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A model is presented that simulates the effects of streamflow and sediment transport on survival of saimonid
embryos incubating in spawning gravels in a natural channel. Components of the model include a 6-yr streamflow
record, an empirical bedload-transport function, a reiation between transport and infiltration of sandy bedlvad
into a pravel bed, effects of fine-sediment infiltratiun on gravel properties, and functions refating embryo survival
to gravel properties, High-flow events drive temporal variations in survival; cross-channel variations in bedload
transport cause spatial variations. Expected survival, 3s a result, varies widely from year to ycar and between
spawning runs in a single year, Altemative functions from previous research that rejate survival to fine-sediment
concentration in spawning gravel and to intergravel rates of flow yield categorically different results. The relative
uncertainty of the components of this model indicates that the greatest research needs are to understand how

sediment transport affects the intergravel environment and how these changes aifect embryo development and
survival. . :

Nous présentons un modeéle qui simule les effets de I'écoulement d'un cours d’eau et du transport des sédiments
sur 1a survie des embryvons de salmonidés en incubation dans des frayéres de gravier dans un chenal naturel. Les
composantes du modéle incluent un relevé du débit du cours d’eau pendant 6 ans, une fonction empitique de
transport des sédiments de fund, une relation entre le ransport et I'infiliration de la charge de fond sableuse dans
une couche de gravier, les effets de I"infillration de sédiments fins sur les propriélés du gravicr et des fonctions
mellant en relation la survie des embryons et les propriétés du gravier. Les épisodes de débil élevé entrainent
des variations temporelles de {a survie; les variations a travers le chenal du transpont des sédiments de fond
causant des variations spatiales. Par conséquent. la survie prévue varie considérablement d'une année 3 l"autre
et d'une muntaison de fraye a ‘autre au cours de la méme année. O’autres fonctions établics lors d'études
précédentes qui mettent en refation la survie et la concentration de sédiments fins dans le gravier de la lrayére
ou V'écauiement entre les graviers donnent des résultats totalement différents. L'incenitude refative des compo-
cantes rle ce madéle indique que e besnin e plus pressant sur le plan de la recherche est fa compréhension de
la maniére dont le transpurt des sédiments influe sur 'environnement du gravier et des répercussions de ces
changements sur e développement et Ia survie des embryons,
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urvival of. saimonid erbryos to emergence from the
streambed has been related to substrate and flow cendhi-

by tre complexity of natural channeis.
Are sffezts of sediment transport surficienty intensive. per-

tions in many sxpeniments (Phillips et al. 1975 Tapecl
and Bicrmn 1983; amoang otizers) and fieid studies (Kosk 16€6:
Tuagart 1984: Scrivener and Brownlee 1689). The suitabiiity of
incupation habitat yhtimatety depends on how much, what sive.
and when sediment is transporied. Almost regardless of the
criginal conditivn of gravel. the spawning female can alter the
grain size and purosity of gravel to ensure that the ova tezain
with an adequate flow of oxvgenated water (Bumer 1931: Cor-
done and Kelley 1961: among others). For many regions and
spceies. however. incubation coincides with scasonai high
flows that carrv sediment. Accumulated finc sediment in the
gravel can restrict intergravel (Jow and block emergence ol fry.
Therefure, the key lo embryo survival is not the condition of
spawning gravel before or immediately after spawning but dur-
ing the several weeks or months of incubation. Moreover,
stream temperature can control the rate of development and
thereby determine the period of incubation {Heggberget 1988).
Processes that change gravel conditions vary widely intune and
spuce because they are driven by climatic events and modificd
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vasive, and frequent lo significantly affect embrvo survivai?
To answer this question, we need to know how a hierarchy of
processes lezding from (1) water discharge to (2) seciment
transport (9 (3) changes in gravei conditions to (4) physiologic
functicns of cinbryns are linked. We also necd 1o know how
the variability of processes affects survival of the population of
embrvas incuybating in a stream. This problem can be
approached effectively by modeling if reiationsnips between
precesses are yuantifiable and data are available.

We present a mode! that links variations in {low and sediment
transport te the fraction of saimonids that survive in a natural
channel. We do not intend it to serve as a management tool.
but as a framzawork tu build more accurate and comprehensive
models. revcal gaps in understanding, and explore the temporal
and spatial variability of scdiment effects on embryo sucvival
in a natural stream. Furthermore. we do not presuppose that
quality of incubation habitat limits {ish production. Rather, we
offer a mechanistic approach to deciphcring the physical -bio-
logical linkage for onc critical life stage of salmonids in streams.
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Study Site

We constructed the model with data primarily from one nat-
ural siream. Sore site-specific relations are included pro tem
until more general relations can be found. We applied the model
to one reach where data are available; thus the model does not
evaluate embryo survival rates for the entire stream,

Jacaby Creek is a small gravel-bed stream that drains into
Humbuoldt Bay near Arcata, California. [t supports populations
of steelhead trout (Oncorhyncius mykiss) and coho salmon
(0. kisutch) and has been the site of life-history studies of sal-
monids (Harper 1980), fluvial geomomhology (Lisle 1986),
and sediment transport and its effects on spawning gravels (Lisle
1989). Mean bankfull channel width at the primary study reach
is 17.2 m, medlan grain size of the bed surface is 22 mm, and
channel gradient is 0.0063. Drainage area is 36.3 km?, and
peak discharges can exceed 40 m’/s during the rainy season
from October through April. Clastic sediment yield (180 tons
(t)km~ 2.yr "), of which approximately 15% is bedload (Lehre
and Carver 1985), is moderate compared with other basins in
northwestern Catifornia (Janda and Nolan 1979). Large (luxes
of sediment during stormtlow periods in Jacoby Creek can cause
extensive scour and fill and fine-sediment infiltration (Lisle
1989).

Model

The following provides a brief conceptual overview of our
mode!. We assume that adult fish are equally likely 10 enter
Jacaby Creek to spawn each day that discharge is between 0.85
and 4.8 m*/s during the period {rum January | to April 5. In

the process of burying the eggs, the females reduce the fraction.

of tine sediment in the spawning gravel. The embryos then
incubate for 40 d, during which periodic high {lows transport
fine sediment over the bed surface. Some sediment infiltrates
into the interstices of the gravel that overlies the embryos,
reducing intergravel flow velocities and plugging gravel inter-
stices. These changes increase mortality of the embryos. Our
ubservations in Jacoby Creek suggest that redd topography is
planed off by flows large enough te transpor significant guan-
tities of sediment. We assume, therefere, that redd topography
does not affect infiltration of fine sediment.

‘Water Discharge *

Water discharge drives changes in spawning gravels and is
the souree of temporal variability of Factors that affect embryo
survival. We used water stage. recorded continuousiy at 4 gaug-
ing station at the downstream end of the swdy reach, to
construct a record of discharge from 1979 to 1985, Discharge
during the rainy season ranged from 0.4 10 62 m’/s, and asso-
ciated sediment transport ranged from a trace to hundreds of
tons per day. We used data for the period from Januury | to
Mav 15, which includes most of the rainy season. Calcuiations
were initiated after discharge first exceeded 0.85 m's each
winter, when it was assumed that adults entered the stream to
Spawn.

Sediment Transport

Sand and granules (0.25 < O < 4 mm, where D is particle
diameter) are the predominant sizes that infiltrate spawning
gravels in Jacoby Creek (Lisle 1989). These particle sizes are
large cnough to be transported in frequent contact with the bed
and small cnough to entcr interstices of spawning gravels,
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Fia. 1. Relation between transport rate of sand (0.25 < D < 2 mm)
and water discharge, Jacoby Creek. :

Transport rates of this fine bedload were measured directly from
a bridge at the gauging station with a Heiley-Smith bedload
sampler that had a mesh size of 0.20 mm. Fine-bedload trans-
port rate increased steeply with discharge and had wide scatter
(Fig. 1) typical of bedload data from natural streams (Gomez
1991). As a point of reference, a (transport rate of
0.023 kg'm~"s~' equates to | rm~"-d"",

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

() q=(2.19 x 1079Q*? A =07

where g, is mean bedload transport rate per unit channel widih
(kilograms per metre per second) and @ is water discharge
(cubic metres per second). We computed mean unit flux of fine
bedload (kilograms per metre) by summing equation (1) for
each 40-d incubation period.

[nfiltraticn of Fine Sediment

The voiume of fine sediment that accurnulates in spawning
graveis in Jacoby Creek is related to the flux of fine bedload
(Lisle 1989). Cans filled with gravel devoid of fine sediment
were buried in spawning areas to measure rates and grain sizes
of fire-sediment infiltration. After periods in which sediment
transpent was measucad continuously, we emprtied the cans ang
sieved their centents. For the model. infiltzated sediment was
considered to range betwean 0.12 and 4.0 mm in diamerer.
which represents 93% of the material finer than 4 mm collected
in the cans. We considered this as the maximum size range that
we could use to determine iniiltration rates (rom transport rates
of sediment between 0.25 and 4 mm.

Sediment intiltration rates were related tn hedload transpert
rates by a power function (Lisle 1989) mudified w include 3
wider range of grain size than used originally:

() [ = 2.03(g,),"*"

where / is mean fine-sediment infiltration (kilograms per square
metre of spawning gravel) and (g,)y is fine-bedload flux per
unit widih (kilowrams per metre). Data from two other streamns
were also used to derive the original function (Lisle 1989). All
three streams have unjmodal bed material and each shows no
syslematic deviation from the common relationship between
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Fio. 2. Frequency distribution of relative [ine-sediment infiltration

rates (fine-sediment content in each gravel can divided by the mean

of all cans for corresponding measurement periwds) during storm-
flows. Jacoby Creek.

Frequency
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F:i. 3. Fregquency zrd pronabiity density distnbution of relative ted-
foaut 1Tuxes tlocal Mux divided by mean flux). Jacoby Creex.

sediment inflitration and transport. Equatien (1) was used to
cuompute fine-sediment infiltration for each incutation period,

Fine-sediment infiltranion into the gravel cans varied widely
withhn 23cn stormilow perted (Fig. 2). To explicitiv incorpu-
rate this variation in the mecel, we assumed that it was caused
solelv by spatial variation 1n bedload transgort. Bedlead trans-
vort characteristically varies widely across channels (Carey
1985. Emmett, cited in Gomez 1991: Gomez et al. 1991}
Equation 12) indicates that infiltration rate for a given sediment
transpon rate decreases 3s ‘otal sediment flux increases. The
physical explanation iy that surficial interstices are free of fine
sediment during initial stages of infiltration and become plugged
as inliltration progresses. theredy inhibiting further iniltration.
A greater proportion of transported sediment can infilirate arcas
of the bed with low accumulated sediment fluxes more readily
than areas where high luxes have previously plugged many
surficial interstices. This tends to dampen differences between
arcas of the streambed in total sediment infiltrated.

We inverted cquation (2) to compute local bedload fluxes
frum values of infiltration measurcd in 153 cans that were
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Fic;. 4. Cumulative size distributions by weight of finc-sediment infil-
trate, bedioad, spawning gravel whose interstices arc completely filled

with fine sediment, and spawning gravel immediately after spawning.
Jacaby Creek,

recovered from five transects after six measured stormflow
periods. Values of local flux were normalized by dividing by
the mean value of (lux for each measurement period, and the

probahility density distribution of normalized fluxes was fit to
a ganima distribution (Fig, 3):

(3) ﬂ(qB)r] = 5-351T(q,,)r]"me’:'”z“’"’?‘.

The discharge record and equations (1) through (3) could be
used to generate local sediment {luxes and infiltration rates for
each incubation period.

Changes in Spawning Gravel Conditions

We modeled cifects of {inc-sediment infiltration on gravel
propertics that deercase embryo survival by two alicmative
approaches: (1) an increase in the fraction of finc sediment in
the gravel. which affects both the rate of flow of oxygenated
water to the embryos and the ability of emerging {ry to penetrste
the zravel intersticzs. and (2) a reduction in permeacility of the
gravei. wiich decreases interyravel flow velocities.

In both appruaches. we start with the average grain size dis-
tribution of Jacoby Creek spawning gravels, which contain a
smaii residual fraction of fine sedime:nt, and recajcuiate gravel
properties at the end of each incubation period. We do not.
therefore. distinguish between adverse conditions that may gre-
vuil throughout mast ot an incubation perivd and those that may
accrue only near the end of the period. The particie-size dis-
uitution of gravel overlying freshly spawned eggs is the aver-
age distributton obtained from freere-core samples at five
spawning arsas (Lisle 1989) minus a proportion of the fraction
finer than ¢ mm such that the traction finer than | mm cyuais
10% (Fig. 4). Inital porosity of the gravel is 0.33. The thick-
ness of the gravel laveriz (0.2 m, which approximates the aver-
age burial depth of cggs of stecthead trout and cono saimon
(Shacaiov and Tafl 1954; Van den Berghc and Gross 1984).

The framework of the gravel bed after spawning is assumed
lo remain intact as fine sediment fills the interstices. That is.
neither scour and fill nor expunsion of the gravel framework
occurs. Particle-size distribution of fine sediment between 0. 12
and 4 min wus obtained from the average distribution of mate-
rial cullected in the cans (Fig. 4). The disregarded fraction finer
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than 0.12 mm constituted only 7% of the material finer than
4 mm. Particle-size distribution of bedluad material does not
equal that of infiltrated fifies. panly because the distributions
are not truncated at the same minimum values. Also, fine bed-
load particles can more easily enter gravel interstices than coarsc
particles and are thus disproportionately represented in scdi-
ment infiltrating the gravel (Einstein 1970; Carling 1984; Lisle
1989).

The introduction of fines changes the valuc of grain-size
parameters used in the model. In approach |, bed-material frac-
tions finer than | mm and finer than 8 inm were calculated for
increasing values of accurmulation. These grain-size ranges cor-
respond approximately to those used by Tappel and Bjornn
(1983) to.relate survival to emergence of fvur species of
salmonids.

In approach 2, effective diameter, which is used in calcu-
lations of permeability, is reduced by fine-sediment infiltration.
Effcctive diameter is defined by

4y D, = [sum(p;/ ¥, D]

where p, is the valume fraction and i, is the sphericity of par-
ticles of size D, (Johnson 1980). Sphericity is given a value of
0.7.

Porosity is also reduced as interstices are filled with sedi-

ment. Given initial conditions, porosity (£) is calculated as a

function of fine-sediment infiltration (/. kilograms per square
metre):

(5) E= E“ - En (l - E[)(I/I-mn)

where E, = 0.35 is initial parosity, £, = 0.40 is porosity of
fine sediment, and /[, = 0.042kgm® is finc-sediment
accumulation to the point where interstices are completely
filled, Mass of sediment was converted to volume by dividing
by a particle density of 2.5 gicm’ thar was measured from
lacoby Creek sediment. Using these values. equatioa (5) sim-
plifies to

(6) E = 0.33-5.0L

E = 0.14 when interstices zre complelely filled, This value
corresponds closely to those for undisturbed gravei beds meas-
ured by Carling and Readzar (1982).

Permeability (K) is calculated frem ihe Kannan-Cozeny
equation (Scheidegger 1960):

(7Y K = gAEID, 36kv

wherz K is in cantimetres per second, g is gravitational accel-
eration. f(E) = E*(1 — E)*. and v is kincmatic viscosity. x is
an empiricuily derived pcrmieability constant and is given a
value of 5.4, which Jehnson (1980) found suitable for spawning
gravel.

Apparent intergravel flow velocity (u,) is calculated (rom
Darcy's Law:
(8) u, = Kldivdh
where 1, is in centimetres per second. Head loss (dhidl) over
riffla erests where fish commonly spawn is given a value of

0.005. Channet gradient of the study reach equals 0,0062. We
use values of u, 10 compute expected survival,

Embrvo Survival

We use the two approaches for evalualing changes in gravel
propentics (Jescribed above) and corresponding relations to
embryo survival (deseribed below) to explicitly evaluate uncer-
tainty in relating survival to gravel properties.
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Fio. 5. Cumulative frequency distributions of particle sizes uscd in
vur model and in experiments by Toppel and Bjornn (19%3).

In the first approach, we use Tappel and Bjornn's (1983)
empirical relation between survival of steelhead embryos and
the percentages of spawning gravel finer than 0.85 mm and
{iner than 9.5 mm:

(9A) § = 947 - O-lpo,apu.m + (Po.s)z

where § is capected percent survival Lo emergence and Py , and
P,.4s are the percent volume of sediment [iner than 9.5 and
0.85 mm, respectively, in the overlying gravel. We substitute
Py for Py ¢ and P for P,,,. Although Tuppell and Bjornn's
(1983) empirical refation fits specific laboratory conditions. we
justify its use in our madel by compariny their gravel properties
with those used in our model. First, we both usc a burial depth
of 0.2 m, Second. their particle-size distributions of gravel-
sand mixwres overlap our starting distribution and the distri-
bution courresponding to maximum infiltration (Fig, 5).

Expected survival computed for a range of values of fine-
sediment infiltration fits a linear relation well:

(9B) § = 67.9 — 0.648/
which. when combined with equation (2}, yicids
(9C) § = 67.9 = 1.10(q},™*"%

r: = 0.999

In our second approach, survival is a functicn of intergravei
flow velocity according to an empirical retation derived from
data for sockeye salmon (J. Pyper. cited in Cooper 1965):

(10A) § = 167.0 + 46.31cain,)  r* = 0.96.

The wall thickness and diameter of steeihead eggs are usuaily
smaller than those of sockeye salmon: thus. demands for oxy-
gen concentration for steelhead should be greater (Wickeut
1975: Beacham and Murray 1989), Consequcntly, equation
(10A) should vverestimate survival of steeihead embryos.
Survival then approximates a linear {unction of infiltration
which is substituted for u, using equaticns (4), (6), (7), and (8):

(10B) § = 56.8 - 0.918/  r* = 0.999,
Then by using equation (2) to substitute (g4); for /:
(10C) § = 56.8 — 1.864(qy) "'

For a given sediment flux, the survivai function gencrated from
the Tappel and Bjomn (1983) relation (9C) vields higher rates
of survival than that generated from the intergravel-flow func-
tiun (10C) (Fig. 6). This discrepancy is especially large for
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FiG. 6. Functions of embryo survival versus bedlead flux (equations
(9C) and (100)) using the intergravel flow function and Tappel and
Bjurnn’s (1983) relation.
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Fi1G. 7. Prabability density distribution of embrvo survival for all
40-d incubaticr periods aver a &-vr period using the intcrgravel-fow
function and Taopel and Bjormn's 11982) relation.

fluxes Setwasn 5000 and 20 000 kg/m. 3 range that was com-

menly achieved during the 40)-d periods.
Because 2ach 40-d sumination of mean sediment flux {rom
suation (1) is associated with g distribution of values of locul
Mux. expccled survival must be intezrated over equation (3)
using equations (9C) and (1CC). This results 1n a distributica
of survival rates for each value of mean flux.

Results

Prabability density distributions of expected embryo survival
were compiicd for the entire period of record using the Tagpel-
Bjernn and intergravei-flow lunctions (Fig. 7). Expected sur-
vival for each 40-d incubation period is the mean value resuiting
from mean sediment flux and spatial variations in sediment fiux
and infiltration. Variations in expected survival arise from tem-
poral variation in sediment transport due to climatic events. The
salient feature uf both distributious is the high variability of
survival rates.

The two survival functions vield categorically different sur-
vival rates. Results from the Tappel-Biomn function indicate

e
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Fic. 8. Integrated relation computed from the intergravel-flow func-
tion berwecn expected embryv survival and mean bedload flux with
%1 3D in survival about the mean due to spatial variations in fine-
sediment transpont and infiltration.

that survival rates for each day eggs are deposited would nost
often exceed 10%. In contrast. most of the distribution of sur-
viva] rates computed from the intergravel-Now function falls
below 5%. Depending on critical embryo survival rates nec-
essary to maintain {ish populations, vne could conclude that the
quality of incubation habitat does or does not limit populations,
depending on the choice of survival functiops.

Spatial variations in sediment transport and infiltration create
high variations in expected survival, particularly for high val-
ues of sediment flux. The standard deviation of expected sur-
vival, expressed as either an absolute value or a rativ tu mean
expected survival (coef(icient of variation), increases with
increasing mean sediment flux computed {rom the intergravel-
flow function (Fig. 8). The coefficient of variation is greatest
for mean values of flux exceeding approximately 5000 kg/m
and corresponding to mean survival rates of less than 10%.
Given that such low survival rates are realized most of the time
according to this function (Fig. 7), high spatial variations typ-
ifv expected survival in Jacoby Creek.

Temporal variations in expected survival are also high.
Embrvo survival rates can be expected to vary widely from year
to vear tecause of the episodic nature and streng influence of
stormilows that punctuste the spawning and incubation season
(Fig. 9). [n some years, e.g. 1983, high-flow events are fre-
quent. while in others. e.g. 1983. only one event may occur.
Even in a relatvely dry vear. e.g. 1980, survival may .be low
if ail ezgs are laid over a short pericd and a single high-Now
event happens tu cccur during incubation.

Discussion

Evsluaton of Uncertainty and Variability

One of the most useful immediate results of medeling a
svstem of natural processes is an evalualion of the relative
uncertaimy and vanability of individual processes. As more
knowledge of a process is gained and uncertainty diminishes,
our awarencss of its vanability often increases. Among the
hierarchy of processes between sediment transport and salenonid
embryo survival. variability is high and uncertainty relatively
low in the driving processes (strecamflow and sediment
transpont). and uncertainty is high in the response processes
{changes in gravel conditions and embryo monality).
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Streamflow s highly variable but measured routinely with
litthe uncertainty. Bedload transport varies approximately with
streamtlow, and varies considerably laterally and longiwdinally
during a stormflow event (see Gomez [991). Bedload trunsport
rates can be measured directly with careful attention to sampling
strategies and limitations of samplers or predicted with an
expected accuracy of within an order of magnitude (Gomez and
Church 1989). Considerable investment in meusurement and
medeling is required to quantify spatial variation in hedload
transport. Compared with its effects on.gravel properties and
emnbryo survival, however. variability in bedlvad tanspoit
outweighs its uncertainty.
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Uncenainty in effects of sediment transport on spawning
gravei is high because of a Jack of understanding of the variation
of [ine-sediment infiltration and scour and fill with hydraulic
and sedimentological properties of streams. Scour and fill of
streampeds can alter streambed compoesition as much as
sediment infiltration (Lisle 1989) and can also result in fatal
entrainment of embryos (Gangmark and Broad 1936). Although
mean depths of scour and fill in gravel-bed channels have been
modeicd (Ziemer et al. 1991), such models arc crude and do
not adequately incorporate spatial variations. Relations between
sediment transport and fine-sediment infiltration are either
empirical. and thus applicable only to channels similar ta those
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where relations  were developed, or fit stringent
sedimentological criteria. Where sund is abundant, rates of
infiltration are influenced by plugging of gravel interstices near
the bed surface early in the infiltration process. which inhibits
further infiltration ino decper layers (Deschta and Juckson
1979: Carling 1984; Lisle 1989; Diplas and Parker 1992).
Alonso et al. (198R) developed a model of sediment infiltration
and its cllects on gravel propenties in a channct containing
abundant silt and clay, but little sand. Under these conditions.
silt and clay are able to penctrate all but the smallest interstices
and thus fill beds from the bottom up (Einstein 1968).

Uncertainty in the depth of fine-sediment infiltration
complicates modeling of changes in gravel conditions and their
cffect on embryo survival, Empincal refations between survival
of eggs to cmergence and the volume of fine sediment deposited
in redds vary considerably depending on grain size distributions
of fines and redd matcrial. distribution of fines with depth in
the bed. and other conditions imposed in the laboratory or in
the field (Everest et al. 1987: Chapman 1988). ‘As a result,
there are no clear criteria to choose hctween refations for a
model such as ours:

Chaprnan (1988). for example, objected to the application of
relations developed under laboratory conditions to field

situations on the grounds that gravel conditions in natural cgg -

pockets are poorly understood and not replicated by the unifonn
distributions of fines with depth imposcd in laboratory
experiments. The implication, however, that the greater
permeability that has been observed in an egg pocket (Platts
and Penton 1980) transiates to a greater rate of intergravel flow
than indicated by the material surrounding the pocket may also
be erroncous. Subsurface streamlines do convergc into a
permeable volume, but only when inflow and outflow conduits
exist. Thus, intergravel flow through a permeable egg pocket
may be governed more by conditions in the surrounding materiel
than those in the pocket itself. As Chapman (1988) admonished,
the true nature of bed material structure associated with redds
and the effects of sedimentation on embryo survival in natural
channeis are not well understood and need to be improved
before accurate, predictive modeling can proceed. The

ctegorically differcnt resuits from our moded resulting from
two applicable survival functions highlight this need.

The issue is further complicated by muitiple causes of
mortality. as ‘well as adaptations of ova and alevins that increase
survival under low rates of intergravef flow and low levels of
dissolved oxvgen (reviewed in Everest et af. 1987), Even if
intzrzravel flow is adequate for embryo deveiooment. sand that
plugs near-surfacs interstices can prevent alevins from crierging
from the graved (Koski [966: Phillips et al. 1973). Degradation
of incubatinn conditions can also led (0 smailer size of ajevins
(Silver et al. 1963: Shumway et al. 1964; BDams 1969), which
may decrease chances for survival of fry. The immediate cause
of mortality from reduced intergravel fluw is the reduction of
uxvgen avajlabic to the embryos. Oxygen concentration of
intergravel water does not necessurily depend on intergravel
flow veiocity, but they usually correlate (Chapman 1988). Finc
scdiment in Jacuby Creek gravel comtains ahundant fine
particulate organic matter. Subsurface sumples of gravel whose
interstices were filled with fine sand and silt smelled of decaying
organics, suggesting that low oxygen concentrations are
associated with high concentrations of fine sediment.

Influcnee of Diversity and Size of Spawning Runs

The strung influence uf individual stormflow events suggests
that young-of-the-yeat fish populations would vary less widely
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if spawning were spread out in time over the rainy season. This
is most likcly (o result from a diversity of species, races, and
genutypes. as well as high escapement. Steclhead, for cxample.
spawn lute in the season during the onset of dricr weather in
many streams. and their embryos would have an advantage if
high fluws becamc less frequent. Reductions in diversity of
genotypes that lead to concentrated spawning over a short period
would secm to threaten fish populations because cven in rela-
tively dry years the annual recruitment could be threatened by
asingle storinflow. The number of embryos sueviving each year
to provide annual fry recruitment is more likely to affect the
dynamics of fish populativns than the composite survival rare
aver u period of years.

Similarly, wide spatial variations in sediment effcets suggest
that a diversity of redd sites can promote stability in fry recruit-
ment. [f alarge nuinber of redds are constructed, the few located
in zones of low sediment {lux and infiltration may produce
cnough fry to compensate for high nonalily elsewhere. Steel-
head do not appear to select low-risk spawning sites in Jacaby -
Creek but instead choosc loose gravel of the appropriate size
often in the thalweg. Our measurements have shown that sed-
iment transport and scour and {ill are high in such areas (Lisle
1989).

Fewer redds. resulting [rom reduced size and diversity of
spawning runs, would lead to increased vanability in embryo
survival and a greater risk of dangerously low populations even
in the most favorable of seasons. As populations of emerging
fry become less. embryo survival rates become criticat for fish
populations il the available rearing habitat for juveniles is not
adequately filled. At the same time, spawning success becomes
less predictable on the basis of the quality of incubation habitat
for embryos.

Conclusions

Despite a considerable degree of uncertainty and inherent
variability, the effects uf flow and sediment transport on sal-
monid embryo survival can be modeled. Spatial and temporal
variability of water discharge, sediment transport. and fine-
sediment infiltration can be explicitly incorporated. Relations
betwean driving and response variables can e quantified 1o
various degress of generality, precision, and accurzcy. The
resulting model is sufficienty comprenensive o expiore vari-
ability, highlight research nceds. and perhaps evaluate reiative
effects of changes in sediment transpon regime.

Regardless of the uncertainties in :nany of the precesses we
modeled. it is elear that the fraciicn of embryos surviving to
emerge from spawniny graveis ezch vear can te expectad to be
extremely variable in streams like Jacoby Creek. wherz lish
spawn during the high-flow season and the channei bed is a
least moderately mobile. In thesc cases, and especially where
adult escapement is low (Everest et ul. 1987, the nature of the
linkage between the sediment transcort regime and embrvo
mortality may be to limit fish preduction in some years but net
others,

Some research needs are clear. The further we move down
the hierarchy of processes from water discharge to embryo mer-
tality the more we find is unknown. Relations between sedi-
ment transport and gravel conditicns need 10 become more
general. include seour and fill, and adequatcly treat variations
in depth and grain size of fine-sediment infiltration, More cru-
cially. the subsurlace structure of natural redds and the response
of embryos to conditions in spawning gravels need to be quan-
tificd better. Progress in the problems outlined abuve will move
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us closer to predicting embryo survival under changing
watershed conditions and improve our understanding of factors
influencing population dynamics of stream fishes.
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