These .
res~lts racitly ad:nowledge the role of exeeu sed­
iml:nt exposure-particularly conecnrration and
dUI-ation-u a facta!' in the productivity of sa1Jtlon
stn=s. Twa exrenuating fllCton-rclatively

NEWCOMBE .'1'10 JENSEN

Duration of exposure to SS (log. hOUrs)

I 2 I 3 I 4 I !i i 6 I 7 I 8 I 9 ·1 10

Average S8Verily~f-i1k!ffedscores (empirical)

Eggs and Larvae of Salmonids and Nonsalmonids

~"3~ ·'59874· ~~, ~

. ;;~~;~:$~1 ;;1':. ;::?i:I;;,_""",,::'::'-~=
~~~*r'~} ,,2981' ~..::.. 4 ~

~~~f :;~!,~ : :~ :~ 13 12 13 ~ •..

:.tl'#;;"8·':'~ ··.-55 "l , - ~; g

111&~i~!.: _~' ~- .....
;~::-l'laou 4.-EmpiricaIlII"Iairy.of.iIl....ffcet sam:s for CIP and h.riae of wmonids and nonsalmonids (freshW1l""
...·r~Ud·ecariDe,;.pa.ip 4) and ICCreS (with half·9'~ connclencc iorervals) predicted by moclcl (4). ConveoriolU are
··~t!~·~~~,I~'~.~ioocIeJ (a. ~pper matrix) recolplized no threshold of sublethal effecu.
~~;,ti~·<-ij~:~;[.i:~~·:·;~~~....;'~:: .'
::~ ,"_,.~~...,. •• I'~.' <. ;,~ ~~~I'o ,;,f...,. .

·;~AjleStinlaIl4.~C:Dwn of~ models-is boUlld
~~':;.! to be. a .slow jll'OC:l:Si' However. in the brief time
, .. <IT ;.... ..... '... •

·:';t~~ ..~oo;ottbc data-gathering plwc
•.,·.;:.of:thU audy, some De'lII data have emerged.
~{~ftFi~'ciibl)iidinoo'rry(meaD weight. 1.9' g; N.. ,ii~ '" " :,' .. ..... . ,. " .
.:.,,·,\,.a.l0lisb).. wbeu1posed to suspended sediment
~:.;'t.L'ia"·=c:i:DUuiOll0(5;471 ~g SSJI.: for 96 n..
;·;:;t-iumijj;;i·~~l'UI: of 10% after they !wi
:·~bCen bddiii~wuer.at..18.rcand 9.7 mg ~IL

·::·r(j.O.TJ~ uDpQblisht:d dual. This mortality nile ex­
.' ~:jm:Ssed U ueverityof ill effect (with ref~nc.

:.:'.:.~ Table I) is SEV ""'..10. Severity of ill effect :u
~)/prcdie:ted "". madeJ:' I. (SEV '" 0.7262 ...
'? O.7034loRJ96 bl +O.7144{log,.5,471 mg SSIL])

~·'.:,",=,~~O~09. 1"bae va.lues agree closely and lend 10

'.:::.Validate this IIIOdd. SleelIiead (N - 10 l. simi Iarly
:' :::'~~:bad O'J,:mOtullty~ This resullloo is con­
': ~ slslent..nth lbD' ptedictiODl of the model. beC:lU5e

~>~ -.10 iqnSall 0-20% mort:Lliry. and the
:;':~.lI:St tbb. cxbibitlCd behaYion of severe sublethal
.~~: ;.,saas.. ,.~;: .....~,:' :::':~::""'7':; ':-~ ... :" ,.
~<::;; SCc:Oud.'araniI~ study of effectS of
~,YiasPcnded baIalIile cay (l~S-foUII diarneten) on
. :/i.rYa1~aoiiUl-id 6sbCs (smallmouth bass. large­
~J§Otidi~UlIll1uqm)In WanD water (20-U'C)
·i·;~1saa produccli~WtenI sets of motbidity <UtA (re-

r/?~ f':;~ "'~~;t:t':.



small particle size and relatively cool Water­
could cltlliain the absence of direct lethality in the
Bella Coola.

FQunh, juvenile salmonids (chinoolr.: salmon.
rainbow trou!.. and mountain whitefish) an: thought
to s<=r. refuge-lUI a..engc of 9 d for alle-(} wild
chinook salmon-in a small nonna<aJ tributary of
the Ilppcr Fr:uer River. perhaps to a..oidunsuitable

:/

,.

70S

10

rearing conditiolU created by high. narurally oc­
curring sedirrtent loads found in the main stem
(Scrivener et ai. 1993).

Although thC$e r~cnt findinss lend to suppon
the predictions of the models. the well-doc:ument­
ed ZOO(1 health (as indicated by acceptable T'lI1l:3

of growth and survival) among salmon juveniles
in turbid estuarine waters remains unexplained.

Duralion of exposure to 55 (log. hours)

FrCURE •. --Contlnued.
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FISH RESPONSES TO SUSPENDED SEDIMENT

Eggs and Larvae of Salmonidll and Nonsalmonids

. Average severity-of-m~fIectScores (eala.dated)

Half-95% confidence interVals (:1:)
around calculated ~ll-effect sccres (abave)
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Ibe need (or addirional field wort by wbich (Q cums.
i-Uhcr physical evidence aboul llIelWW'l: and se- Ivoia
Verity of the ill effc::u. This new apacily 10 maJ<e ""en
iDferences-an unprecedenled development in the. ;a'
field o( channel sedimenl impa.etS-<Dighl also in- '~al

tluence the goals of a prosecution. • 'of ag'
Impacts on fish popUlations expoood (0 episodes cagea

of excess sedimenr may vary accordiDllo llIe cir- . any 01
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Environmental Enlorc~m~1I1 Is.su~s

n:quircd 10 reach an end poinl (e.g~ lethality). and
mighl indicale lhal the physiological and physical
J'\'OCcsscs involved in homeostasis are more sen­
sitive 10 exposure time !han [0 swpended sedimenl
cllncenttalioDS. It is reasonable to speculate futtiler
that the sequence of evenU leading to a lethal end
!Xlinl (for example. severely abrnded gill tissue and
a.uoc:ialed loss o( capacilY for ion regulation I.
once triggered. would nOI easily be hailed or reo
versed.

Fisheries biologists and enforcement personnel
can. as pan of an invesligalion. documenl lhe sed­
iment concentration and duration of exposure. and
they can use these data (0 infer the mOSI probable
se"enty of impact. The dose-response equalions
alone arc sufficienl for this task. BUI the "Iook­
up" cables (het'C., Figures 1-6, panels B) simplify
the wk even more; they arc based on the equa­
[iolls. and they supply ranges of inlerpolalion and
c.xu-apoJalion and confidence intel'YaJs. They m1lre
il possible (or tield worken readily to distin/Plish
ben~een minor and major events in the broad can­
reXI established by the dose-response mamxes.
Thill knowledge can contribule (0 decisions aboul

NEWCOMBE AND JENSEN
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.. ._ .•L.........:.:::::::.:._.J....---=~_,..l.-.,,;.="'-l._=~_

I:':: ::+;£FlOi7Q 5...:.empiricaJ ....wmY~(:ID.etrcCt .cores for >dull nallS&lmoaids (estuarine. group 5) lnd scores I willl
':. ·e"·ba1f·~" coa&IeDce iDlernJa) pmij~ by model (51. Cot/venuans arc lllose of Firure I.

r::::r~~~~.:3~~i::;;/i:·:;~_,.'~~~~;:,y' _
.~ -~~ CQIISjdentiQDI relevaur 10 Ibis "anomaly" include
i~ 'Ji) Iiul exIr'eIDi:iy tine Icxcire of suspended sedi.
r -, (geDenIly IIIUCll smaller IbaD 75 pm); (ii)

!'.' ,,!be reJarively. cOld III.1emPefanu=; (iii) Ibe p0­

i ,'~ laIIial,fodavanble pbysicochemical cffCd.S sucb

, ,:, : II 40CClli1ri011, which could' be enhanced by the
.: .~. c:bemistr, of lncki1h Wiler: (iv) beIIefidaJ be·
I :'. haYianJ adaputiOIU o(juvenile saImonid.s; and (v)
I ._.,!be SlIiWriliIy of reedy habiw. when: average sed­

i' ... iIIIcIII collCl:lllnlions and average panicle size may
'. be fartbeueduc:ed below Ibose found in II'lIditional
, sampling sites::
. UlrrauruUMry ofSom~ Sp«i~3 tJlId Lif~ $108113

Rapid esala.tian of ill eff=s on eggs. larvae.
&lid fry (Figwa 4. J0) and on some adull fishes
of !be cstuary (Figures j. J 1) as duration of sed·
imenl uposure iIlcreasc:s sugge.su tlW the mech·
anisms of self-pracrva.Qoa in u leur some estU­
&riDe fisbcs are ·easily. overwhelmcd by' the pres­
cncCof suspeIIdal sedlmenL This pmem implie3
Ibc~ of ID abnJPI tIm:sbold conc:etltnrion
of SlISpCSIded JCdimcDllcading 10 ill effCd.S in ul­
lTUeIISioyc species and life Stages. ,.•. ,

If lhis in(CS'!:Da is COtTeCL Ibew: dose-f'CSponsc
pancms miJbl be eJtplained in tenDJ of the time

I"~ l,djJ~i~~J:i:';;- ....

!
i
I
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FISH RESPONSES TO SUSPENDED SEDIMENT

Adult Estuarine NonsaJrnonids

Duldtion ct exposure to 55 (log. hours)

Average severity-of-iII-effed scores (calculated)
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Half-95% ccnfidence intervals (±)
around calcUlated severity-af-ill-effect scores <,above)

8103
2981
1097
403
148
55
20
i
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F,eURf 5.-Connnued.

the need for additional field work by which 10

gather phySIcal evidence about the nature and se­
verity of the iJl eifects. This new opacity 10 make
infcn:nce:s-an unprecedented dcvelopment in the
·field of'channel sediment impacu-mighc also in­
Burnee the goals of a prosecution.

Impacts on /ish populations exposed (0 episodes
of excess sediment may vary according to the cir-

CUmslallCC3 of the eVent. For example. fish tend to
avoid high coneenmuions of suspended sediment
when possible. Thus. I pollution episode capable
of causing high mortality (e.g.. of sac fry) or giJl
damage or starVation or slowed maturation (e.g..
of age-o fingerlings and age-2 juveniles) among
caged /ish (Reynolds el a1. (989) might nOI cause
any of these direct effects in a wild popUlation that
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background lcvels by stDll amounu' (sec u w ­

're\lee &nd Scherer 19"14: S.,enso\l.1978: Gndall

IIld Swenson 1982). "
Pros«ution ha.sc:d on tbcsc rules has bet

couful because Che incrcasea cona:atnIion.' -"
known 10 harm .qu.atic life.. Su.r;b evidence
abounds. but penains laqdy 10 illvens:bra1e ?OP­
ulations (fish foodl and priaW'yproduaion (phy·
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Four provisions of existing legislation and four
potential goals of prosecution are convictions.
fines. compensatory d.Ilmages. and remediation.
When the slate's purpose is 10 secUre a conviction•
a single water sample may be che only evideoce

required. In sODle jUrisdictiOIU, waler qtalilY cri­
teria ma,r be lUcd to identify potentia1 episodes
of 55 pollution by a tandem system of ~shol~.
Typically these guidelines swe dlat 55 concen­
tr.Ilions should nor exceed background by more
than 10 mg SSn.. when background is less man
100 mg 5Sn.. and DOl more than 10% when back·
ground is equal 10 or grealer tnan 100 mg SS/L
(Singleton 1985·a. 1985b). This tandem system of
thresholds-based on litl:nture reviews specifi·
cally intended 10 document the oature snd sever'
i!)' of ill effeet under these conditions-is com­
mendable becaule il rceogniz.cs the seuonal pat­
terns in suspended sedimenl load of natunl
streams. However. these guidelines do no! purport
10 deal with the inherenl nalUre of sedimenl &S 3

deleterious substance in aquatic ecosystems as
defined by an acl of legislation. Nor do they pur­
port 10 detect Ihe leut change in concen\l'2tion
capable of causing ill effecls. Various resesrchers
report ill effeclS when concentrations exceed

NEV/COMBE AND JENSEN

,'.

'" '" ',' " Adult Fresnwater Nonsalmonida

I~~;:;};r;gi A~~~~:~:·(~".--.,."....,
'''~~ .·.. Jt 162755 10 10 " ,'12
t~~~:;:· ,-:.?i: .,.:~:- . 59874 • - 11
~....~~ .... , ... ",:,~;'~ i;'-' 22026 10 -, 10
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!t,~~q!,: 1
,..1i- :'-'" '" B .20 3 .
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':.4'~,,,~. ~~ ~ . 1

~:c~~;, :, "',_, :
I\'l:i":~ &luu 6.-Empirical &e't1:rity-of-iIJ-effea scores for adult Donulmonid.s (freshwater. voup 6) and scores (willi
k~baI(-~'"COlIlidea= ina:rY1.ls) predicted by model (61, C()nv~tions are Chose of Agul'Il I. exccpI \be mocIel (B.
":::f;;-: 1Il'P"I' 1IIaIri:1) I'IlCOJDized DO tlnshold of sublethal cfteca. ..

}~$..>-i.-': ,".j'r~'/:~ :;.-
,,:,:)t,is, frano lDove,e1.sewllc:re in the Stre:ml system.
.... ,:~::Abs=ce of. dead'lW1 (notwithstanding reduc:d
~.~-eu~fry surVival) i.l. ·however. nOI nceessarily

.,:i,:..all iJldicuiOQ of abSCltce of harm. Indirect eff=:.u
~~7§orstdimenarioll-lou of summer habiw for feed­
li'<¥J.ns.llld n:produaion-may clltWeigh the direct ef­

:,r~!' fccts JCCll ili ~ged tisb (Reynolds et a1. 1989).
;" ::':Ihis dichotomy has pnctic:a1 implications for ell­'" < fort=Deltt. AD investigation during a pollulion
:>':;:::'eveu1 ~u1d ilttempt 10 document suspended sed­
~" :k imezu concenll'ltioll.S and durations for possibl:
:, ':" ,usc willi the models given here.
'" .*,\::~,HoweYo:i ill the aftermath of a sedimeD! pol.

I... .': lutiOD CYetlt. the investiption should switch it~;
',-'" : fOCll$ &lid plher evidence of sedimenl deposilion.
~~~;rCbauges in streambed composition resulling from
c.'~·:t ,Ctcess sediment are usually manifested as changes
;~ iD;panic:le size composition. Subjective methods
:~,:;, fOt usessmg the C%lent of sedimentation exist. Ob­
':'j~jectivemetbods are being developed (Kondolf and
:"-;J'LlI992: lCondolfand Wolman 1993: Po!)'ondy and
r(;';':,lurdy I99S) IIld could be used in place of or in
~~:,:- CoDJUnc:tioa with the tn.ditional methods. Photo­
:;.£."'rnflhic Illd videollf'llpbic recordJ are invaluable
··,:.i:Zf!prdless of the Streambed survey meChods cho-
\'~1ClD.' , . __
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toplanltlon and periphyton. the source of energy
an which invertebrates may depend) (Newcombe
1994).

However. [0 the extent that legislation empba­
SIZJ:S the existence of an impact. or the probability
of an impact. Its primary goal is to secure a con­
vIction. Scope for additional pcnalry-fincs. com­
pcnsa.!ory dlmages. lI1d remedilltion-deJ)CndJ on

rlClJ1l£ o.-Continued.

Half.95% coniidenC8 intervals (±)
around calculated severity..of..Hl-etfect scores (above)

bacleground levels by small amounlS (see Law­
rence and Scherer \ 974: Swenson t978; Gradall

and Swenson 19821.
?roseculion based on these rules has been sue·

ce.uful because the increased conCeDlr.llions arc
Clown to harm Ujuatie life. Sucb evidence
abouDds. bUI peruins largely [Q invertebr.lle pop-

ulttions (fish food) :uld primary production (phy·
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especially conspicuous for the yoangest age-clw­

es (eggs through young juveniles). The pooling oi
Iile stages required for these models--eggs with
lanae. youog with old juveniles-doubtless ma.sl:s
imponanl thresholds of susceptibility to suspended
sediment. Each deyeiopmentai sa.ge should be
identified and trealed separately (or the purpose of
developing uniquely age-specifiC :md size-speciilc
dose~ponse pronles.

There are pr:lcticaJ reasons 10 lOUe such dis­
tinctions. For examplc. anificial SJl.twning chan­
aels must be clelllled annually. Gnycl cleaning.
which nises a plume of silty wuc:r. therefore must
be carefully timed to minimize ine potential ill
effecu. Susceptibililies of resident life stages [0

sediment must be I<nown..
. Thresholds of sublethal and letlW effeclS must

be itnown more precisely. Our ualysis has shown.
in panicular. that sublethal effeca thresholds are
poorly delineated for most groups. Finding useable
data is I c:!I&Ilenge: we rejected many studies be·

FIOllU B.~~pcmsc surf.... dt:scribinl the se~crity of i
... fDDCtioa o(..suspc,uled lCl!.immll a.c:Dlntiou aDd duntiOll 0
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10 short. the dose-resp<lnse equations proposed

in \hi:1 rcpon m.ake il possible nOI oniy to identify
the existence of B. pollution eyeol-lbis informa­
tion alone being sufficient to secUI"C a conv\ction-­
bUI also to 'document' the s~V~riry of ill effeet in
support of additional penalties.

FUlure Researr:h

The dose-responsc modeb in this synthesis are
only a beginning. Many gaps remain. Gaps are
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FIOIIU7.~ s:.;r~ describing the ",'teriry of ill e(fect for juYeuile aDd adull salmonids (fresh­

walCI; JIOlIIII)·iis I f1IlIctioli of saspeoded sediment Coac:cnUlllion and duntion of expoaure (model I)::: - 1.0642
+ 0.6068<101.%\ + 0.7314<1OL..).. ~.'

-;-.. :'. :.....<::.::;:2~}r~~· :~~:ii;:i.:::;;'<~·
analnlilY 10 demonstrate Iwmful effects. Dose-

I reSponse models c:nhaJlCc this apability.

I It is difficu.1llO OVerswe the value'of time seriesI WlteI' qualilY. em..: but lben! an: some Idnds of
! pollution cpilOcles in· wllic:!l olber evidence might
I . we prec;edcDc:e. These instances could be classed

I· as C2Wtr0pbic eYelllI in which ooe or more of the
following conditions prevail: (i) the pollution d.am- Meta-analysis

r age is sr:ven:., .or exleDSive audhighly yisible- No single researcher could have aspired to con-
'! blanUtiog by silt. for.' CJWIIple: (ii) the ex lent of duci all the field work represented in our d:ltabase.
" harm is 10 be cOllfirmed bY field· sludies designed However. the colleclIye worb have value beyond
~ and condoe:t.ed far the pui-pose (~pccial)y releV:llll anything the original authors could haye envis­

for streams on ..bieh pn:v;ous wort. has been aged. To the extent that this synthesis informs thc
done): or (iii) ~ Pollutioa 'Cyeot is detected after scienc~. it demonstr:ues the utiliry of meta-anal­
lbe faet. io whicb cuc··ibe'"optioo to sample sus- ysis:u a way to shed new light on old problems
pended st:d.imeltr is:forelone aJl'Qdy. Notwith- by uSlllg eXisting dalJL Limitations of the database
sunding these-'aa:ptio.is: effOrtS to 'Collect se- C:lll be o~ercome WIth funher study.
quentiaJ WlIIl:r samples dtin~1 i poUution episode
may be the mOsr COSI-etrectiy~ option. especi all y

. whetl CODl't lines. compeDsatio·o. and remediation
are high-prioritY IQ&la. . ; .';:: \ .

. .....;~!~~r::;§: :;'~~';;





"lh
piC

tice
are:

an
de
h.
or
bo
r.!r

of
in
pi,
es

Ee,

.\'

th
so

o

~'10

~. 8

'0
>. 6

.;..~
"~~: 4

(/)

.~~
.~~

.~~.

~
FISK JU!SPOIISES TO SI

'!'i'-;.
~ t •

Eggs and LaIvae of Salmc
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FlcUIl£ 10.-Dose-<'CSPC;..... ...uee clesaib;;;, tile .......,.,
nol1S&lmonids (freshwater IlId .-ilie, 1l'O"I'.) U I fllncu
of exposure (model 4): : - 3,7466 .. I.~) ... 0.3 I:

.' "¥-.;
ticlcs mJly end up in various·tissaes. the spleen is
a major repository. The spices of some fishes
exposcd to fine sedimcnt becomc mincnlizcd [0

the extent th.:u the tissue damages the cutting edge
of the glass rnicrolome blades (Goldes 1983; S.
Goldes. Malaspina College. penon&! commUDJ­
Clition l. Thus. phagocytosis of line suspended $Cd­

imenlS could trigger a sequence of harmful events
within the cells of a fish's body leading 10 ill effects
that are only partially und=ood tocay. Invuive
panicles may be the biolog~eal c:quivale.nt of a Tro­
jan horse: lurmIess wben on t\le ouu,de. ~as­
rating when on the' inside. 1'amorigenCSlS. es·
pecially :unong groundftsh thal dwell in twbors
where sediments may be coniaJlDnated by storm­
Water runoff or by industrial efancot. mAy be on~

sueb latent ill effcct yet to be liU.cd to lbis. pb.
nomenon. ".:..... ~, ..;. , .-J:.'}\

Wal.r tl!m~razll"".~evcriryof ill effect u 1

function of ambienl water tempenD1l'C ouam .10 be
explored more fUlly. UI effects are gr-eau:r in scs·
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biologists would do well to adopt this or some
similar panicle grade scale.

Thc importance of particle angulariry. espetiaJly
ill rclation [0 gill abrasion. should be studied. The
mineralogy of sediment panicles may offer clues
to the potential feir toxicity and physiolo~ic:1l ef·
feClS. Likewise. the presence of innate or adsorbed
roxicants may offt:!' clues to lalent effects on lish
pClpulation health. Studies of the mineralogy and
potential chemical activity of the panicle itself. of
particles in the colloidal size range capable of en·
teling the fish's cells. and of particles with ad·
sorbed toxicants may reveal common properties
relating to fate and ill effcct at the rissue and cel·
lular level. l{ common properties do exist among
thc'se particular variables. there mJly be a unifying
explanation in the phenomenon of phagocytOsis,

I'hagocytosis. the envelopment of fine panicles
by cells of the fish's gill and gUL trllI\spons the
particles' into the fish's body. Although these par·

Juvenile Salmonids
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.. -::

..... ;..

. . - - ~:B:~ '(\"\ .

.2":N~'~~~l~tm~) . .' o:,·(~:·c~·~ .
. F1CJUIlI9>-oos. .apoau sunlll:e' dcscribiol the Ieverity of ill effect for juvenile saJmonids (frcshwllet; group

>:. '; 3).. afaaclla.ofllLlpeDded iedime:atCOIlCClltr2tioD aodduration of uposure (model 3): : - 0.7262 .. 0.7034{log,rJ

',~~ThJ~:$;~i';::['.~~;]~
.. , taliI)'. Some resemdI' to quanrify ill: effect a.s a
"'.'~fuDelioa of pll'ticle size bas b=n done-with sever:ti

'. :.:: spCci= of PacilicsalmoD (Serviz.i and Maneus

;;:/1987;'1991,1992). Farther work should make il
";.'.' possible to aclw: a ~ of dose-response models
";":' ..u. flInctiODS I1f particle size raJlge that are unique
~;~~to.~ioach reJl:'nDt ute'stage. The growing need to

:~ explore ill df=s of sUJpeaded sediment as a func·
,:' ·.·.tion of particle size imposes an obligation among
i':;.~tishcries biolosim to I1U a uniform nomenclature
;:.,., in'rcf= III the particle grnde sale. Suiuble
:: ·:;.'sy'SWDS esbr already so there is no need to invent
:,...., .-. more' specialized Olle. For example. soils sci·
'."".:Cn'tisa recopim tbn:epartiele size-elasscs-sand.

:"'SUI aad clay (Apiculture Unad& J974)-with for'

•. :iUaliu:d l1Ibcli'risions. nama. aad sizes as foil 0 w s:
':very coarse saad. 1;0-1.0 mrn: coarse sand. 1.0­

O,5'mm: medimI:sind. 0.5-Q.lS mm: tine sand.
.:0.lS~.10 llIIII;n"ry tiDe sand. O.JO-O.OS·mro: silt.

: 0.0~.002 .·aDd clay, :;0.002 rom; Fishenes

,±i;;;~t.·~0;~l!~;:~", .. ' (.,.
:'\"'jW'~"'{ .. ',' ""!"''"~' "~"."



I'lOUU IC,-Dose-res!"'nse ,urface describing \he "'~\'j of i\I effect for eus ano larv.e of ulmonills BJlO
nousalmolLiw (freshwa"", BJld e.lWlrine. group 4) u • function of su.pcndedsedimcol concentr.ltion and duration
of ""!,,,sun: (model 4); : • 3.7466 + 1.0946(log,..r1 - Q.J 117(10&eY).
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Broad-based ecosystem research supporting
Slre:un protection is under way. but it is a relalively
new science. Stream protection requires. among
other things. qlUJltilative linkages between im­
pacts of cllannel sediment and the land lISe prac­
tICC:S U\..~ so::no::ntetlu: ~iment. Lcadenhi? in Ihu
IT'e.1 will come from many disciplines. :u exem·

sonably wann 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 [0 do with the temperllture-rei:lled panerns
of oxygen saturation, respirallon r.lIe. and meta-
bolic rate of fishes (slower in cool water. mort: :••
rapid in wann)--aJl of which result in reduced risk:
of gill abrasion in cool waler and ,increased risk: '
in wann water. These mechanisms should be ex-
plored in the context of seasonal temperature rang-
es in a fish's natural habitat.

Eggs and Larvae of Salmonids and Nonsalmonids
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ticles may end up in various tissues. the spleen is
a major repository. The spleens of some fishes
exposed to ftne sediment become mineralized to
the extent that the tissue damages the cuning edge
of the glass microtome blades (Goldes 1983: S,
Goldes. Malaspina College. personal communi­
cation)'. Thus. phagocytosis oi fine suspended sed­
lmenlS could trigger a sequence of harmful eventS
within the cells ofa fish's body leading to ill eifec:s
that are only partially understood today. Invasive
Particle. may be the biological equivalent of a Tro­
jan hone: hannleH wben on the outside. devas­

,lating wben on the inside. Tumori genesis. es­
pecWly among groundftsh thal dwell in harbo~

w~ sedimenlS may be conlaffilOated by storm­
Water runoff or by industrial emuent. may be one
SUch lalent ill eifect yet to be link.ed to this phe·
nOmenon.

Waur InnpuaJurt.-Seventy of ill effect :lS a
functiou Qf \mbient water lemjl':tAtUre ougnt \0 be

explored more fully, III dfecu arc: greater in su·
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Parks), and Jerry SweeltJl (AsberwoodLeamin
Center) for raw data: Sally Goldes (Fisherie
Branch. Malaspina College. Nanaimol for iofor
mation about fa~ and effi:cts of small particles 01

cells and tissues of fish: Milte Miles (Mike Mile'
and AssocialCS. Victoria. British Columbia), How,
ard Singleton (WatDT Qtaliry Branch. Ministry 01

Environment. Lulds and P1rU), and Mark Labelle
(Institut Fr:lIlerais de Rec~be pour l'Exploiralloc
de 1a Mer. Nantes Ccdex) (or various suggestions
Bill Mi:Le3n (Qunisam !&ter HJllcbery, Dmpbel'
River. British Columbia) (or field-testiog lome or
the models: and AmerlOll Fisheries Society re­
Viewers and sUlff for their oumerous improv' 'nlS

<0 the manu,c:ript.

FlculI!12.-~MICe dcseribior Ibe ,
6) u a function of slUJlClldod sedimenl COl>CeIIU'&tiOD at

+ O.2829(1og.y).

"or',

',." ,":-,

1 •

r:
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......

can justify a wider legislated zone of protection
mar extends weU inro the upland. f:l.l' away from
the stream i lSelf.

Suspended channel sediment is a malor factor
determiniog stream quality, Excess sediment is a
serious but still undemlled pollutant. Unless it is
addressed. insueam and riparian zones C:l!l nor be
reliably prou:e:ted. 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
[cclion has yet <0 be made.
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Adult Estuarine Nonsalmonids

~~~":~~::'~::'~<~~:El A,

~' ~"trat[~~'~';""';<:

_;~~, ~'-, .' ,:,,~.~:: .~:.:: ;~Ge. (Y, mglL) 0

,~~~" FIllUU Ij~ Surface describinr,Ule severity of ill eff=t for adult nonsalmonids (estuarine, group
·..~<,Si UdllJldioa ofJaapellded sedimeal caaC01ltratio~ and duratinn of exposure (moc1eISl:: - 3.4969 + 1.9047(1og.....)

~~~I~-:f°IJ):\: ;:':~<; :~,;"~::f.':::
::':;,;"" plitlecl by sever&! impol't3llt c:onaibutions duJin g

:ik\1litll walet qualiry. res<l1ll'CC roads, timber hamst.
id'. lIId c!wlnel sediment (Cederholm el al. 1981:
~':'';:;OwnberIia 1988: Haronan 1988: MacdonaJd et
;'-/d. 1992; Davies and Nelson 1993:. Grayson el aI.
::·,~;'1993: Macdoaald 1994); This reseaich emphasl;:es
-,"::;dle coa.sequ= of land diStUrbance in the upland
.. "c,,1IId ripariau'iones. It shows tbal the upland zone
. :;' 'capable o(impacu on Stream quality may be much

.... ;~: !arser than previously supposed-especiaJly in
, :::>~'billy tanin. The size of upland and riparian zones
, :,,',;:may be a function' of the r:Uiu: scale used to view
'; ;~',;'ibem. Laulnl impacu of land USC practices-re­
'~if~dw:ed slope stability. increucd fr'cquency and s~­

.. :;,:.~eril)' 01 ftoodinl. man: fr'cquenl aDd longer-last­
",": ing episodes of cJ:wtnel ~imenl pollution-may

.'. ,': "develop decades &ncr the fact of land disturbancl:,">:".Thua we'should broaden our definition of the
>:", oplMd iIII1 ripUi~ zones 10 accommodate latent
'- ":'lIn:ffecta from WId dluurbanc:e. A broader deli-
,~; oilinD. lD tho CstcDl 'It ~ scieuliftc:aUy supponed.

~F~~~~i~i~:-~<·.
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Adult Freshwater Nonsalmonids
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F10l.J'JU!. I:.-Oose-response surfa.ce d.e.scribing the severiry of ill effect for aduh nons.almonids (freshwaccr. group
6) u. funCtIon of suspended sediment concentnuon and dun lion of exposure lmodeI6):: - 4.081j ... 0.7126110V!
;. 0':8290a&.)l). '

!':lrksl, and Jerry Sweell:n (Asherwood Laming
~nter) for raw data: Sally. Goldes (Fishenes
Braneh. Malaspina College, Nanaimo) for inior·
moon about fate :md effeets of small panieies on
cells and tissue. of fi.h: Mil::.e Miles (Mil::.e Miles
md Associates. Victoria.. British Columbia I. How·
In! Siogleton (Willer Quality Branch, MinlSlTv of
Environment. Lwds and Parks). :md Mark uoelle
(lnstirut Fr.lII<r:U. de Recherche pour l'Expioit:ltlon
de la Mer, Nantes Cedex) for vanous suggestionS:
Bill McL= (Qunisarn River Halchery, Campoell
River, British Columbia) for field.testing some of
lbe models; :md American Fishenes Society re­
viewers and staff for their numerous Improvements
to the manuscript.
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