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Ahstract. — Laboratory studies have not duplicated the structure and compasition of cgg pocket
centrums in redds of large salmonids. and thus have not accurately modeled survival of embryos
and alevins in natural cgg pockets. Field studics of capped natural redds have related survival 10

_conditions in the redds or surrounding arcas but not demonstrably in egg pockets. These data
probably do not accurately reflect conditions faced by embryos or emerging alevins, The few data

_on cgg pocket chamcicristics indicate that gecometric mean particle diameter, fredle index, and
permeability are higher jn gravel surrounding the embryos-than clsewhere. Survival to alevin
emergence usually-regresses positively on cach of these tactors separatcly and on dissolved oxygen
in intragravel water. Survival to emergence usually relates negatively to percentages of small fines.

; Quantitative predictors depend upon careful definition of egg pocket structure through ficld sur-
veying of cgg pocket centrum tocations and on intensive study of pocket conditions. Laboratoty
duplication of cgg pocket structure and physical variables will permiit more accurate modeling of
cffects of fines on survitval to*emergence. Redd capping in natural redds can provide estimates of
_survival to emergence, which one may relaté 1o average egg pocket conditions and 1o variates in
the redd. After appropriatc modeling, it may become possible to relate conditions‘outside of. !hc

- OB pockcl 1o the environment within it and to survnal -to-emergeénce. . o

Here I review critically the variates used to cvnl-
uate cffects of fine sediments on survival to alcvin
cemergence in redds of large salmonids in streams,

-1 have divided the main body of the review into

" sections on the structure of the salmonid redd and
physical variables within it, on the relationships
between substraic particle sizes. permeability, and
survival, on the cffects of fines on incubation and
emergence success, and on the utility of survival
predictors. | conclude with some rescarch rec-
ommendations, -

Waork on cffects of fine sediment on salmonid
‘reproductive,success hegan with Harrison (1923),
¥ho reported low survival of sockeye salmon On-

~corhvnchus nerka in gravels with high percentages

of fine sediment. Hohbs (1937) fuund)»ﬂl fince .
. *

ﬁcdimcnn reduced the survival of salmonid em-

_bryos in the substrate in some New Zcaland

streams. Shapovalov and Berrian (1940) and, Shaw
and Maga (1943) reported that high fractions of

_small sediment particles incrcased montality of

salmonid embryos. Stuart (195)) expenimented in
the laboratory on ceffects of silt on carly life stages
of brown 1rout Salmn tnuta in Scotland. and found
that survival decreased as fincs increased. Shelton
(1955), in simulated ficld conditions. showed that
finc sediments reduced the emergence suceess of
chinook salmon Qncorhynchus tshawyvitscha. Fine
scdiments, or fines, as discussed by these and later - _‘ .
authors, include particies smaller than about 6 mm
in diameter, although some rescarchers may use
smaller (linmclcrNMlintl the category,

o«
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Numerous hh()rnlory and ficld studies on cf-
“fects of fines on salmonid survival soon supple-
mented these early efforts (Wickett 1954 Mc-
Donald and Shepard 1958; Alderdice et al. 1958;
Techune 1958 Coble 1961: Cordanc and Kelley
1961 McNeil 1962; Phillips and Campbell 1962;
Vaux 1962; Bianchi L‘MJ; Silver ¢t al. 1963;
McNeil and Ahnell 1964; Shumway ¢t al. 1964;
Cooper 1965; Kaski 1966; Mason 1969). These
studics led to consensus that low dissolved oxygen
and reduced water exchange increase embryvo
monality in laboratory environments and in na-
ture. They also showed that incuhation success
could dacline in natural intragravel environments
in which fines accreted. Fuih
and field studics demonstrated that

in experimental mixtures of subsiratc or i
ing gravels. Since 1969, rescarch on fine sediment
in the redd environment tended toward corrobo-
ration and refinement of the relationship between
emcrgence success and percentage of fines (Koski
1975.1981: Phillips et al. 1975; Tagart 1976, 1984;
Cederholm et al. 1981; Tappel and Bjornn 1983:
Irving and Bjormnn 1984; Sowden and Powc‘r 1985).
Some work -has addressed the difficult task of
defining criteria for “*healthy™ and degraded intra-
gravel environments (Platts’ and Mcgahan 1975:
. Shirazi ct al. 1981; Stowell ct™al. 1983; Everest ¢t
“al. 1987). Lahoratory studies and single-factor
analyses underlic mosf-of these criténia. ‘
The difficulty inherent in determining which en-
vironmenial variables act as Jimiting factors has
made it difficult, in tum. to establish the eflects of
intragrave! conditions on fish ccology. For cx-
ample, cxcessive fincs in spawning gravels may
not lcad to smaller populations of adult resident

salmonids if the amount of winter hiding space .

+ controls the number of juveniles that reach adult-
hood. However, criteria suitable for evatuation of
watershed management practices may not neces-
sarily relate direvtly to limiting factors. That is, a
habitat criterion for best tand management prac-
tices may only indicate strcambed composition in
arcas ‘used for salmonid spawning. Any critcrion
couched in 1erms of effects on salmonids should

have_demonstrable quantitative reproductive re-
i MY review on the

quirements, | concentra
utility of quantitative
SPONSCS.

cdictors of salmonid re-
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S!rudulrc of Salmonld Redds-

The structure of salmonid redds mitigates the

cffects of finc sediment on survival of incubating

¢embryos and on fry emergence. Many field and
laboratory investigators have overlooked redd
structure in formulating their sampling and ex-
pelimental designs, reducing the utility of their
‘reported data. The difficulty of locating and sam-

@ng the cgg pocket, the small area that actually

'ntains embryos or alevins within the relatively

* large spawning site disturbed by cach femule, has
impeded rescarch on the'way fines affect emer-

gence success of salmonids. The following mate-
rial pertains 10 the redds constructed by large fe-
male salmonids, such as Pacific saimon of the genus
Oncorhynchus. rainbow trout Salmo gairdneri and
steclhead (anadromous rainbow trout), and brown
trout. :

Redd D('w'lnpm(';M .
, .The salmonid redd in a sucam begins as a pock-
ct from which thé female has removed fines,and
small gravels. She accomplishes this by the lifting
action created when she turns on her side and
vigorously and repeatedly flexes her body. Cur-
rents help carry the lifted materials: the finest par-
ticles travel well downstream and the small to me-

“*dium gravels and larger sands mave into a pilc or
Jlow ridge, called the tailspill, below the pocket

(Burmncer 1951; Chapman et al. 1986; Figure 1).
Gravels and cobble (or rubble) usudlly include
particles with diameters of 6.3-76 and 76-254 mm,
respectively, The size of the particles moved and
Ieft by a female depends on her size and the make-
up of the substrate,

The female cannot or does not 1ift the largest
particles in the substrate within the initial pocket;
these form the clean cgg pocketl contfum, com-

_monly a grouping of two to four large gravel or

cobhlc particles that lic on the undisturbed sub-
strate that forms the floor of the redd (Hobbs 1937;
Bumer 1951: Jones and Ball 1954 Vronskiy {972),
The female deposits the first group of eggs into
this centrum and the male simultancously fertil-
izes them, The eddying currents within the pocket

-help retain sperm in contact with the eggs. Cur-

rents at the bottam of the pocket deposit most
cggs around the upstream bottom edges of layge
centrum componcents (Hobbs 1937).° .
The female quickly begins digging again difctly
and ohliqucly upstream from the first pockel. Cur-
rent again carrics the finer maierials downstream
from the redd. and gravels and some sands lifted
from this newly excavated area drop into the first
cgg pocket or onto the tailspitl, depending upon
size of the excavatcd material, The female then
prepares a new cge pocket with a centrum of seve.
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FiGre 1.—Diagram of a salmonid redd in plan view (top) and longitudinal section {middle), showing redd
development during the days afier redd construction begins: upstrcam is to the Ieft. Solid black circles represent
locations and relative sizes of cgg-pocket centrums. (Figure was adapted from Burner 1951 and Hawke 1978.) An
expanded section of the redd with two egg pockets on day 3 is shown at the bottom of the figure.

cral large grave! or cobble particles cleaned of fine
materials, and the cgg deposition and fertilization
process continues. . )

Understanding of redd construction evolved
slowly. Hobbs (1937) described redds of chinook
{quinnat) salmon and brown trout. Burner (1951)
described the shape and sive of redds constructed
by chinook salmon, coho salmon €. kisurch, and
sockeye salmon and also the tocations of ova well
upstream from the crest of the tailspill. Redds of
other large salmonids cover smaller arcas (Hobbs
1937; Burner 1951; Stuart 1953: Jones and Ball
1954; Hardy 1963) but have similar conligura-
tions. & ° .

Bumer (1951)*described the botiom of the cgg
packet by. noli'ng that *‘thcre remain in the pot
large stones too heavy for the fish to move far,
and the crevices between these rogks provide ox-
cellent lodgement for the eggs.™ Jenes and Ball
(1954) reported that large rocks lic in the bottom
of the cgg pockets of brawn trout, Vranskiy (1972)
confirmed characteristics of the cgg pocket cen-
trum of chinook salmon by noting, “Onc inter-
csting structural- feature of most chinook redds is
the presence of onc or two large stones (15-23em

in diameter) lying on the bottom of the redd: the
butk of the cggs are concentrated around them.™ -
He excavated redds to reach this conclusion. Gus-
tafson-Marjanen and Moring (1984) stated that
redds of Atlantic salmon Sa/ma salar contain one
or more large rocks in the cgg pit. These authors
prepared antificial egg pockets with larpe centrum
components, amang which they introduced cved
ova of Atlantic salmor.. .

Hawke (1978) excavated chinook salmon redds
in New Zealand.  Although he did not cexplicitly
describe the tailspill. his definition of a redd. as |
the total arca cxcavated by a fish_and the arca in
which ova lic, implicitly mcans that he did not
include the tailspill in the term “redd.” His dia-
grams show that deposited embryos lic not be-
ncath the tailspill crest, but upstream in a series
of five to sixegg pockets within the disturbed arca
of the substrate. His obserA-ations supplement the
findings of Hobbs {1937) during excavations of
redds of chinook salmon, brown trout. and rain-
bow trout in New Zealand.

Pocket placement progresses upstream, but ex-
cavation also extends perpendicular to streamflow
and to the pocket line, because of oblique digging

.
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o cover the egg pocket centrum (Hawke 1978).
Not all digging in the redd serves 1o cover carlier
cgg pockets or even to construct new ones. Fe-
males apparently also dig 10 t¢st the substrate for
suitability. ;They do not place eggs in all initial
pockels. and may move 10 a new area for actual
spavwning.

When the female has prepared the final, most
upstream cgg pocket, she digs upstream but cx-
cavates no identifiable new single pocket. Rather,
scveral shallow excavatians ofien appear dircctly
and obliquely upstream. Sorpe material from these
arcas falls into the most recently excavated cgg
pocket. The female removes fines from an arca
much wider than the pockets themselves as she
digs obliquely and at the next pocket location (Fig-
ure 1). .

Hobbs (1937) described the “floor™ of the red
by noting that the substratum of undisturbed ma-
terial underlying the redd falls in clevation sicad-
ily from the upstream end of the redd down to the
point where the female commenced work. He stat-
ed that embryos of chinook salmon in cgg pockets
lay about 25 cm beneath the surface of the redd.
The first egg pockets have deeper floors than later
ones (Hawke 1978). Much disturbed gravel from
the last pockets tends to deposit toward the lower
end of the redd because of the more upstrcam
location of the last pockets and perhaps because
of waning energy of the female and effects of the
tailspill on water velocity over the redd.

Egg pocket depth ranges from 18 10 43 em for
chinook salmaon redds (Hawke 1978; Chapman ct
al. 1986), and from 8 1o 22 cm for brown trout
redds (Hardy 1963). Ova tend to concentrate at
the bottom of the cgg pocket (Hawke 1978) in the
centrum. Frecze-core samples taken from chinook

salmon redds in the Roguc River, Oregon. re-

vealed that the eggs lay in a stratum 2-3 cm thick
just above the undisturbed streambed at the bot-
tom of the cgg pocket (F, Everest, U.S. Forest
Service, persopal communication). Although stray
cggs lay higher in the redd matrix, most ova lay
in the deepest portion of the redd. Chapman ¢t al,
(1986) repornted that the shallowest chinook salm-
on cggs in redds excavated '™ Vemita Bar, on the
Columbia River in Washington, lay 10 ¢cm be-
neath the. gravel surface in the redd. but 19 cm
. was the mcan depth at which the first cggs lay.
The mean depth of cgg pockets (bottom of packet)
was 29 cm (range, 19-37 cm). close to that re.
ported by Hawke (1978),
Hohbhs (1937) found that redds of brown and
rainhow trout had structures similar to those of
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chinook salmon, although they were smaller,
Grown trout redds had one to four egg pockets, -
the number a function of redd size, and most cggs
lay 20 ¢cm bencath the gravel surface. Hobbs stated
that rainbow trout eggs also lay in well-defined cgg
pockets at'a depth & about 20 cm beneath the -
gravel surface. In redds of small salmonids, the,

cg;; pocket, even where singular, very likely has , -

the same physiénl/ haracteristics. although it is
shallower and contains smaller panticles,

Remeoval of Fines

The female salmonid removes fines from an arca
much wider than the pockets themselves, Her
complcted redd contains less fine silt and sand
than the surrounding undisturbed substrate, Where

* spawners usc the same arcas year afler year, they

mayv maimain the area in a coarser condition than
surrounding gravels, that remain wnused. Large
numbers of spawners in the same arca should en-.
gender a “mass cleaning.” as fines removed from
onc redd deposit downstream, only to be lifted
and passed along by females working down.
strcam. Large annual spawning populations of

) sockeye salmon, pink salmon 0. gorbuscha, chum

salmon 0. keta, ¢hinook salmon, and coho salm-
on probably helpmaintain high-quality spawning
habitat. When spawning populations decrease! the
overall quality of spawning habitat can decline
(Everest ot al. 1987). .
McNeil and Ahnell (1964) found. that- pink
saimon significantly reduced the percentage of sol-
ids in the substrate that passed through sieve

-openings 0of 0.833 and 0.104 mm, and that a por-

tion of the removed materials consisted of light
organic material. The fraction with the greatest
amount of organic matter formed part of the
smallest size components, the portion females
could most casily remove during redd construc-
tion, This should apply 1o spawning gravels used
by other salmonid specics as well.

New redds .can contain as much as 32% less
organic matcrial than old redds constructed in the
previous year (Ringler 1970). Everest et al, (1987)
summarized reports that demonstrated reductions
in fincs in the substratc as a result of spawning.

. Although the criteria for fines have differed among

rescarchers, the evidence for substantial cleaning
is clear. ’

Intrusinn of Fines into Gravel

Afier the female has pantially cleansed fines from
the redd, small particles incvitably move back into
the relatively clean gravel. Hobbs's (1937) pi-

.




FHEECTIN OF FINES IN SALMONTD REDEOS

ongening report stated that “Sedimett tended to
" lodge and 10 cake firstly amongst the surface ma-
terial of the redds, forming a silt “crust’ overlying

cleaner mxtenal. In some cases, but subsequently, -

silt peneirated to egg-pockets, vinually restoring
the bed to its original state.” Hobbs stated that it
was unusual for silt to penctrate to the cgg pocket
while ova or alevins remained in the pocket, Gve

. erest et al, (1987) noted that clean and smnlla-_

gravels overlie the cgg pockaet. -

Depth of intrusion of fines into clean gravels
tends to be greater for smaller-diameter particles
and less for larger ones (Beschta and Jackson 1979).
In flume tests, of intrusions of fincs of 0.5-mm
diameter into an initially clcan gravel'bed with a
median particle size of 15 mm, Beschia nhd Jack-
son (1979) noted _that the uped 10 cm of the gravel
bed trapped the {nes and formed a barrier. or
“**scal,” against further intrusions. Intrusion
‘amounied 10 2-8% of total bed voume.

Froude numbers (F,) help characterize léw con-
ditions that influcnce intrusion of fines. Beschia
and Jackson (1979) described this dimensionless
variable, which represents the ratio of incrtial to
gravitational forces in fluid ﬂow (Streeter and Wy-
lie 1975): .

F, = g
I’ = mean velocity, m/s;
¢ =_acceleration duce to gravity, 9.8
y = dcplh of flow, m. > E

For suhcnucal flow (F, < 1 O) water flows rela-
1vely slowly and deeply. At a critical flow (/-

1.0), the specific energy (£ = 1"¥/[2g + v])isata.

minimum. Standing waves in a stream indicate
critical flow conditions. Supercritical flow (/, -
1.0} typically occurs in relatively shallow, rapid
Nows. N )

Beschta and Jackson (1979) showed that, when
F, is low, 0.5-mm sands added to flow over clean
gravel quickly established a sand scal in the upper
S em of the clcan gravel bed; the larger sand par-
ticles “bridged™ thc openings hetween adjaccnl
gravel panicles and prevented downward move-
ment of additional sands. At higher /,thigher ve-
locity and turbulence). flaw characteristics began
to alter the scaling process..and most depasition
and iptrusion occurred within the 5-10-.cm depth
zonc in the bed. Higher water velocities (associ-
ated with higher /) led to greater bed shear and
*jiggling™ of surface gravels, inhibiting formation
of a sand scal ncar the gravel surface. Hence, the
sand scal still formed, but deeper within the bed,
where it would prevent still deeper tntrusion.

.. dinally through (it.

In a study of even finer sediment than 0.5-mm
sand. Beschia and Jackson (1979) used 0.2-mm
sands in two tests. They found that the sand scal
in the upper fevel in the bed did not dc\clop
Instcad, the fincr material moved down lhrough
the gravels by gravity and began to fill the test-
gravels from the bottom up. Particle size thus in-
fluences depth of intrusion. The amount of intru-
sion by 0.2-mm sands decreased as F, increased
from 0.6 10 1.1. , .

Hydraulic dynamics tend to pull surface water
through the redd (Stuart 1953: Vaux 1962; Coaper
1965). Stuart (1953) demonstrated with potas-
sium permanganate crystals that water moves
downward into the egg pocketl ag well as longitu-
With dyes. Cooper (1965)
showed penetration of sarface water to depths as
great as 46 cm. C(mpcr {(1965) demonstrated that'*
a salmon redd, \vnh its peculiar shape, draws sur-
face water deeper than docs a gravel bed with rel-
atively flat surface: Cooper (1965) studicd the ef-
fect of this “*pulling” on. intrusion of fines nte
gravels in an experimental environment. He con-

firmed that silt isdrawn into the gravel even though' # '

high surface water velocities (high F,) prevent de-
position on the geaversurface. The intrusion of
fines reduced gravel permeability. Gravel com-
position affects the depth to which surface water
circulates- in the substrate (Cooper 1965). Very
‘coarse gravcl retained the Ieast fines and fincrgravel
retained. the most.

Mechan and Swanston (1977) introduced fincs
smaller than 2 mm into the flow in an anificial
strcam channel and measured their deposition in
test baskets a given distance downstream: depo-
sitiop was greater among rounded gravels than
among angutar gravels a1 very low flows, but the
*outcomce was reversed at higher flows. The authors
belicved that more low-velocity aecas cxisted in
rounded gravels at low flows, which permitied fines
to intrude and scitle. In angutargravels, more trac-
tive force was needed 1o carry sediments down-
stream, but more zones of low velocity were as-
soctated with angular particles at high flows,
permitting mare accumulaticn of sediment under
those conditions,

Koski (1975) showed that the percentage nfull
(- 0.105§ mm in diameter) retained m.gr.\\cls in
cxperimental stream channels correlated inversely
with the amaount of sand particles between 0,105
and 3.327 mm in diameter. The relationship ap-
pears to show that voids filled with sand cannot
subscquently Gl with «ilt,

Although onc cannot project the findings of
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" .. Cooper (1965) and Beschita and Jackson (1979) to

every salmonid redd in exact detail, somie conjec-
ture seems reasonable, From the moment when
fertilized cggs fall into the cobble or large-gravel
centrum-of the cgg pocket, digging by the female
spawner results in a bridging of smaller gravels
among cefltrum components, angd then in a mix.
of gravels over the centrum. Finally a scal of finer
sediments develops somewhere in the redd. the
depth and composition of the seal depending on
sediment transport in the surface low. The seal
may develop pantly dunng: lhc completion of the
redd.
Hawke (1978) described the gravels above the
" cgg pocket centrum as mainly fine, but containing
a high proportion of/coarse sAnd. 11 some pockets.
a loose ‘core of pebhlesran from the cgg pocket to
the surface, probably an example of bridging. Platts
el al. (1979) used multiple probes to frecze and
extract pan of a chinook salmaon redd that includ-

ed an cgg pocket: The lower part of the cgg pockct ]

had a “tunncled’ appearance (W, Platts, U.S. For-.
. €8t Service, personal communication). Bridging of
small panicles among larger parnticles leads to this
condition. Doth inorganic panicles and salmonid
cggs must bridge across voids in the substrate. The
smaller the spawncer, the smaller will be the av-
crage particle size in the redd and the smaller

should be the average diamcter of the **scal*’ com-,

ponents. Of course, egg and alevin size tend 10
relate directly to fish'size as well,

Gravel composition varics widely over time in
many streams fAdams and Beschia 1980). The

complex interactions among F.. freshet events, and -

sediments in transport strongly influence condi-
tions in the redd during incubation and emcer-

gence. Hawever, the configuration of the cgg pock--

et and placement of embryos by the female appear
to icad 10 optimal physical conditions {or cgg in-
cuhation and alevin emergence,

lnleﬁul Characteristics of the Frg Pocket

Onc can find many references to substrate com-
position and intragravel conditions in salmonid
spawning arcas, or cven in redds, but few dircctly
concemn the individual cgg pocket. Platts ot al.
(1979) removed an_entire cgg pocket from a chi-
nook salmon rcM in the South Fark Salmon Riv-
er in November 1978 with “freeze cores.™ ()nc
freczes cores in the substirate by placing probes in
the battam matcrials and passing liquid gas, such
as carban diovide or nitrogen, through the probes
{Walkotten 1976; Lotapeich and Reid 19R0), The

cxtracted cares can be analyzed hy depth stratum.,
. - - .

/
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‘Platts et al. (1979) used a battery of such probes
for the extraction, then kept the egg pocket, which
weighed 620 kg, frozen untit they could dissect it
w the laboratory,

Mcan diameter of particles ‘in gravel samplcs
scrves as one descriptor of substrate composition. -
Platts ct al. (1979) defined gebmetric mean di-
amcter ((I ) as’ - N .

d = ((I...d..)' EN

s = particle diameter corresponding to the 16th
percentile; dy, = particle diameter corresponding
10 the Rdih pereentile. The d, of panticles in the
cgg pocket extracted by Platts et al. (1979) differed
markedly from that of the surrounding substrate.
The d, of the entire extracted pocket, 45 cm deep.
was 23 mm. The sample may have included some
sediment from outside the egg pocket, hence may
have had a bias toward a lower d,. The avctage d,
in the Paverty arca of the South Fork Safmon
River, where the cgg pocket was extracied, was 13
mm. Shirazi ¢t al. (198|) provided somc addi-
tional .cstimates of d,'in the arca of the pocket

taken by Plaus ct al. (1979), and they stated that

the d, of the arca near the cgg pocket was 23 mm.
Howcvcer, the data, obtained with a 25-cm McNeil

isampk-r. were analyzed with $cives that had a

maximum mesh diamcter of 25 mm. Extrapola-
tion of these data beyond 25 mm to obtain the 4, -
of samples that included particles as large as 152

* mm mislcads. and onc should not rely on the com-

parison, Shirari ct al.{1981) reported analyses of
singlc-nrobe {reeze cores taken from S cgg pock- -
cts in the South Fork Salmon River in 1977, The
average of the 15 d,s was 35 mm. Although the
standard deviation was 21 mmi, largely because
single probes vield high variability, the data show
that d, was high in cgg packets.

" A gravel descriptor developed by Lotspeich an?\
Everest (1981 ): the (redle index, also demonstrates
the difference between the egg pocket sampled by
Platts ct al. (1979) and the surrounding sybstrate. -
The fredlc index (f)) incorporates clements that
integrate gravel permeability and pore size.

f,=dJS,. ' e
v, = {dsJddy ) 2, dsy and dy being diameters of
graim at the 75th and-25th pereentiles of cumu-
lative gravel sample weight. In the cgg pocket dis-
sected by Platis” et al. (1979), the fredie index
cqualed 7.5: in surrounding spawning gravels. /] .
was only 1.8, Both d, and f; provide cvidence that
the spawning (emale coarsened the substrate with.
in the cgg pocket.
[ ]




In the previous section on intrusion of fines into
gravels cleansed by the femalce, | noted that some
workers described a crust or seal of fines in the
egg pocket. This shallow intrusion did not appear

“in the egg pocket that Platts etal. (1979) described,
but d, of the middle pocket stratum, at a depth of
15-30 cm. was less than that of the top or bottom
IS cm of the pocket. The middle stratum may.
have captured more sands as the female excavated
upstream of the pocket, Flows steadily deelined

in the fall of 1978 in the South Fork Salmon River *

afler chinook salmon spawned. Egp pocket spruc-
ture for a stream subjected to freshets duning the
ificubation period probably would differ as a result
of bed load movement.
Permeability of .the egg m\ﬁ'ucrcally extleds
that ‘ol the surrounding substratc and that of redd
arcas outside the pocket. Permeability is a func-
tion of hydraulic gradicnt, apparent velocity, and
temperature (Pollard 1955), and it describes the
ability of gravel 10 pass water per unit of time. It
increases with increased d (Platts ctal. 1979). One
can cstimate permeability in the ficld by measur-
ing the water volume pulled into a volumetric cyi-
inder per unit of time from a standpipe well point
25 cm dceep in the substrate under constant rapid
suction of water through a small tube whose ¢n-
trance lies 2.5 cm deeper than the water surface
outsidc the pipe (Terhune 1958). Chapman et al.
(1986) observed progressive construction of redds
- of chinook salmon’in the Columbia River at Ver-
nita Bar. We recorded exact lacations of egg pock-
cts as females prepared them in 15 redds in 1980.
After the females completed the redds, we drove
truncated standpipes into the centrum of the
pockets and Ieft thdip there, The median perme-
ability of the pockets equalled 10,500 crh/h (range,
3.700-18.000 ¢m/h). We also drove standpipes
into the substrate cvery § m along an upstream-
downstrcam axis in a nearby zone of heavy
spawning. Median permeability of six locations in
" this 7onc¢ cqualed 1.300 cm (range. 180-3,000
cm’h). Median permeability of six locations in an
adjacent zonce of light spawning was 395 cm/h
(range, 190400 cm/h). In 1981, we mceasured per-
mecability in 15 locations 10 m apant along an
upstream—downstream axis in a zonc of almost
continuously overlapping redds, and found a me-
dian permeability of 910 cm/h (range. 460-6,200

cm/h), In 1980 we also attempted to create cgg

pockets by digging with shovels in the substrate
in current, then covering the pocket by digging
upstréam as we thought the female chinook salm-
on did. Mcdian permcability of 12 such artificial
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pockets was 5,000 cm/h (range, 1,400-18,000
cm/h). We concluded that the egg pocket con-
structed by the female had a much higher per-
mcability than the surrounding substrate,and that
spawners cleansed the substrate more effectively
than we did. Female chinook salmon create rela-
tively high d, and permeability in egg pockets by
the way in which they excavate and cover egg
pockets, Other large salmonids almost certainly
perform similarly in streams.

Fcology of Salmonid Embryos

A very large body of literature deals with intra-
gravel ccology of incubating embryos. Although
these studics generally have not provided accurate
analogs for the cnvironment within the cgg pocket,
they demonstrate that survival relates positively
1o dissolved oxygen and apparent velocity of in-
tragravel water that moves past the embryos. They
also show that survival relates positively to gravel
permeability and gravel size. and negatively to
proponiions of fine particles. ’

Apparent Velocity and Dissolved Oxveen

Alderdice et al. (1958) found that the lower in-
cipient median Iethal concentration of dissolved
oxygen ruse with embryo development, from about
0.4 mg/L carly in development 10 1.0-1.4 mg/L
before hatching. Alderdice et al. (1958) tested sur-
vival of chum salmon eggs cxposed 1o constant
levels of dissolved oxygen for 7 d a1 vanious de-
vclopmental stages. Exposure to low dissolved
oxygen caused premature hatching, .and rate of
oxyvgen uptake increased steadily from fertiliza-
tion to hatching.

Alderdice et al. (1958) calculated the critical
oxygen concentration, the concentration at which
respiratory demand is just satisfied, for various
stages of development. Tirey found that oxygen
need rises with development and. by the stage of
development at 250 degree-days (a degree-day
cquals 1°C above for 1 d). oxygen need reaches
S mg/L a1 10°C. @R derdice. ot al. (1958) recom-
mended that one should regard the critical level
of dissolved oxygen as a measure of oxygen re-
quircment for successful incubation, and that
studics should determine if theoretically estimat-
ed critical levels of oxyvgen cquate 1o empirical
limiting levels.

Coble (1961) demonstrated that survival of
sticelhead embryos related directly to apparent ve-
Yocity of intragravel water, However, when he ad-
justed his data to nognalize the dissolved ox):gcn
level to 6 mg/l., He &L‘nd that survival no longer
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was obviously related to apparent velocity. Coble
nored that incubating embryos require oxygen, not
water velocity, and that water movement mainl)
- delivers oxygen to the embryo and C'\mcs away
waste. His graph of the relationship between dis:

solwed oxygen and apparent velocity in artificially
dug redds that contained steelhead embryos.

showed-a direct relationship of oxygen concentra-
tion to veloc¢ity. He stated that survival of ¢m-
bryos was related 10 apparent velocity, but only
indirectly lhrough dissoived oxygen concentra-
tions,

Phillips and Campbelf (1962) buricd newly (er-
“ tilized steelhcad and coho salmon ova among glass
beads within perforatcd stainless steel boxes; the
boxes surrounded short stantpipes in shovel-dug
redds in tributaries of Drift Creck. Orcgon. Steel-
head survived very poorly 10 a time about 3 weeks
after haiching in these antificial redds when dis-
solved oxygen levels averaged below 7 mg/L. Epgs
of coho salmon survived well at oxygen levels
abovc 8 mg Oy/L and alevin size correlated with
lhc amount of dissolved oxygen. Steelhead alevin
size had no” rclationship to oxygen level. These

authors concluded that intubating embryos re-

qu:rcd morc oxygen than had previously been sus-
pected.
Qllvcr ctal. (1963) dcmonslralcd that water ve-
. locitics must be high cnough within the redd not
onty 1o support theoxygen requirements of all the
embryos, but also to deliver sufficient oxygen to
the surface of the chorion around cach cmbryo.
Steelhead and chinook salmon embryos, held at

9.5 and 11°C, respectively, all dicd at an oxygen -

.concentration of 1.6 mg/L. Silverctal. (1963) con-
cluded that the theorcetical critical oxygen levels
. calcplated for salmonid embryos by Alderdice et
.. al (1958) were far bclow the true limiting oxygen
levels throughout rpost of development at tem-
peratures of 10-12.5°C. Silver et al. (1963) ascribed
the discrepancy to assumptions underlying the
modcls used by Alderdice ct al. (1958). One such
assumption was that the pcnphcry of the chorion
defines the limiting respiratory surface before blood

cnrculanon‘ is cstabhished, whereas it 'probably is

defined by the surface of the embryo itsclf. Another
error may be associated with the posthatch period.
Alderdice et al. (1958) assumed that the perivi-
telline fluid was anoxic after blood circulation be-
gan. The embryo could notsurvive without oxy-
gen in the Nuid. however, which means that real
tensions are less than assumed by Alderdice et al,,
and that higher oxygen concentrations arc needed
in the water to support embryo development. Sil-

) rnhsnmlly

_one-third, and at 7°
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ver et al. (1963) suggested that one cannot assirme,
a critical "pxygen' ‘concentration in
water surrounding the embryos that is very much
lower than the critical concentration for newly
hatched sac- -fry. .

Silver ¢t al. (1963) followcd this suggcsuon by
showing that all tested oxygen concentrafions less
than 11.7 mg/L restricted growth of chinook salm-
on cmbryos before the 24th day after fertilization.
For steclhead, all tested oxygen concentrations be-
low 11.2°mg/L restricted development before the
30th day. Growth of coho salmon at 11°C is re-
stricted before the seventh day after fertilization
at concentrations of dissolved oxygen at least as
high as 6 mg/L. and before the 28th day at con-
Zentrations slightly below 11.9 mg/L. Other data
Showed restricted growth of embryonic steclhead
at 12.5°C beéfore the 11th day at oxygen levels
slightly below 10.4 mg/L.

Shumway et al. (1964) established that both lhc
velocity of water moying past cmhryos and the -
dissolved oxygen concenfration directly affecled
survival ol embryos. Cooper (1965) showed ll\x
apparent velocity slrong1x influenced survival of
cyed sockeye salmon eggs to emergence. But these
workers noted that very low water velocities can
mcet the oxygen rcqmrcmcms of embryos if oxy-
£Cn concentralions remain h:gh Dissolved oxygen
concentration has rclatively more influence than
apparcnt velocity on embryonic survival and de-
velopment., -
“~Development of cmf;ryos often. procccds at
temperatures of less tfan 10°C. For example, win-
ter water temperaturgs during incubation of cggs
laid by fall spawners $fien reach 3-5°C (Columbia-
River m:nnslcm) orfeven less than 1°C (tributar-
ies at high clevation ahd northern latitudes). Hobbs

-(1937) noted that thejoxygen requirement per unit

of tissue and per unjt of time at 3°C was about
about one-half, that at 12°C.
Wickett (1954) tabulated data obtained at about

§°C for Atlantic shlmjon (Lindroth 1942) that in-

-dicated a critical dissolved oxygen level of 5.8 mg/L

just before hatching, \VmGcn‘s (1954) own data.

for chum salmon suggcsl a critical level of less

than § mg/L for 85-d dggs (faintly eyed) at 3.6-
4.9°C. The limited ‘data indicate that an assump-
tion that ¢ritical mvgcﬁ levels decrease at low
temperature is teasonab . Critical levels for dis-
solved oxygen at low idmperatures are not cstab-
lished, but may be somewhat less than those re-
ported by Silver et al, (1963).

The convincing results nfﬁllvcr ctal. ( 196 and
Shumway ct al. (1964) showed that any reduction




EFFECTS OF FINES IN SALMONHY REDDS

of dissolved oxygen.could reduce length of (ry at
hatching. Length and $trength of sac fry from em-
bryos rcared at high oxvgen concentrations cx-
ceeded thosé of sac fry reared in low and inter-
mediate oxygen concentfations. Length of
steelhead fry was positively, related to water ve-
locity nt given oxygen concentrations, but water
velocity was more important at low than at high
oxygen levels (Silver ¢t al. 1963).
Dissnlved oxygen has rclallvcly more mﬂucncc
“on steelhead.fry size than water velocity (Silver et
al. 1963). The velocitics measured by Silver ct al,
approached true porc velocity (the actual velocity

‘past the surfaee of the embryo) because of con-

ditions in the experimental apparatus. Apparent
velocities in the substrate, as measured in ficld
studics, are lower than actual velocities. and onc

cannot.compare them absolutely with these lab--

oratory studies. However, the results of Silver ¢t
al. (1963) demonstrated the combined effects of
. dissolved oxygen and velocitics, rcgmrdlc“ ol ab-
solute values for velocity.

- Shumway ¢t al.’ (1964) incubated cmbryos
amang glass beads in the laboratory, and found
that the émbryos grew larger for a given water flow
and oxygen concentration than they did when
grown on a porous platc such as that used by Silver
ct al. (1963); the effect was especially pronounced
in a mix of large and small beads. True porc ve-
locitics were higher in the substrate mix, and onc
~ may concludc that velocitics in redd porcs exceed
" those indicated by 'xpparcm velocity measure-
ments.

Embryos hatch carlicr at Iargcr total weight in
media with’high dissolved oxygen concentrations.

Brannon®(1965) feported that newly hatched em-

bryos incubated at 3, 6, and 12 mg QL had av-
_erage respective lengths and wet weights of 16, 19,
and 20 mm and 22. 30, and 42 mg. Embryos in-
cubated in 3 mg O./L required 2 wecks longer to
absorb yolk material than those held at 6 mg/L,
and 3 weeks longer than those held at 12 mg/L.
. Subscquent growth of alevins with the 3 mg/L
hypoxlal history was slower than that of nlcvms
incubated at 12 mg/L. |

McNcil (1966) stated that oxygen rcquircmcnls
of embryos risc to a maximum just hchrc hatch-
ing. and that larvac tolcrate lower dissolved oxy-
gen levels than do cmbryos. He attributed this
change to availability of vastly incfeased respira-
tory arcas {gills) after hatching. Hays et al. (1951)
reported that the oxygen caricentration that would
* 1imit mctabolism of Atlantic salmon decreased af-
ter hatching.-

Mason (1969) cxposed coho-salmon embryos
and alevins to dissolved oxygen Icvels of 11, §,
and 3 mg/L. Mo'rlalilics to time ol yolk hibsorption
amounted 1p 17, 23, and about 41%, rcspcclivcly.
thrym ubjected to the |owcroxygcn levels were
smaller fit hatching (22.9, 25.4,.and 28. 1 mm for
oxygen concentrations of 3, 5, and 11 mg/L, re-.
spectively). Alevins subjected to 3 mg/L were about

"33 mm long at yo“("ﬁbsorpuon whereas aleving'

mhjcclcd 1o the higher oxygen levels were over 37
mm long. Fry cxposcd to the most scvere hypoxnal
conflitions subscquently tended to emigrate into-
downstream traps after emergence_because &
competition during the pos‘cmcrgcncc period,
Mason (1969) compensated for low dissolved-oxy-
gen levels by increasing temperatures so thdt fish
‘would-emerge from all three groups at the same |
time. Had he maintained all groups at the same
temperature, the social disadvantage faced by (ry
with hypoxial historics would have ‘been exacer-
bated bédcause |hcy would emerge both later and
smaller. S U

Ant reduction in size at cmergence as a rcsult'
of hypoxial incubation history can have important
cffects on. the subsequent social success of post-
emergent coho fry (Mason 1969). Fry with hyp-
oxial history did not compete succcssfully with
targer fry. Only by cmlgraung 1o unoccupied hab-

itats could,they achicve normal growth. In habitat .'_' ’

in which carly emerging fry have occupied the

‘ch'imnmcnl. or cven just the most favorable por-
tions of it (Puckett and Dill 1985), frz
_oxial history would inevitabty suffer

with hyp:
igher mor-
tality than larger fry. I discuss cffects on cmergence
itsclf later in this revicw,

Wells and McNejl (1970) noted that the ]argcsl
and fas\cs\-dcvclopmg embryos and alevins' ofp\gk
salmon found in Sashin Creck, Alaska. had in-*
cubated in spawning gravels with high levels of

"dissolved oxygen in intragravel water. Koski (1975)

showed that survival of chum salmon to ¢mer-
gence was about one- \h\rd as high for cmbryos
subjected to dissolved oxygen levels below 3 mg/L -
than for erhbryos suhjected to levels over 3 mg/L.
Oxygen concentrations below: 3 mg/L delayed
cmergence. Sowden and Power (1985) found that
survival of rainhow trout cmbeyos in. a ground-
watcr-fed streamhbed depended upon mean dis-
solved oxygen content-and velocity of ground-
water. in redds. Survival increased directly as
oxygen content rose above 6 mg/L. v . :
The kcv inference from, the bady of work dc-
scribed above is that deprivation ofdls‘ofvl'd()xy- .

gen leads 1o subtle prablems ofien not detéctable
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in tests of survival in various oxygen concentra-
tions. It appears incorrect 1o set critical oxygen

_levels at any. arbitrary point, or to assume, that
survival to time of cmcrgencc is suflicient evi-
dence of ccjogical success. Any decremental re-
duction in dissolved oxygen levels from saturation
probably reduces survival to cmergence or post-
cmergent survival.” .

Davis (1975) extensively reviewed the oxygen
requirements of" salmpnids, including anadro-
mous forms. He showed a mean threshold of in-

) cxplcnl oxygen response for hajching eggs and lar-

- val.salmonids as 8.1 mg/L and 76% saturatian,
. Fle suggested three levels of protection against
¢ s of low dissolved oxygen concentrations. The

"¢ highest of these, onc?ndard deviation above the’

" incipient response Tevel,' would represent idkeal
condijions. The lowest, onc standard deviation
“below the incipient response, would be apphcd
only 16 populations of little value. ,

© Low dlssolvcd oxygen confentrations tend to .

" occur in substrates with high percentages of fines
(Tagart 1984) and low pcrmcnbnlmcs However,
Koski's (1966) data indicate only a loose negative

*  ‘relationship between fines smaller than 3.3 mm -

in diamcter and the dissolved oxygen concentra-
. tion in iniragravel water. - . ,

_Permeability, Mecan Particle Size. and
Indices of Pore Size:

Sediment lcxlurc docs not dnrcclly control sur-

) vxval to emergence. of salmanid émbryos (Lot-
speich and Everest 1981). Permeability and pore

- . size, influenced by sediment texture, diréetly in-
fluence survival by controlling water movement
for embryo irrigation, and easc of alevin cmer-
gence. Wickett (1958) related percent survival (to
cmergence) of pink and chum salmon fryito av-
crage permeability in the streambed. McNeit and

versely related to the percentage-of substrate par-
ticles that passed through a 0.833-mm sicve, and

. that_the more productive pink salmon spawning’

streams, among thosc they examined, had high

permeability coefficients. Wells and McNeil (1970)

. found that the largest embryos of pink salmon in

~ Sashin Creck, Alaska, came from a stream scg-

_.«ment with a relatively steep grade and coarse ma-
*terials in the bed.

1 used data of Koski (1966) and McCuddm

(1977) to calculate permeabilitics of redd and lab-

. oratory gravrls in relation to cmbryo survivdl 1o

emergence for coho and chinook salmon, Survival
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of both species was positively and significantly
related to permeability (Figure 2).

- Shirazi et al. (1981) compared percentage em-
bryo survival, as reported in several studies, to
geometric mean particle.size (d,) in spawning sub-
strates, laboratory gravel mixes, and redds used

for spawning. Their report included studies that ° . B

measured survival of several species for parts of
the incubation period and data for survival to
emergence. High survivals tended to occur in-as-
sociation with high d,s (Shirazi et al. 1981).1plot- .
ted their model for survival in relation to d, to-
gclher wnlh linear regressions of s’hranal 1o .
cmcrgencc ond, for Koski s (1966) data from nat-
ural coho salmon redds and for laboratory data on
sockeye salmon (Cooper 1965) and steelhead and
chinook. salmon (Tappel and Bjornn, 1983). The
rcgrcssiéms'(Figurc 3), all significant (r? = 0.46—
0.83), did not conform 10 the model of Shirazi et
‘al. (1981). 1 also rcgrcsscd coho salmon survival
data of Tagart (1976), as‘dcvcloped in ncl-cnpped
natural redds, on d,. but the rclauonshnp was not
significant. Usc of the Shirazi et al. (1981) model
to depict survival of salmonids in relation to d,
does not appear appropriate.
Lotspeich and Everest (1981) calculalcd d as

do=d x dy x .o X dys;

d, ...d, = particle diamecters in percentiles 1 ..,

n; wy ... w, = weight fractions in~percentiles | .. .

1. They showed with empiricdl data from' the

: Roguc Riverin Orcgon that this formulation pro-
‘vided a somewhat more accurate -estimate of*d,
than the formaila of Platts et'al, (1979).

Lotspeich and Everest (1981) related the fredle
index to survival to emergenee of coho salmon .
and steelhead placed into laboratory mixes of
gravels (Phillips ct al. 1975). These data includcd

. only the intragravel period of “swim-up”.fry to
. : "_emerging fry, the period afier ncarly compléte yolk
Ahnell (1964) showdd that permcability was in-

absorption. The index appeared sensitive to pore
sizc as the latter influcnces emergence and merited
further study. I calculated £, for the data of Tappel
and Bjornn (1983), and found highly significant
regressions (r? = 0.85 for chinook salmon and 0.95
for sicelhead) of survival on /] between f, = 1.0
and f; = 4.0 (Figurc 4). At f; = 5.0 and,above, ,
Aurvival to emergence exceeded 90% for both chi-
nook salmon and stecthead, and survival did not
increase at higher f; values (Figure 4). Thesc data®
pertained to the entire incubation period through
emergence.. Tappel and Bjornn (1983) noted that
their gravel mixes had more particles'12.7-25.4
m!‘n in diameter than would natural gravels. .Ncar- '
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FIauke 2, —Survival to cmcrgcncc of coho snlmon'm natural redds (solid circles) (Koskl 1966), and of chinook
sulmon in laboratory gmvcl raixes (solid squares) (McCuddin 1977) in rclauon 10 gravel pcrmcablhby

.

Iyl 00% oflhc particles in their experimental mix- o

_es were smaller than'S1 mm, and thus did not
‘include larger sediments normally found in the cgg
pocket centrum. Survnval of sockeye ‘safmon in
laboratory studies (Coopcr 1965) also rclatcd sig- "

‘nificantly to / (Figure 4). Survival data of Tagart

_(1984) from capped coho salmon redds did not

" in the same d, range {3-17 mm),

regress significantly on /. .

Tappel and.
., Bjornn 1983

10 15 20
Dg mm
FiGURE 3. Survwnl to emcergence in relation 1o gco-
metric mean particle size (d,) for natural coho salmon
redds (Koski 1966), and for other salmonids in labora-
tory . gravels (Cooper «1965; Tappel and Bjornn 1983).
The compiite model of Shirazi et al. (1981) is plotted

-~ . Y

The somewhat greatersurvival to emergence for
steethead at intermediate f; (2.5-5.0) in the study .
of Tappel and Bjornn (1983) may have occurred
becausc the alevins had.to move vertically throygh -
only about 15-20 ¢cm. Alevins in the studies used -
by Loispeich and Everest had to emerge through -
about 25 cm of grave! (Rhillips et al. 19785).

Tappel and Bjornn (1983) concluded that the

“ usefulness of the d, is limited"becdusc gravel mix- - -

tures with the same geometric méan can have dif- - .
ferent size composifions. They noted, -after an ..
analysis of 100 samples bf spawning gravels from
the South Fork Salmon River, that some samples
had- substantial deviations from Yognormality.
These deviate samples curved upwavrd in the up-
per end of cumulative distribution plots, The cor
relation improved if particles larger than 25.4 mm
were deleted from the plot. Elimination of such.
large particles from any study of the incubation
medium of largé salmonids: however, would dis-

& 1ance the test envirgnment from real condmons

in the egg pocket.

Sowden and Power (1985) cvaluated survwal of
rainbow trout' embryos to 1 week afier hatch in-
rclation to gravel statistics. They reported corre-
Jlation coclﬁcncms of 0.41, 0.36. and 0.36 for sur- .
‘vival in 19 redds in relation 16 d,. f, and perme- |
ability, rcspccuvcly When they examined only

ds with mcan dissolved oxygen levels greater  ©.

than 5.3 mg/L and similar hydraulic gradients, the
same respective correlation cocflicients cqualed
0.85.0.90. and 0.98. In this case, the relationships

for the fredle index and permeability were signif-
icantat £ ='0.05 and P =0.01, respectively, Sow- -
den nnd Power (198%) excluded particles. larger
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FICURE 4. —Survnval to emergence in rclation to the frcdlc index: for natural coho salmon redds (Koskl I966)
“and for chinook salmon and steclhead (Tappel and Bjornn 1983) and sockeye salfon (Cooper 1965) in laboralory
gmvcl mixes. Heavy arrows indicate the upper ends of regressions for the Tappel and Bjornn data; at hlghcr fredle:
indexes, survival exceeded 90%. Regression lines for stéelhead and cohis.salmon are ajso plotted l'rom Lotspeich -

‘and Evcrest (1981) for the late part of the incubation period in laboratary gravcls (Lolspclch and Evcrcsl l‘)8|
\lscd dala from Phllhps et al. |975 y L
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‘ lhan 48 mm from their freeze-core samplcs for (hlgh.pcrccmagcpfﬁncs) orlow pcrmcabllny may

: reasons ofwclglubms (Adams’and Beschta 1980), have prevented interchange ofoxygcnated surface
and thus may ‘have cxcludcd some or all particles  waters with intragravel, water. Tagart 's(1976)data

_ of the ceg’ bockct ccmrum/ . indicated 32% survival to cmcrgenc‘c from redds .

oo in which less than 20% of fines wcrc smallcr than
“Survivalaf Embryos in Relation 0 _ 0.85 mm. whercas survival was only 18% from,
, Pexcenjage ofhm's ' redds that had more than 20% of such fines; the.
.*Scveral |nvcst|galors have examined the effects  difference was significant at-2 = 0.05.

. ofﬁne sediments on salmonid incubatpen through McCuddin (1977) tested the. abitity of. chmoof(.‘
emergence. Koski.(l'966) trapped coho salmon fry  salmon, and steclhead to surv and cmerge in
emerging {rom 2[ natural redds in three Oregon. . troughs of various gravél~sand';\'klurcs that sim-
streams. Survival was inversely related to per-  ulated the substrate mix in natural spawning arcas.
ccnlagc of fines. Fines smaller thdn 3.3 mm gave  Survival decreased as the ‘proportion of. sand in
Ahe highest corrclauon Koski (1975) reported a  the substrate increased atad?e 10-20%:- For tests™".
Sithilar relationship-for chum salmon survival to  with newly feriilized eggs Placed in'the-substrate,
cmcrgcncc in gravelsplaced in a spawning channcl .any percentage of 6—12-mm particles above about
in Washmglon though his gravel data camc from 10-15% appeared t6 reddce survival, as did any
the channel cell in which chum salmon spawncd percentage of fines { <6 mm)-above about 20-25%." ;

-*not from the redd. . Whether or not the gravg! beds in artificial chan--

. For the nine rcdds from which he obtaindd data - nels are typical of natural beds.is always an issuc;
on mimmum and mean dissolved oXygen'concen:-  in’ McCuddin's work. the stricture of the incu-"
trdtions, Tagart (1976, 1984) showed that dis-  bation environment did not appear similar to that
solved oxygen was related lnvcrscly to -the per- ina nalural redd. The cflect of this on his results
cenlagc of fines under 0.85 mm in; diameter. The s unccnam‘ Cederholm et al. (L98 1) summarized
reason for the rclauonsh;p is not-clear, but hio-  studics of coho salmon survival from green cgg o, -

- chemical oxygen. dcmnnd in the substrate mayhave cmergence in anificial strcam iroughs..and found

) - reduced oxygen lcvcls.whcrc permeability was low  an inverse telationship between percéntage of fines
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smaller than 0.85 mm and survival. The mixture =~ gy o W
and s}mli!'l_calion of gravels in these cxperiments ‘ f;:';,';,':f’;’:d'nb'
was chosen to provide an analog of actual con- g Bjornn 1983 -~
ditions in various streams of the Cléarwater basin . A :

_in Washington State,- but “actual conditions™ re-
fers.in part 10 conditions within spawning gravels
' _(1h'c_.arcas used by fish) and in part to conditions
- withih the redd periphery (Cederholm ctal. 1981).
Cedcrholm et al: (1981) demonstrated that in-
creased fines smaller than 0.85 mm reduced sur-
vival of coho salmon to émergence in both arti-,
ficial and natugal redds. Elements in Figure 5
illuslr.'nc"thc difference between,laboratory gravel
~mixes apd conditions in the redd. Coho salmon
‘survival, as reported by Céderholmeet al. (1981),
was 30%at about 10%.fines (<0.85 mm) in the °
trough mixes and.at' 15% fincs ih natural redds.

. Suryival.of 15% occurred at abotit. 13% fines in
the trough and 25% fines in natural redds. Al-
though the overall gravel mixture in troughs du-
plicatcd natural gravels, suivival was- lower ‘in
troughs at a given percentage ol
the tgough.mixes t3"duplicate arra

in. redds may have been at 12ast . L P .

" for thé differences. - - ' L ' y oo Cghoredds
-»-Survival of coho salmon if#atural redds in both +. . | - ‘ // / COh"o .-B’:we"'é%'lm elat-
the Alsca River, .Orcgon. (Koski 1966), and the - oo ////)Z_'. o .

“Clearwater River, Washington (Cederholm ct al. . AR .

1981). declined as the percentages of fines smaller 10 20 30 - * 40

than 0.85 mm increased (Figure 5). However, sur-+ - -Percentfines <0.85mm - __.

vival at given pércentages of fines was consider- + ©  FIGURE 5.—Survival of salmonid embryos 10 emer-

. : s gence in relation to fines smaller than 0.85 mm in di- -
ably higher in the Oregon study. For_ example, at amcter. Data provide comparisons of coho salmon sur-

20% fines. survival 10 emergence was about tWice - yivais in laboratory (lab.),and field (Cedgrholm et al.’
as great in Koski's Wor.k (45%) as in that of Ced- 1og1), of coho salmean in two different streams (Koski

. erholm ctal. (20%). Factors other fhan these fine 1966 Cederholrmet al. 1981), and of chinook salmon °.
particles must have affected survival in onc or in gravels with a range &f percentages of particles less
both of these colo salmon studies. Chinook salm-  than 9.5 mm in diameter (shaded area; Tappel and Bjornn
on survival to emergence (Tappel and Bjornn 1983) 1983). - N . : s

_ varicd -widi:ly at’ given percentages of fines less ' . .
than 0.85 mm (Figure 5). depending upon the per-  where the percentage of fine sand rose above about
centage of fines smaller than 9.5 mm in diameter.  13%, survival declined sharply. Where the percent
For example, graphs-in Tappel and Bjornn (1983  of coarse sand rose above about 22%, emergence |
show that survival at 10% fines smaller than 0.85 droppct sharply. The gravel mix used by Peterson
mm varicd from 20 to 80% as the amount of fines  and Metcalfc had a high ratio of small:medium
9.5 mm or less varied from 60 10 25%; gravels (particles 22-62 mm had a 5:3 ratio to

Pcierson and Mcicalfe (1981) measured emer-, smaller particles 0f'2.3-22 mm). a mix that would "
gence of Atlantic-salmon ‘eggs that had incubated * be unusual for most gravels used by Pacific salm-
_in various‘gravel and sand mixtures. Fine sand * on and ‘stecthead. : .

- (0.06-0.5 mm) reduced emergence success more MacCrimmon and Gots (1986) investigated the
cffectively than coarse sand (0.5-2.2 mm). Strong  cffects of fines smaller than 4 mm on survival of -
‘upwelling water current in the gravel bed mitigat-  rainbow trout from .cyed ¢gg to emergence. Sur-
“ed cflpets of sand to some degree (sand tends to  vivals were 51-74% in gravels with 40-100% fines,
reduce porosity, hence permeability) and induced | although more fines led 1o earlier emergence of *
catlier fry emergence. These workers showed that  smaller alevins. Alevins apparently respondcd to
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K

Y

S
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high percentagesof fines by leaving the substrate  inversely related to the percentage of fines smaller
carly,. mdcpcndcnl of dnssolvcd oxygen, levels. « than 0.8 mm. For cach 1% increase in fines over .
Survivals equaled 87-92% in "0-20% fincs. Incu- the r:';ngc of 10-30%, survival declined 1.3%. In
" bation ccllshpd vertical water movement adjusted  a second study, cach 1% increase over the range .
1o 130'mL/min regardless of substrate composi- -.of 10~40% decreased survival 1.1%. The work also
tion; thus, actual pore velocities should have in-  showed a negative relationship between sur\nval
‘creased in mixturgs with more fines. and percentage of fines smaller than 6.4 mm. The. .
Tapbcl and Bjornn (1983) examined various authors stated that faiure to cmerge was probably ¥y -
. gravel mixes and “concluded that 1wo particle cat-  associated with physical entrapment, because the )
cgoncs diametecs less than 0.85 mm and less than  dissolved oxygen content of the intragravel water
“9.5 mm, adequately described lincar pamclc size  was similar for all gravel mixes. No information
_ distribution’. They provided isolines of survivals on apparent velocities was obtained. The high sur-
“ of chipook salmon.and. stcelhead in relation to  vival (near 90%) at 20% fines (<6.4 mm) {s of*
' percentages of fines in these two categories. Irving  interest: The authors speculated that these parti-,
- and Bjornn (1984) cxtended the laboratory tech- - . cles prcvcnlcd smaller fines and organic debris
. niques of Tappel and Bjornn (1983) to investigate  .from entering the. mcubauon environments. This
. survival of kokanee (landlocked sockeye saimon), ~ bridging effect would also occur in the egg pocket.
: cy((hrbn( trogt Salmo clarki, and rainbow trout. ‘[ infer, from this and other information, that some
These workers also prepared isoline graphs for 0~ . finesaid syrvival, and that the particular mix and
“« 80% survival in relation to percentage of fines, stratification in the egg pocket govern emergence
‘smallegthan 0.85:and 9.5 mm. These lines show  success. . .~ °
. "that chinook salmon embryos and alevins, !olcrmc - Whete groundwater instcad of surface water ir-
3 hlghcr pcrcenlagcs of such fines than do cutthroat rigates the substrate, the rcl:monshlp between fines
: '. and rainbow’ trout and kokanece.’ The difference  and survival providcsa poor prcdnclorofsurvwal
< . may be related in part to embryo size and alevin  Sowden and Power (1985) reported that survival .
© strength. Lnboralory mixes of gravels ar¢ not of rainbow trout was not significantly related to
packed tightly by substrate shifts or intrusion of the percentage of sediments smaller than 2.0 mm.
adqluonal scdigents during the incubation pro-  Rather, it was strongly related to dissolved oxygen
- cess: The relatively large chinook salmon alevins  level and water velgeity: oxygen content was de-
. may bu’gjlhelr way to the surface more. success- termined by groundwater conditions rather than
_"1u| ese, mixes. The explanation for ghe dif- by factors causing biological oxygen demand with-
"ﬁgog nf&rc _probably lies in the d)ﬂ'crcm depths in the redd. Sowden and Power measured survival
of urial of embryos in the faboratory channels. 1o the sac-fry stage. not-to emergence. They noted
- The ‘channel diagram_provided by Irving and that further studies that measure survival to emer-
Bjdmn (1984 indicates a burial depth of about  gence would be desirable, but urged cautious ap-
20 cm for crabryos, rather deeper than. burial  plication of survival models h'\scd on substralc
® depths in natural redds for small trout and ko- paruclc sizcs.
-~ kanee: but less than the naturat depth of ova in
-chinook salmon egg pockets, The chinook salmon " & Emergence fram G'“‘."‘"s_
data used by Irving and Bjornn (1984) were ob- - Incubation success depends not only upon on-
1ained from Tappe! and Bjornn (1983). The 10tal  ditions through the development from fertilized
“depth of gravels in the troughs used by Tappel  cgg to alevin, it also upon emergence of fry from
and Bjornn (1983) ranged from 15 to 20 cm, and  the.substrate. Egg pocket structure and gomposi~
the center of the Vibert boxes that contained cx-  tion influence survival during the emergencé phase.
perimental lots of ova lay about 12-15 cm-below White (1942) reported that where Atlantic
the grave! surface. The alevins first encountered  salmon incubated in arcas with high quantitics of |
" the experimental gravel mixes at the top of the  sand, 80% of the eggs died and 20%.of the sur-
Vibert boxes. Chinook salmon and steelhead al-  viving larvae could not cmerge through the com-
cvins must emerge from considerably greater pact sand layer. He found entombed fry even in
depths in natural cgg pockets. The relationships  redds ‘where emergence had occurred. “Shelton
shown by Irving and Bjornn (1984) are consistent  (1955) placed chinook. salmon cggs in vahous
with my explanation. ‘ gravel mixes in scroenced bags m a natural strecam
Rescarch by NCASI (1984) showed that the sur-  and recorded cmcrgcncc success. He noted much
- vival of rainbow trout embryos 1o cmergence was lower survival to emergence through small gravels
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‘(a mix of particles,Jess than 2.5 cm in diameter)
than through larger particles. Koski (1966) exca-
vated coho salmon redds that had been surround-

“ed with nemng He foutd 260 emaciated dead fry.
sevefal centimeters below the surface of the gravel
in one redd. :

Phillips et al. (19 cimmincd effects of ﬁncs

~ on emergence success. They prepared cight mix-

tures'of sand and gravel, then inseried coho salm-

on and steelhead fry.into the substrate through a

vertical standpipe. Emergence success of both

species declined (from near 100%) when fines ex-

ceeded about 10% (1-3 mm). Presence of 20%

fines reduced emergence success aboul 60—7Q%

The amount of fines (<3.3 mm)in spawning grav-

cls used by coho salmon in 15 unlogged Oregon

watersheds varied from 27 1o 55% (Koski 1966;

. Moring 'and Lantz 1974). One might infer from
the laboratory studies of Phillips et al. (1975) that
survival of coho salmon and stcethead from the
preemergent state to emergence would be 25-50%
in undisturbed environments. Because they only
tested survivatl of alevins to emergence, the iricre-
mental effects of incubation from egg deposition
to the preemergent state would be subtracted from
these percentages. However, the data of Phillips

- et al. (1975) only illustrate that emergence success
declined in laboratory mixes of gravel that con--
tained high percentages of fines. They do not per-
mit quantitative predictions,in field situations.

- Data from natural redds as reported by Koski -
(1966) and Tagart (1976, 1984) support a mean.
survival from dcposition to emergence of about
27 and 30%, respectively, in undisturbed (Alsea
watershed) and partially logged (Clearwater River)
drainages. Thesc data from net-capped redds, al- *

"though they integrate responses to scveral physical
variables in.the redd, ‘may contain errors causcd
by the procedures uscd to estimate deposition in
cach redd. Estimatcs of egg placement were ob-
tained by recovering the carcass of the spawned-

" ot female, estimating fecundity from length, and
deducting’ eggs retained in the carcass. This pre-_
sumes that an individual female has an egg com-
plement that is average for her length, Tagart
(1976) provided -estimated and actual egg com-
plements for IS coho salmon at a Washington -
hatchery that used a stock of fish very similar to
the onc he studied in the field. He reported a mean
error of only 0.5% (range, 0.05-1.94%). Koski's
(1966) regression of fecundity on coho salmon
length suggests a much larger variability,. .

Phillips and Koski (1969) tested the efficiency
of net%aps i? capsuring emerging coho salmon fry

ts

and rbporlcd a mcan cfficiency of over 99%, based
on releases within the gravel of fry ready 10 emerge.
They also showed that the net caps did not sig-

nificantly alter dissolved oxygen or permeability” s

in 25 coho salmon redds.

Hausle and Coble (1976) shobved that emers,
gence success of brook .trout alevins Salvelinus
fnn/i:;n//.v declined significantly as the percentage
of sand in laboratory mixes of gravel increased.
The NCASI (1984) study showed significant nég-
ative relationships between survival of rainbow |
trout embryos and percentages of fines smaller than -
0.8 mm in test mixes of gravels, probably because
of interference of sands wiih emergence. Dis- |
solved oxygen content did not change in various
mixes of sand, a\lhough apparent velocity mlghl
have differcd. - ‘

Bams-(1969) reported that when alevins sof
sockeye salmon confronted a sand barrier near the
surface of an experimenial gravel bed, they *“*but-
ted” upward with repeated short thrusts. This ac-
tion loosened the sand grains, which fell down and
past the butting fish, and formed an open passage
through which the fish moved upward. Thus
bridges within the egg pocket may.be breached by

. such butting behavior, and the particle gradation,

caused as larvac move about, and fines drop into
the deeper sediment pores, may be_an important
component of intragravel ecology. Pores in the egg

‘pocket centrum result from the large size of cen-

trum components, bridging by small gravels and
large sand particles (NCASI 1984), and bridging
of small particles on the embryas themselves. Pore
volume and configuration probably change after
alevins hatch, change shape as they absorb their
yolk, and begin to move about. Some fines prob-
ably redistribute from above 10 beneath groups of
alevins as hatchmg and development proceed and
as alevind move upward to emerge.

The effect of fine sediments on siz¢ of emergent
fry has been reported by several workers. Koski

- (1966) found that the sizc of coho salmon at emer-

gence related directly to permeability of the sub-
strate. Gravels with high proportions of fines and
low permeagiljty tend to have low dnssolvcd oxy-
gen Icvclsmch delay embryo: dcvclopmcnl In -
such contexts, size of emergent fry decreases, with
the potential subscquent ecological dlsadvamagcs
noted by Mason (1969). .

Phillips et al. (1975) reported that coho salmon
fry that emerged from high percentages of sand
were smaller- than those from gravels with low
percentages, hut that steelhead fry were similar in

size after emergence from substrata with different
« .
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pereentages of sand. Hausle and Coble (1976) were
unable to find a relationship between pereentages
of sand and size of emerging brook trout fry \hal
did not have fully absorbed cgg sacs.

Koski (1981) showed that chum salmon |hat
emerged from gravels with high proportions of

‘sand were smaller. He attributed this to restriction

by sand of the size of fish that could physically
emerge. Tappel and Bjomn (1983) found that the

size of steelhead fry that emerged from gravels:

with low percentages of fines slightly exceeded that
. of fry from gravels with high percentages of fincs,
but that the size of chinook salmon fry varied little
through the range of experimental gravel mix-
tures. The effects of different incubation histories
(steelhead were placed in gravels as newly fertil-
. izéd ova, whereas chinook salmon were placed in

. gravels as eyed embryos) and shallow gravel depths -

are unknown, The burial depth of chinook salmon
embryos in the laboratory mixes of gravel was
shallow. Had the alevins emerged through 25-30
cm, the results might have differed.
. Bams (1969) described the behavior of sockeye
salmon fry as they emecrged from a glass-walled
observation chamber by upward swimming mo-
tions, presumably oriented to gravitational force.
Normal emergence movements werce slow and ap-
" peared restrained, and there were long periods of
rest between movements. However, in favorable
substrata, movements of § cm/min were frequent:
ly recorded. Bams (1969) described the ficid.of
movement of fish released from a given point as
an inverted conc with a vertical axis. Fry dropped
_backward or putled themselves backward by flex-
ion and a pulling action provided by tail leverage.
Koski (1966) rcported that mean total duration
ofcmcrgcncc from 2! coho salmon redds was 30-
.39 d, and that 90% of fry emerged from redds in
15-2 d The number of days to first cmergence
. was r%l ignificantly rclated to the amouny of fines
smallér than 3.3 mm in redd} qfcoho salmon, but

the total period of emergence was greatest in redds

with highest percentages-of fines. <y

For chum salmon, Koski (1975) noted lhnl the’

. number of temperature units required for the first
5% of cmerging fry. to reach the surface decreased
with increasing percentages of fines. Hausle and
Coble (1976) recorded .increases, rather than lhc

_* decreascs reported by most workers, in the time.

fequired for cmcrg'é'ncc of brook trout in gravels
“that contained higher percentages of fines (<2.0
mm). McCuddin (1977) stated that he found no
relationship between timing of fry emergence for

chinook salmon or steelthead and percentages of
. - . » .

sand in the substrate. However, his data show
considerable differences. Emergence of ‘stecthead |
through 0-22% sand pcaked earlicr than emer-
gence through 41-52% sand. On the contrary,
emergence of chinook salmon peaked earlier from
52% sand. Although McCuddin's data do not shed
light on the cause for the difference, it may relate
10 stress level in the two species. The behavior of
chinook salmon scemed to parallel that recorded
for chum salmon by Koski (1975), a study in which
higher pereentages of fines corrclated inversely with
the number of temperature units required Tor
emergence. Steclhead ' observed by McCuddin,
(1977) scemed to behave in a manner opposite to
Koski's (1975) chum salmon. Th¢degree to which
Iabomory cnrcumslanccs achctcd the resulls isun- .
knowri.

Utility of Existing Studies as
Predictors of Survival

. The laboratory studics of survival of embryos,- -
as reviewed in this report, employed various grav-
cl mixtures and depths and stages of embryonic
development. Investigations of survival in natural
redds have related survival, cither through emer-
gence or to posthatch, to conditions within . the
periphery of the sa‘momd redd, but not necessar- -
ily to ¢tonditions in the egg pocket. These studics
did not specifically attempt to duplicate the ar-
rangement, depth, and composition of sediments
as they occur in the salmonid egg pocket,

Evaluations of gecometric mean particle size, fre-
dlc indcx, and effects on survival of various per-
centages of fines in the incubation medium have
produced results that are quantitatively inconsis-
tent among and usually within fish species. Re-
search generally supports the hypothesis that sur-
vival declines in substrates as quantitics of fine
sediments increasc. Fines tend to reduce gravel
permeability and pore space, as well as dissolved
oxygen in water available to embryos, thus influ-
encing incubation success.

The limited information spccnﬁc 1o the salmo-
nid cgg pocket strongly indicates that the perme-
ability and particlesizes-in cgg pockets consider-
ably cxceed the same-variates in the surrounding
spawning gravels and within the periphery of redds. -

Some of Koski's (1966) samples from capped redds ™

may have included some data from cgg pockets.

‘His investigation approached survival to emer-

genee directly, and his survivals integrate condi- -
tions within the redd. However, one cannot de--
termine how closcly his independent variatcs
reflected conditions in the egg pocket.
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Onc cannot, with the existing information on
survival of embryos and alevins in the redds of
large salmonids, predict survival quantitatively and
with known accuracy on the basis of physical fac-
tors mcasured in ficld or la'boralory studics. It will
remain impossible until rescarchers measure sur-
vival to emcrgence in simulated cgg pockets ap-
" propriately constructed to'mode! actual cgg pocket
conditions in the substrates used by the specics of
interest. Tappel and Bjornn (1983) and Irving and
Bjomn (1984) suggested that the greatest appli-
cability of their model functions for survival in
relation to two classes of fines lies in predicting
the relative change in embryo survival rates that
may occur if changes occur in the spawning and

incubation substrate. But the greatest applicability

of their laboratory data, in spite of the elegance of
the laboratory approach and resultant data, is to
conditions in the labaratory. Onc cannot assume,
'for example, that a 10% incremental increase in

particles smaller than 0.85 mm will result in a
predictable decline in ecmbryo survival of a given
salmonid in a field environment.

Laboratory studics have not taken into account
the internal structure of the cgg pocket for the
species of salmonid used for test animals.”One
should regard laboratory studies of embryo sur-
vival in relation to percentages of fines as modcls
uscful in asscssing mechanistic responses rather

than as analogs of natire that permit accurate as- .

sessment of quantitative biological responses in
- actual rédds. With appropriate cgg pocket simu-
lations, it may become possible to relate condi-
tions and survival in the pocket to characteristics
and survival within the redd.. Rescarchers may
find that physical data from within the redd pe-
_riphery or from Iaboralory studies provide suit-
able predictors.
~ Some variables cxamined in ficld and labora-
tory studics may better predict survnval than oth-
~ers. 1 used stepwise multiple regressions 10 cx-
aminc the two most -complcte data sets, on¢’
obtained from capped redds (Koski 1966) and the
other from laboratory gravel mixes (Tappel and
Bjornn 1983). Independent variables in the regres-
sions for Koski's 21 capped.redds of coho salmon
included d,. percentage of fines smaller than 0.85
and“than 2.0 mm, pcrmeability, dissolved oxygen,
and the logarithm of /. Survival regresscd signif-
icantly on log /, (” = 0.001) and permeability (I’ =
0.07). r* = 0.63. 1 used d, and log f; for indepen-
dent variables in the regressions for laboratory
survivals of stcethead and chinook salmon (Tap-
pel and Bjornn 1981). Permeability 'inform'.\\i(_m

J

was not available. Tappel and Bjomn (1983) had
alrcady calculated r* values of 0.90 and.0.93 for
stecthead and chinook salmon, respectively, with
percentages of substrate with diameters smaller
than 0.85 and than 9.5 mm as independent vari-
ates.!Steelhead survival regressed with high sig-
mﬁcnncc on log f; (P = 0.001) and 4, (/ = 0. 03) .
= 0.86 ( = 0.001). Chinook §almon survnval
rcgrcsscd on log f; (P = 0.001) and 4, (P = 0.02):
r* = 0.84.
Survival correlated much better wnh the fredle’
index /" than with d, in multiple regressions for
both ficld and {aboratory data. Earlier, | showed

'significant single-factor regressions of survival on

the log of permeability for coho salmon survival
in the ficld (Koski 1966) and for a laboratory study
of chinook salmon survival (McCuddin 1977; Fig-

©ure 2), If permeabilitics were available for the lab-

oratory work that Tappel and Bjornn '(1983) car-

ricd out under conditions simmilar to thosc used by

McCuddin (1977), they would very likely also cor-
relate well wuh survival. Future data obtained on
cgg pockcts ‘and redds, both in the ficld and in
laboratory modcling. should certainly include the
fredlc index. permeabilitics; percentages of fines
(<0.85 and <9.5 mm), and dissolved oxygen con-
centrations, for these all tend to mtcgralc condl-
tions in the mcuhnuon medium,

Research Roqulremcnls )

Spccnﬁc techniques for sccuring data on fines in
and on the substrate can be found in Brusven and
Prather (1974), Walkotten (1976),- Platts et al.
(1979), Lotspecich and Reid (1980). Lotspeich and
Everest (1981), and Shirazi et al. (1981) and in
the summaries by Levinski (1986) Terhune (1958)
prov:dcd details on the Mark VI standpipe. used
to asscss permeability and appafent velocity in
gravels within and outside of redds.

+ Conditions “in the redd™ may serve as indices,
and even predictors, of conditions in the egg pock- -
ct. Sediment composition and stratification have
been reported from only 16 ‘identified egg pockets
(Platts et al. 1979; Shirazi et al. 1981), and perme-
abilitics from 15. The relationship betweéR av-
crage condilions.wilhin the redd periphery and

. those in the egg pocket must be established before

hypothesis progresses to fact.

The first rescarch phase should csmblnh lhc
particle sizes, arrangement, pefmeability, and dis-
solved oxygen concentration over time in natural
cgg pockets as incubation proceeds. With these
data. one can calculate packet characteristics such

‘as geometric mean particle «diameter by vertical
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stratum and [redle index. One can also construct
-laboratory analogs of egg pockets.

In lh?ml phase, rescarchers will have to locate
cgg pockets preciscly. One can do this by intensive
field observatpon from blinds of redd progress in
clear, relatively shallow water. Redds in” water
deeper than about | m or distant {from shore would
require more complex observational techniques,
Depth of the centrum should be measured, which
may require temporary disturbance of the spawn-
ing female. Either range stakes, for triangulation
on pockets. or data obtained with surveying in-
struments should permit researchers to find the
pockets after females complete redd construction,
Freeze-probes (Walkotten 1976; Lotspeich and

- Reid 1980) can extract some cores of pockets to
the bottom of the centrum, and analysis of these
cores can define veniical stratification and panticle
compositions, Frecze-cores should also be ob-
tained at other points in several redds whére egg-
pockcl.péres are obtained. Core sampling should

. include efforts to determine changes in stratifica-
tion and proportions of fines aver the incubation

" scason as fines intrude in the cleansed cgg pocket
and redd periphery. Intrusion of organic fines also
may require attention in some environments.

A truncated Mark V1 standpipe (Terhune 1958)
can be inserted in undisturbed pockets so that per-
mecability and ‘dissolved oxygen can be tracked

" - through the incubation period. At the same time,

standpipes should be inserted at randomly select-
cd locations within the redd periphery, permitting

comparison of data from within the redd with in-

formation from egg pockets. Also, pcrmcﬁbili(ics
obtained through the entire incubation period in
egg pockets and the surrounding redds will pro-_
vide information for modeling gradual intrusion’
of fines into 1 redd.

McNeil samplers (McNeil 1962) will not pro-
vide ‘information on vertical- stratification, al-
though they may serve, with appropriate core di-
ameter and excavation depth, to assess gravel

composition in egg pockets. Shirazi et al. (1981) -

compared McNeil and freeze-core syst¢gms. and
found, that triple-probe freeze-cores and McNeil -
samples yiclded similar results in spawning grav-
cls. One should not interpret the'se results as per-
" taining to vertical stratification in the egg pocket.
Unlike samples from McNeil cylinders, frozen
cores can be placed horizontally to thaw into scp-
arate bins designed to provide data_on vertical
stratification,
Where spawning is cxtremely dense, as in cer-
tain pink, chum, and sockeye salmon spawning
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arcas, condition of the spawning gravels may more

“truly reflect conditions in cgg pockets. I cannot
find data that permit me.10 examine the” validity
of this argument; but 1 think the egg pocket will
have conditions different from “*spawning gravel™
or “‘redd” cven in zonces of dense spawning.

- In the second research phase, one should relate
survival through emerggnce to conditions in egg
pockets. | suggest that laboratory environments
should simulate cgg pocket conditions determined.
as described above, iricluding centrum depth, par-
ticle sizes and locations, permeability, and dis-
solved oxygen. The proportion of sediment made
up by fine patticles can be varied in different treat-
ments, but basic pocket structure should simulate
nature. This requires inclusion of large particles
as found in actual egg pockets. Accurate modeling
of tempora! changes in field conditions may re-
quire that fine particles, possibly including organic
fractions, be added during the incubation period.

A third research phase should encompass esti-
mation of survival to emergence with redd cap-
ping. The ficld investigator should follow the pro-
cedures suggested in phase one for location of cgg
pockets, and should incorporate truncated stand-
pipes in egg pockets and elsewhere in the redd.

Redd caps (Phillips and Koski 1969) can be em-
placed 2 or } weeks before anticipated fry émer- |
gence as estimated from temperature data. This
minimizes possible ice or debris damage to caps
and accgmulntion of fines or organic mattér on
and bencath cap netting. :

Phasc three also requires a length-fecundity
regression appropriate for the stock of fish, This
can be devcloped from hatchery or fishery data,
and should probabhly involve standard length rath-
er than fork length because of tail erosion during -
spawning. Onc may éstimate fecundity and assess
cgg retention from carcasses of females associated '
with ccrtain redds. Alternatively, one might use
photographic techniques 10 mcasure females on
the redd. estimate fecundity from thatdength, and
correct for a percentage of egg retention based on
a sample of carcasscs. Vanability in fecundity for
fish of given lengths may, for some stocks, de-
mand 'a large sample of capped redds. For ex-
ample, Healey and Heard (1984) reporied that fish
length explained somewhat less tHan 50% of the-
variation in fecundity between individuals within
chinook salmon populations. The net caps must
surround the read., rather than individual pockets,
to intcgrate survival from all pockets. :

Rehavior of some species and races of salmo-
njds, as well as environmental circumstances, will
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permit all lh‘rcc phases of work. For other stocks,
only the first two phases may be feasible. For ex-
ample, spnng spawning rainbow trout and stcel-’
head may pose more difficulties for redd cappmg
than fall-spawning chinook salmon in streams with
a.snow-melt hydrograph. Data for even a fow cgg
pockets on centrum depth, composition, and
stratification may permit improved labbratory
simulation. Where extended observation of cgg-
pocket locations cannot- occur, examination of
many frozen cores may reveal details necessary
" for simulation. The samples used 1o characterize
cgg pockets should include only cores that con-
tained several ova. * e
Variabililul’daln about the regressions of sur-
vival on certain categories of. fines, d.. £, and per-
meability. should decrease for information ob-
tained within the egg pocket-and applied to
laboralory modclmg and redd capping. One may
“not cnurtly overcome variability caused by tem-
poral changcs in sediment composition in some
strcams, Bult one can reduce variability that results
from inacourate saimpling procedures. It may be-
come fcasible to relate conditions within the redd

to syrvival "within the cgg pocket.- Quantitative
models and prcdlcllvc tools could then be dcvcl-_

~oped for ficld cnv:ronmcms Even |rrcdd capping
in adequatc sample sizes proves cconomncnlly and
. physically infcasible, knowlcdge of structurc and
composition of the egg pocket can be applied to
laboratory expcqmemal conditions, making for
better analogs of egg pockets in the field.
Determination of conditions in the egg pocket
and survival to emergence _requircs labor-inten-

sive, expensive procedures. The alternative is to”

continuc to use data of unknown accuracy and to
- ¢xtrapolate inappropriate experimemal and sam-
. ple data to natural incubation environments.
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