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A model is presented that simulates lhe effects 01 streamflow and sediment tramport on survival 01 salmonid
p.mbryos il1cuOOlting in spdwning gravels in a natural (hanne!. Components of the model include a G·yr streamflow
~cord, an empirical b~IO;Jd.lrilnsporl funclion, il reiation Uelween lransport and infiltration of sandy bedload
into a !travel be'd, effects of nne·sediment infiltratiun on gravel properties, amI (unctions relating embryo surviVol
to gravel properties. High.f1ow even IS drive tempor<ll varialions in survivol; cross-<:hannel variations in bedload
trClnsporl r:luse spatial variations. upected survival, as a result, varies widely from year to yeor and between
spJwninK rum in a single year, Altemative funclions from previous research Ihat relate survival 10 fine-sediment
conCl?nlr;tlion in spawning grovel and to inlergravel rotes o( now yield categorically different re-;ults. The rei alive
uncerl"inty of the components o( this model indicales lhat the greatest research needs are to under~land how
se<iiment transport alleets the intergravel envirunmt!nt and how thcse changes affect embryo development and
survival. , .

Nous presentons un modele qui simule le~ ef(ets de l'ecoulemer1t d'un cours d'eau et du transport des sediments
~Ur 1.1 survie de~ embryons de ~alrnonjdes PO incubatiun dans dcs trayeres de l':ravier dans un chenal natureL Les
(omposorlles du modele induent un releve du debit du COUTS u'eau pendant & ans, une (onction empirique de
lransporl des 5~diml'nrs de (ond, line relation entre Ie transport et I'infiltralion de 1.1 charge de (ond sabl~se dans
une couche de gTdvier, les elfets d!! I'infillr<ltion de ~edimenlS fins sur les proprietes du gravicr et des foncrions
mt'llanr en relation ill survie des embryons et les propri€I€S du gravier. Les cpi~odes de debit eleve entraincm
de.~ variations temporelles dl? 101 .~urvie; les variations 5 travers Ie chenal du transport dcs sediments de (ond
causent des variations spaliales. Par consequcnt. 101 ~urvie prevue varie consid~rablement d'une annee ~ I'autre
Ilt rj'une muntaison de (raye ~ I'outre ou cours de 1'1 meme annee. D'autres fonctions ~lablics lors d'~tudes

pr~cedl:'nrp.s Qui meltent en relatioll 1.1 ~urvip. ella concenlration de sediments fins dans Ie ~vier de la (rayerc
ou l'ecoulell1l?nl entre les gravip.r~ donnenl des resultats totalement ditferenl5. L'incertitude rcJiltive des compo
(:lnte~ rl~ r.p. modi-Ie inrliflUP. flue Ie bp~nin I~ fllu~ rres~:IJ't sur Ie pl;,n de la r£chcrche est 1;1 r.('ll1lr>r~hp.n~inn riC'
Iii m;lnier~ dont Ie IrJllSpurl ues sediments inllue sur j't!lwironnernent du grilvier et de~ rl:!!JcrcussiullS de ~es
changemenr.; sur Ie d~veloppemenr et 13 survie dcs e01bryuns. .

Received Januarv 2. 1992
4('rf~pt!!d ~I:;v 21. 1992
1J83:4,J

Survival of.· saimcn:d er.lbryo3 to e!'l!ergence from the
streambed has be'!n related to ~Ubma(e3nd flow ccmb·
lions in mar:': e~::crime::ts (PhilliDs et aJ. 1975: T~Dccl

anu 13 icrr.n \ l!8J: ~rr.o;;!l oti~er~) anc! fieid ~lt:llit:s (Ko~ki I~i.:6:
lag?r: 1984: Sc:ivene~ ;nd Brownlee \9891. The suitarii:lY of
im:'Jn:Hioll hahitat ultimaldv de:enus on how much. what ~ill:.

Jnn ·.vncn sediment is lr:u{spOlled. Almost regardless of ~I:e
criginJI condilion oi gravel. the spawning female cJn aller lhe
gr:lin ~ize and porosity nf gr:lvel to ensure that the ova be:!!n
'.\·;lh dIl adequate flow of oxygenated WJter (13urnl!r ICJS I: Cor·
done :1Od Kellev 1961: :lmon2 Olhl:r.i). For m~nv re2;ons lind
sFecil:s. howc;er. in::ub:llio'; coincides with ~casOllai h;~h
no',\!;o; that CJrTV ~edirm:nl. AccumuJ<tled fine sedimcnt in [he
gr3vel C:ln restrict intcrgmvcl now ami block emergence uf iry
Therefme. the kc\' to embrYo survi~nl is not the condition or'
~pawning gr.1VC! before or i.;lmeuialdy after ~p:'lwning but dur·
in~ the several weeks or months of incubation. Moreover.
stre:lm lel\lperalure c<ln control the rale of lIcvelopmenl and
lhcn:by determine lhe period ofim:uuation IHcggberget In8).
Processe$ that change gravel cnndilions vary widely in lime and
~pace because they lire driven by climatic e\'enL~ und moc.Jifi~J
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bl' l;,e COnJDlexitY of nalural channeis .
. Are eife~:.s of sediment tral1spol1 suiiiciemly intensive. ;:er·

'1~sive. and frequent to signitic:mt!y Jffect embryo survival?
To an.,wer this question. we need to know how n hierarchy of
procc~~es le:ding irom (I) water uischarge to (2) seCirr.e:lt
tr~nsport to (::', changes in gravci conditions to (4) physiologic
r'Jncllcns of embrvos an: linked. We nlso need 10 know how
the variability of processes arrcc:s survi\'al of the population of
embryos inc'Jb:lling in a stream. This problem can be
approJchd effeclivdy by modeling if relationships between
rn:cesses are 4uaotifioble ;Inu dnta :Ire :lv:libble.

We present a model thaI jink~ •.. arilllions in now and sediment
IrRospon tu the fr~clion of saimonids 013t survive in a n"ruf:!1
c~:ln~cl. We do not intend it to serve as a man:lgemcnt tool.
bUI ~s :'I fr:lm:::',',ork tll build mure accurate and comprehensive
models. revcal g~ps in underslanding. and e;~plore the temporal
and spotts! variabilily of sediment effects on embryo survival
in a natural slreJm. Furthermore. we do not presuppose that
quality of incub:ltiull babitat limits fish prouuction. Rather. we
offer a mechanistjc approach to deciphering the physil:al-bio
logic:\l linkage for OIlC crilic:llii rc ~tage of sJ1monids in streams.
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Study Site

We con~t(uctc:d the model wilh dala primarily from one nat·
ural stream. Some sile·specific relations are included pro tem
until more gener:d relations can be found. We applied the model
to one reach where d:llil are a"ailable; thus the model does nol
evaluate embryu survival rales for the entire stream.

Jacohy' Creek is a slOall gravel-bed stream thai drains into
Humboldt Bnv near Arcata. California. II sUPpIJrts populations
of steelhead truut (O'lcornyllcllllS mykiss) and coho salmon
(0. k;sut~h) and hns been the sile of life-history studies of sal
monids (Harper 1980). fluvial geomorphology (Lisle 1986),
and sediment tr:msport lind its effecls on spawning gravels (Lisle
1989). Mean bankfull channel width at the primary study reach
is 17.2 m, median grnln size of the bed surface is 22 mm, and
chllnnel gradient Is 0.0063. Drainage area is 36.3 km%, anti
peak discharges can exceetl 40 nels during the rainy season
from Octoher through April. Clastic sediment yield (180 tons
(tHm' 2'yr .,). of which approllimate1y 15% is bedload (Lehre
and Carver 1985), is moderate compared wilh other bnsin:l in
no[lhw~tern California (Janda and Nolan 1979). Large nuxes
ofsediment during stormllow periods in Jacoby Creek Clln cause
extellsive scour ami till and fine·sediment infillration (Lisle
1989).

Model

Tho following provides a brief conceptual overview of our
model. We assume that adult fish are equally likely to enter
Jacoby Creek to spawn each day that discharge is betwe~n 0.85
and 4.8 mJ/s during the period rrom January I to Apnl S. In
the process of burying lhe eggs, the females reduce the frilction.
nf tin~ sediment in the spawning gravc:l. 1'hc embryos then
incubate for 40 d. during which periodic high nows transport
line sellhmmt over the bed surface. Some sediment infiltrates
into thE: interstices of the gravel th:1t overlies the embryos,
reducing intergrilvel flow velocities :lnu plugging gravel inter
~tices_ 111ese changes increase mortality of the embryos. Our
uh~ervations in Jacoby Cre-ek suggcst that redd topography is
planed off by nows large enough 10 transpon significant 4uan
tities of sediment. We assume. therefore. that n::dd topography
does not affect infiltration of fine sediment.

',Vnter Di~charge •

Willer Lli~char2e drivcs char.~es in spawning gravels :lnd is
lhe SC:Jrce of ten,poral variability of I'actors (hat affect embryo
~u",i·:al. We used water stage.•:c;mJcd continuously at agaug
ing slation at the downslrc:lm end of Ihe study reach. to
construct a record of diSt:hlU'ge frum 19i9 to 1985. Discharge
during the rainy season ranged from 0.4 to 6Z mJis. and asso
ciated sediment transport ranged from II lra<.:c to hundreds of
:cns rer day. We used until for the period from J~nuary .1 10
~filV 15. which includes most of the ramy se:l5on. Calculaltons
were initiated after t.lischanze tirst e~ceeded 0.85 m·'is each
winter, when it was assumed Ih<lt adults entered the stream to
spawn.

Sediment Transport

Sand ilnd grnnules (0.25 < D < 4 mm. where D is particle
di:lm~ter) are the preUUlI1illant sizes tllllt infiltrate spawning
!!Tavel~ in Jacuby Creek (Lisle 1989), These panicle ~i7,.CI are
i:u-ge enough 10 be trnn:;pllrted in frequellt contact with Ihe bed
ilnd small enough to enter interstices of spawning gravels.
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and wOler discharge. 1:Icoby Creek.

Trnnsport rates of this fine bedload were measured directly from
a bridge at the gauging station with a Helley.'Smith bedlond
sampler that had a mesh size of 0.20 mOl. Fine-bedload lrans
pon rate increased steeply with discharge and had wide scntter
(Fig. I) typical of bedload data from natural streams (Gomez
1991). As a point of reference. a transport fnte of
0.023 kg'm-"s- ' equates [01 t'm-I'd- I

,

We used a power function of transport rate versus water dis
charge to compute fine-bedload fluxes every hour during the
modeled period:

(1) qb co (2.19 X IO-s)Q1.72 ,-2 =0.'71

where qb is mean bedload transport rate per unil channel widlh
(kilograms per metre per second) and Q is water discharge
(cubic metres per second). We computed mean unit nux llf fine
bedload (kilograms per metre) by simuning equation en for
each 4Q-d incubation period.

Infiltration of Fine Sediment

The \'oiume of fLne sediment that accumulatcs in spawning
gravels in Jacoby Creek is relatcd ,to tile Ou.'t of fine bedlo:!d
(Lisle 1989). Cans filled with gravel devoid of fine sc'dimelH
were buried in spawning Ilre!lS to measure rules and grain sizes
of iir.e·sedime~t iniilmnion. After periods in whit:h sediment
lr:ll':s~cn was me:lsu:ed cor:lin'.lously. we emptied th~ ~al\S and
sieved their ccnt~::ts. For the model. in!ifwlled sediment was
considered to rM!:!e betwe~n 0.12 and 4.0 mm in diameter.
which represents 93% of the material liner than J nUll collected
in the cans. We con~idered this as the ma~imum size rnnge tim
we could use to detennine inliltration rates from tr:msptlrt rales
of sediment between 0.25 and 4 mm.

Sediment intiltr3tion rates were rel:lted tn hcdload transpurt
r3tes by a pow~r function (Lisle 1989) modified 10 include a
wider range of grain size than used originally:

(2) I = 2.03(QS)TO.411

wher!! I is mean fine· sediment infiltration (kilogrnms per squuc
metre of spawning gravel) and (qB)T is fine-bedload nux per
unit width (Jcilo~rams per metre). Data from two other ~treams
were alsu lIsed to derive tJle origin:tl function (Lisle 1989). All
three streams have unimod:J! bed malerial alld each shows no
systematic deviation from the common relationship between
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Particle Size, mm
FIG. 4. Cumulative sizl: dislribution3 by weight of fim:-sellilllent infil.
t"llC. r.cdlo3d. spawning gravel whose inrersliees arc COlll"let~ly filled
with tine sediment. and spawning gravel immcdilllely :lftcr spawning.
Jacoby Creek.
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Changes in Spawning Gravel Conditions

We modeled effects of fine-sediment infiltration tin gravel
propenie~ that decrease embryo survivill by two illlcmative
:tpproaches: (I) an increase in the fraction of tine sediment in
the gravel. which affects both the rate of flow of o.lygenated
W.:ltu to the embryos and the ability of emerging fry to penetrate
the gr:l'/el incerstic~s. and (2) a r~uction in pe.rmeaoility of tho:
gravei. \loihich decreases inte.rgrave! flow velocities.

In both <Ipproaches. we stan with the average gr3in size Ji~

tribution of Jacoby Creek. spawning gravels. which contain a
~mall residual fractinn of fine sedilllem. :1nd rccaJc'..li:Jte gravel
propenies ~t the end of e:lch incubation p<.:rimL \'i 0:. d~ :lOt.

lherdore. distim1.'Jish betwee:l atl ...erse conditions that mav ;;re·
yuil '[hroughout most of nn incubation perind and (hose rha', ru,,!,
aceflle ~mly near the end lIf the perilx]. The partic:i~.siz.e dis
tribution of gnvel o\'erlying freshly spawncu eggs i~ the aver
.1!!':: dislrihution obtained from f.ree~e·l:ore samPles :It live
spilwning ilr~3..~ (Lisle 1989) minus a proportion oi the fraction
finer than .;1 mm such Ihat the traction finer lhan l mm cuuulS
IOlte (Fig. 4). Inilial porosilY (li the gravel is 0.35. The rl;il"k.
ness oi the grlvcll<lyer ig 0.2 m. whieh approJ!.imulc~ the aver
:lge burial depth of eggs of s(~;:lheau Hout and 1;000 salmon
(Shac:lio.. SilO Taft 1954; Van c1en Derghe and Gro.~s 198·~ l.

TI;e fr:lmework of the gravel bed after spawnin~ is a.s~ume<!
to remain intact as fine ~edimt::nt fills Ihc intersti~es. Thilt i~.
neither scour and fill nor eltpunsion of the gravel framewurK
occurs. Parlicle·~iz.e dilitribulion uf fine sediment between n. 12
and 4 OlIO was obtainrd from the :Jverage distributi(ln of rnnu:
n;:ll cull~lcd in the cans (Fig. 4). 11le disreganled frJction Iin~r

recovered from five lranset::ts after si;~ measured stormflow
periods. Values of local flux were normalized by diViding. by
the mean value of nux for each measurement period. <lnd the
prnbahility lll?n~ity distribution of norm<llizcu nuxe.~ wns fil to
a gumma dimibuliun Wig. 3): .

(J) !1(q8)r1 '" 5.351f(QR)rll.me-:·:J2(Qnlr.

The discharge reeord and equations (l) lhrough (3) could be
used to generate local sediment t1ultes and infiltr:ttion niles for
each incub:ltion period.

F:c;. 3 Fr:,-!"en~," :"t.1 ~r(1n~h:iiry lh:n~ily distnbulion oi ~~blive ce\.!·
IO.l,j ilu.'o:s 'Ioe;/ r!u.1. di\'idetl ::v mean 11:J:I). J;a:oby Crc,.~.

Sttlil11ent inEltraliun :lnd tr<-nsporl. Equ:lt:cn (2) was used lo
c\lll\pute line-selliment iniiftr:ttiun ior each incuO:llion periud.

Fir:e-sedime:ll inftltrJoun into the gr.lvel callS varied widely
''''itlllrl ~Jch storml1ow period l Fig.. 21. Til ::.\p!k:iliy illcorru
r:llt:: :his variation in I.he rr.cceL ·...·e nssumct.1 thnt it '.vas causd
solely by spatial vari<ltion In bcuload transpol1. B~lllcJd lral\S
\lon characterislil:nlly varies widely 31:rOSS channels (Carey
[9R5: Emmett. dlnl in Gornez 1991;. GlImez et al. (991).
Equation (2) inllic:ltes thaI infiltration ratc ior J given ~ct.li/llelll

tr:lrlSiJ011 rale t.lc-.:n:Jses J:'i lotill ~ct.1iInent f1u:\ increases. The
phy~;cal e;l:plaM(ion is thnt surficial inre~tices are free of fine
sedimc:ntuuring mitial :;ta~es of infiltration ilnd become plugged
ilS infiltration progresses. thcreby inhibiting iurther iniiltr"tion.
1\ g.rt'ater propor1ion of t.ransported sediment can inlillli1le nn::l5
or the bell with 10...... acc:.lnlulnted sediment nuxes more readily
than :lreas when: high l1uxes ha..e previously plugged many
surficial intcr~tices. Thi" tenus to d:lmpen diffc:n:nces between
areas of Ihe streambed in lotal set.liment inlillrnled.

\Ve inverted e4uation (~) to compule loe,,1 bedload nu.\;es
frum values ul' infillr:ltion measurt::u in 153 c:ms that were
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Partida Size. mm
FlO. 5. Cumulative rrequency di.nribulions of particle sizes used in
(Jur m~ltlel and in experiments by Toppel and 8Jnmn (19K3).
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,2 =0999
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rappel an:! BjorM

gr:lvel bell anar sP3wnang

mlOCl blO

(9B) S =67.9 - 0.648/

In the firsl approach. we use Tappe! and Bjornn's (1983)
empirical. relntion between survival of steelhead embryos and
the percentages of spawning gravel finer than 0.85 mm and
finer thon 9.5 mm;

(9A) S =- 94.7 - O. JP~.,PD.lI.~ + (Pul2

where S is expected percent survivaltu emergence and P9.) and
pu.~, are the percent volul'T!c of sediment liner than 9j and
0.85 mm. respet:tively. in the overlying gravel. We substitute
P& for P9., and PI for Pnw,. Although Tappell Ilnd Bjornn's
( 1983) empirical relation filS specific laboratory conditions. we
justify its use in our mndel by comparing their grd....el properties
with those used in our model. FIrst. we both usc a burial deplh
of 0.2 Ill. Second. their panicle-size distributiuns of grovel
sand miMuresovcrlap our stmting distribution and the distri
burion cutTCSponding to mRximum infiltration (Fig. 5).

Expected survival computed for a rdnge uf values of fine·
sediment intiltradon fits a linear relation well:

O.:!

o
0.1

08

which. when combined with equatiun (:). yieids

(9C) S = 67.9 - 1.10('1,,)/·412.

In our second Jpproach, surviv:ll is u fun~'liun of intergravci
now velocity according to an empiricai re!nrion derived from
data for sockeye salmon (1. Pyper. cired :n Caopl:r 1965):

(lOA) S"" lci.O + 4G.31cgiu) r~ = 0.96,

The wall thickness ant.! diameter of sleeihend elZt!s :.In: usuollv
5m~1Jcr than those of sockeve so/mon: thus. deill:mcJs for ox ·i·
l1.en concentration for steeihead should be lZrealer (Wich;n
i 975: Beacham and ~{urray 1989). Consequently, equDtion
(IOAl should uverestimale survival oi stcelhc:ld embryos.

Survival then appro:\imates a linear l'u:ll:Litln of infiltraliL'n
which is subSlituted for u. using equations (.1). (6,. (7). and (8);

(\OB) S -= 56.8 - 0.9181 ,= = 0.999.

ll1en by using equation (2) LO substitute (q"lr rur I:

(laC) S = 56.8 - l.864(qalro.412
.

..
CIl
c:u: 0.&
c:

.Q
Ul:! 04
U.

For a given sediment flu~. the survi ....al function generaled from
the T:lppcl and Bjornn (1983) rel:ltion (YC) yields higher roles
of survival than thai generated rrurn the intergravel-l1ow func·
tion (ICC) (Fig. 6). This discrepnney is especially large for

~.E·:E!\tE0·

Embryo Survh'al

We use the two approaches for evaluating changes in gravel
properties (described above) and corresponding relations to
embf)'o surviv:ll (tll:sc:ribed below) 10 explicitly evaluate uncer
lainly in relating survival tu gnl\'el propel1ies.

2340

than 0.12 mm constituted only 7% of the material Iincr than
4 mm. Patlicle-sile distribution of betlloao llIiltuial does not
equal that of infillraled fities. pnl1ly because the t1islributions
are nnt truncated at the same minimum values. Also. fille bed·
load pnrticles c:ln more eosily enter gravel imerstices th.m coarse
particles :lnd nre thus disproporlionately represented in SCtJi
ment inliltrllting the gravel.(£instein 1970; Carling 19t14; Lisle
1989).

'Ille introduction of line.~ change5 thc value of grain-size
pal'llmeter3 used in the model. In approach I. bed'mater;a! fmc
lions finer tlmn I mm am.I riner than 8 IIIIll .....ere calculnled for
incre:lsing values of accumulation. These grain-size mngcs cor·
r~pond appro.~imntely to those uscd by Tappel and Bjornn
(\9113) ·to .. rel:lte surviv:1l. to emergence of fuur species of
salmonids.

In approach 2. effective diameter. which is used in calcu·
lalion50( pcrmcnbility. is rtuucedby fine·sediment infiltration.
Effective diamcler is defined by

(4) D.= [sum(Pr 11\11 D,]- I

where PI is thc volume fraction and IjIj is lhe sphericity of par
ticles of size D; (John!\un 1980). Sphericity is given a value of
0.7.

Porosity is also reduced (IS inlerstices are filled with sedi
menlo Gi~en inilial conditions. porosity (£) is calculated as a
function of fine-sediment infiltl'lltion (/. kilograms pcr square
metre):

(5) E = £0 - Eo (I - E{)(/I/'"..)

where E'J .. ojs is Initial pnrosity, E, = 0.40 is porosity of
line sediment. and /m;p. = 0.042 ~glm= is tine·sediment
accumulation to the point where interstices are cumpletely
filled. Mass of sediment was converted to volume by dividing
by a particle density of 2.5 g/emJ (hat was measured from
Jacoby Creek sediment. Using these values. equalion (5) sim
plifies to

(6) E = O.3S-5.0J.

£ = 0.14 when interstices ;:1'8 completely filled. This value
corresoonds closelv to lhose for undisturbed gl'3vei beds meas-
ured b·... Carling a;d Reade: (1982). -

Pe!'~e:l.bilit ...:- (K) is calcu13ted frem the Kan:lan-Cozeny
equatiun (Scheidegger J960):

(7) I< = 8,tCID}1361(",i

where K is in ,:entimc::res per second. ~ is gravitational ac::el
eration. f( £") ::> £:f( 1 - £)2. and v is kincm;1tic viscosity. K is
an empiril:aily deriveti permeability const:1nt anu is given :I

value of fl.4. ·...·hich Johnson (198m four.d suitable for spawning
gravel.

Apparent intcrgrilvel now velocity (u) is calculated from
Darcy'~ I.aw;

(~) II,'" 1fidiljJI)

where ". is in centimetres per second. Hend loss (dlv'o/) over
riffle cresL~ wh~re fish commonly spawn is given a valu~ of
().()O~. Channel gradient of the stuuy re~ch equals 0.0062. We
lise values of /I. to compute e:tpected survival.
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nuxes bctw~en 5000 and 20 OOU icvm. a range :hat wus COI7l'

menl'! achieved durin!! the 4ll·d ce~jl1Ljs. .
Ilc~:lUse eO,ch 40·0 summalion' of ml::lll sedimcnt flu:" fr'JJrI

c:::uation (I) is aS50ciated with :l diSlrihution of valuc~ of :ucal
JlU:l.. eltpccted survivrti must be int~grated over equation (3)

using equations (9C) ~nd (1 CC). ThiS results In 3 distribution
or survival rates for each valutl of mean nu",

[helt survival nltes for each day eggs are deposired would most
often eltceed 10%. In contrast. most of the distribution of sur·
vivill rOlte.~ computed from the inrergrclvel·(lv'w function filils
helow 5%. Depending on critical embryo survival rates nec
e~~ary to maintilin !ish populations. one could conclude lhatthc
qUillity of incubation habitat does or does not limit pupulatio·lls.
de~ending on the choice of survival functions.

Spatial variations in sediment transport and infiltr:ltion create
high variations in expected survival. particularly for high val
ue!; of sediment f1Ull.. TIle Standard deviation of expected sur·
vival, e~presseu as either an absolute value or a ratiu Iu mean
e;t;pected survival (coefficient of Variation), int:reases with
increJsing mean seuimem flu~ computed from the intergrave!.
flow function (Fig. 8). The coefficient of variation is greatest
for me:m vrtlues of nux e~ceeding approximately 5000 kglm
and corresponding to mean survival rates of less thOln 10%.
(jh'en lhat such low survival rates are realized most of the time
"ccording to this function (Fig, 7), high spatial variations typ
irv c:\oected survival in Jacobv Creek.

.T~:n!J('lr~1 variations in expected survil·:.rl are also high.
E:nbr:'('1 survivai rates enn be e:o:pectcu tu vary widely from year
to ye3r because of the episodic nature and srron!! inilul:nce of
stQrmilollls that punctu!lte the spawning and inc'J'bation sea~on
(Fig. 9). In some ye:l!s, e,g. 1983. high-now ev~nts are fre
auent. while in others. e.2. 1985. onlv one event m3.V OCl:Ur.
Eve:l in 1 relatively dry year. e.g. 1980. survivill n1;)~'be low
if ail eg~s are I~iti over;) short pel'icd and <I ~ir.·5Ie high-t1ow
event happens ttl eccur during inc'Jbation.
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Results
Discussion

Prohability density distributions uf e,t;pcc:cd embryo survival
Wl:rc compiied for the entin: pl:riod of record using thc TaFFcl
Biomn i1nd inlc:r!Zr3vej-t1ow I'unclions (Fhr. 7), E:~peetcti sur
vfv;)1 for each 40.~ incub3.tion period is the ~neiln value re5uitmg
fmrn mean ,cdiment flux and spillial variations in sediment llUX

amJ infiltlOltioll. Variations in expected survival arise from tem
p01Ol1 vnriation in ~edjment transpcln uue to climatic evcnts. The
s:l\ient l'eOltun: uf both tlimibuliulls i, lhl: high varinbility of
5urvivOlI rOltcs.

The two survival functions vielo c~tettoricallv diffcrent sur
vival rates. Re!lults fmm the tappel-8i~lnlll fu~cti()n indicate

Evsluatlon of Uncertainty and Variability

One of the 17l05t useful imrnctliilh~ n::su!\$ of mcoclml:! a
s~slem of natural processe~ is an evalul:llion of Ih<: rdative
uncer\aimy and variability of intliv'idua! processes. f\S more
knllwierige of a pn.ll:':ss is gained and ullcenainty diminishes.
our awareness of its variability oft¢n incre:lses. Among the
hierarchy of prol:csses hetween sediment mlnsporc :lnd salmonitl
embryo survival. variability is high and uncertainty relalively
low in Ihe driving processes (strcllmflow and sediment
transponl. and uncertAinly is high in the response processes
(changes in grnvcl conditions and embryo murtality).

C.:n, J. FIJIt. Aqua'. Sri,. Vol, 49, 1992
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Slre:lmf1ow is highly variJble but measured routinely with
litlle unceruinly. Oed1oautrnn~port v:lries appro:dm:llcly with
streaml1ow. (lnd varies considernbly laternlly anuiongitudinaJ1y
during II stormtlow event (see Gomez 1991). Bedlo:ld trdflsport
rates can be measured Ilirectly wilh cnreful attention to ~anlpling

strategie:! and limitations of 5alllplerll or predicted with :In
e~pccted accuracy of within an order ul' magnitude (Gomez and
Church 1989). Consideruble Investment in mcusurement and
modeling is required to quantify spatial variation in bcdlond
transport. Compnretl with il~ effecL~ all· grnvel propenie~ and
ctnbryo survival. however. variabiiity in bedloall transpoit
outweighs its uncertainty.

JUN 23 1997

Uncenllinty in effects of sediment transport on spnwning
grovei is high because of a lack of understanding of the vari:lljon
of linNediment infiltration (lnd scour and fill with hydraulic
and sedimentological properties of streams. Scour and fm of
sue:lmbeds c:ln alter stre:lmbcd Cotllposition iI.'l much a~

sediment infiltration (Lisle 1989) and call also result in falal
enlrolnOlent of embryos (Gangm:lrk:md Broad 1956). Allhough
mean depths of scour amJ flll in gravel.bet! chilnncis have been
modeled (Ziemer cl aJ. 1991), such models :m: crude and uo
nutlldequatcJy Incorporate spatial variation:s. Relations between
sediment transpolt nntl finc·sediment infiltrntion are eithcr
empirical. and thus applicable only to channels similnr to those

Can. J. F'bh. Aqu,,', Sci•• Val. 49. 1992
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Conclusions

if spawning were spread out in time over the rainy season. This
is mOSl likel)' tu result from a diversity of spcl:ies. races, lind
genotypes. as well as high esenpement. Steclhead. for example.
spawn late in the ~ellwn during t.he onset of drier wealhcr ill
many .meam~. and their embryo!> would have an advantilge if
high Ouws became less frequent. Reduction!\ in tJiYer~ilY of
gcnotypes lhatll:ad to concenl~ated spawning over <lshorl period
..... ould seem to threalen fish populations becnuse cven in rela
lively dry ye<lrs the 8nnll<lJ recruitment could be threatened bv
a single stonnflow. The number of cmbry()~~urviving.each ycar
to provide annual fry recruilment i~ more likely to affcl.:t the
clynamil's of fish popuJnl;ons th:ln .Ihe composile survival rare
over a period of years.

Similarly, wide sp;ltia) variations in seuiment effects suggest
thaI a diversity of redd sites can promote stability in fry recruit
menr.lfal;lrge number of rcdds are constructed. the few loc:ltcd
in zones of low sediment llux and infiltration tllay produce
enough fry to compensate fur high mortality elsewhere. Steel.
head do not appear to select low-risk spawning sites in Jacoby'
Creek but insre<ld choo.~c loose gravel of the appropriate size
often in Ihe thalweg. Our measurements have shown that !ed
imenttranspon and scour and lill are high in such areas (Lisle
1989).

Fewer reulls. resulting from redueel1 size nnd diversily of
spawning runs. would lead to increased variability in embryo
survival and a greater risx of dangerously low populmions even
in the most favorable of season!>. As popuiatiulls of emerging
fry become less. embryo .~urvivaJ rares become crirical for fish
populations if the available rearing n:1hilat for juveniles is not
adeqtmtely filled. M!he same time. spawning success becomes
less pretliclnble on the bnsis of the quality of incubntion h"bitat
for embryos.

De.~pite a considerable degree of uncertainly and inherent
variabilily. the effects uf now and scuiment trJnsport on sal
monic.J embryo survival can be modeled. Spiltial and temporal
variability of water discharge. ~edimcnt Ir.lnsport. and line
seuimenl infiltration can be explicitly incorpor:1teu. Relations
bel·....c~n driving: anti response vari3bles C!ln be quantified 10

various uegre~s of gene~:1liry. precision. ad 'lcc·Jr.lCV, The
resulting model is sufficiently ccmrren~nsi·..e :0 e:1.piore V:lri
ability. highlight reseJrch needs. and perha~s evaluate reiJtive
effects of changes in ~ediment IrJnSport regirr:c:.

Rel.::lrdless of the uncertainties in :l1:lnv of the precesses we
modeied. it is clear Ihut the frae::'.:n of embr:r"os sur.. iving to
emerge from ~pawllin~ graveis e:lc:, ~'car can toe e;o;p;:c:ed to ell
extremelv V:lri:tble in strenm~ like Jacoby Cleek. wher~ fi:;il
.~pa\lin d~rill!! the high-tlow season am.! the channei bel.! is al
le<lst moder:ately mobile. In the~e cases. ami especially where
auull escapement is 10IV (Everest el ul. 1987). the nature of th~

linkage belwl:en (he sediment tr::ns~ort regime And embryo
murtality may be: to limit fIsh prcdu,tiull in some years bllt nut
others.

Some resemh needs are cle:u. The further we move down
lht: hierarchy of processes from water discharge to embrvn mor
tality the mnre we find is unk.nown. Rel:lIions between sedi
menl tr:1nsport and gravel conditicn~ need to become more
eenerJ.!. include scnur and fill. and adequatcly treat variaticms
in deplh "nd orain size of fine-sediment infiltration. More cru-

Influence of Divel":'iity and Size of Sp;l\lmillg Runs ciall~. lhe sllb.~urface structure of natural reuds and Ihe respunse
The Mrong innuem:e uf inl1iviuu:l1 ~turll1now events sug~ests u.f eti'DrvuS tn conditions in spaw~illg gra~ds need (II be qua~-

Ih"t young-of.lhe-ycar fi.~h populaliuns would vury less WIdely llfieu betlcr. Prt1gres~ 10 the probkms outlmed abuve Wlll mo, e
. ~EC:'1\/EC; 234)

eM. 1. Fi.lh. "'quell. Sri.• Vn/. 49. /992

where ndalions were developed. or til stringent
scdim~nlological criteria. Where sand is Jbum.lanl, rates of
infillr<lllUn are innuenet:d hy plu!'!l?ing nf grdvel illler~liec~ ncar
the h~d .~urfJce e:lrly in the infihraliun process. which inhibits
further infiltration into deeper layer~ (IkSchta Jnd Jackson
1979: Carling 1984; l.is": 1989; Diplas and Parker 19921.
Alonso et al. (\988) develuped a model of scuilllellt infiltratil'r1
;Iod il~ crfects on gr:lvel properties in a channel I:ontaining
<lhundant silt <lnd day. butlilfJe ~anl.l. Under thcse eondirion~.

l\i1t amI dny arc able 10 pcne[rnle all but the ~mallest interstices
and thus fill beds frolll the botlom up (Einstein \968).

Uncerrllinty in the deplh of fine-sediment infiHration
complicates modeling of changes in gravel Ctmdilions ilmltheir
effect on emhrvo survival. Empirical relations belwe!:n surviv<ll
of eggs 10 emergence and the volume of fine sediment depo~itetl
in redtls vary eonsider:1bly dependill~ on gr:1in size dimibutions
\If fines and n:dJ material. di5triburion of lines with depth in
the bed. and other eonc.Jitiun~ imposed in the labor:1tory or in
the fidd (Everest et al. 1987; Ch41pm:m (988),A~ a resull.
Ihere ::Ire no clellr eriterijl to choose hclween relatiuns for a
model such as ours:

Chapman (1988). fllr example, objected to the applicalion of
relations developeti under laboratory conditions ro fieltl
situarions on the grounds that gravr.:l conditions in naluroll egg
pockets arc poorly understuod and not replicated by the unifonn
distributions of fines with t1epth impl)~cd in labllratory
e"periments. The implication. huwever, thar the greater
pemleability Ihal has been observed in an egg pocket (Platt~

and Pt:nton 1980) translates to a greater rJte of inlerg.ravel flow
than indicated by the 1ll000eriai surrounding the pocket may also
be erroneOUS. Subsurfal.'C streamlines do converge into a
penneable volume. but only when inflow and outflow conduits
c:tist. Thus. intergravel flow through a pcnneilble egg pocket
may be governed more by conditions in the surrounding material
th:ln those in the pocket itself. As Chapman (1988) admonished,
the true nalure of bed malerial ~tnlcture associaleu with redds
and the effects of sedimentation on embryo survival in natural
c:hanne!~ are not well unuerstnod and need to he improved
before accurate, predictive nwueJing on procl:ed. The
c::tc!!:llric:lllv different re~uirs from our model resulting from
lWO "applicable survival functions highli~hl this need.

The i~slle i~ funner complic~rcd by mUilip!e c:JU5CS of
mort:llit)'. <1S weil <IS auapt:\I;ons of o\'a and :I!c·.. ins that incre;m~

survival under low rates of inlergravd !luw ~nd Juw'levels of
dissolved O1(v£en (rel'ieweu in Evcrest et;)1. 1987). Even If
llll':r!!ravel tl~;:"· is ndcquate for embryo devcio~ment. sJnd that
pl'Jgs m::ur·surfal:e il~(erstice~ can prevent ~Ieyirts from emerging
from thl: grJvci (Koski 1966: Phillips el al. 19i51. Degradaliun
l)f in:::ubatinn conditions c:m also led 10 smailer siv: oj aievins
(Silva er al. 19GJ: Shumway e! al. 19M; [jams 1969). which
may decrease chalices for survival of fry, ThE.' immediate cause
of morlalitv from reuuced interg.ruvel now is Ihe n:duclilln of
In"Qen avaj)<lblc to the embryos. Oxyg.en I:ollcentration of
int~;l%ra\'cl water docs not neces~arily dCFend on intergra\'e1
now -\'eioeitv. bUl tlley usually correlate (Chapman 1988). finc
~cuin:ent in Jacllby Creek g.ra\'e1 conlains ahundant fine
panieu)ate organic malter. Subsurface ~al.nples of gravel whose
interstices we:~ filleu with fine .~a.nd <lnu SIlt smelled of decaymg
or!?l\nic~. su ggcst ing thaI low 01( ygen concenlrations are
;\~~llciated with high concenlrations of fine seuimcnt.

\
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us closer to predicting embryo survi\'al under changing
\IIllt<:r~hcd condilion!; ami ill1pro~'e our understanding of factors
innuencinl; population dynamit:s uf stremll fishes.
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