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ABSTRACT

Mortality of 5 brood years of pink salmon, Oncorhyn
ch us gorbuscha. and chum salmon, O. keta. in spawn
ing beds of three Southeastern Alaska streams was
studied. Eggs and larvae were sampled periodically.
and mortality was associated with certain environ
mental factors: The supply of dissolved oxygen. the
stability of spawning beds. and freezing.

Total mortality between spawning and fry emergence
typically varied between 75 and 99 percent in the study
areas. High mortality occurred during low and high
stream discharge and freezing air temperatures. Mor
talities ranging from 60 to 90 percent of deposited eggs
occurred in association with low dissolved oxygen levels
during and after the spawning period. Movement of
gravel in certain instances was associated with the
removal of 50 to 90 percent of 'eggs and larvae present

Pink salmon, Oncorhynchu8 gorbu8cha, and chum
salmon, O. keta, are t.he only spec.ies of Pacific.
salmon in North Ameriean st.reams using fresh
water ~ solely for spawning. The young of these
species, with minor exeeptions, migrat,e 1.0 sea soon
nJt.er emerging from spawning beds, while the
young of ehinook salmon, O. tsha.wytscha.; soekeye,
O. nerka; and coho, O. ki.sntch, may remain in
fresh water for many mont.hs.
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in spawning beds. Freezing caused up to 65 percent
mortality of eggs and larvae in one stream.

Low dissolved oxygen levels occurred once in 5 years.
This occurrence was associated with unusually low
water during spawning in late summer. Mortality
during periods of heavy precipitation was highly vari
able. In one instance. a 90-percent mortality occurred
where wood debris was deposited within the high water
channel. Wood debris floating over spawning beds
was not damaging to eggs and larvae. There were
several instances where mortality estimated at almost
50 percent occurred with no evidence that deposited
wood debris shifted position. High mortality from
freezing occurred only in the stream having the lowest
minimum discharge.

Adult. pink and ehum salmon commonly migrat,e
into eoastal streams t.o spawn in summer and early
autumn. They exeavate pockets in riffle ltreas
and deposit and bury their eggs in the bottom.
Surviving embryonic and larval salmon remnin ill
t.he spawning bed for periods up t.o 8 months, and
fry usually emerge and migrate seaward the spring
after spawning.

The spnwning bed prot.ect.s eggs and larvne
against predators, light, displacement., and me
cha.nical injury. Despite this proteetion, morta.l
it.y from time of egg deposition to fry emergenee
eommonly exeeeds 75 percent.

Estimates of tota.l fresh-wat.er mortality of pink
undO ehum salmon have been published for Me:
Clinton, Morrison, Nile, and Hook Nose Creeks,
British Columbia (Pritehard, 1948; Neave, 1953;
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Hunt.er, 1959); a,nd Sashin Creek, Southeastern
Alaska. (Merrell, 1962). For the brood years
studied, total mortality in these st,reams ranged
from 76 to 99.9 percent. Alt.hough these est,i
mat~s fail to differentiate among mortalities oe
curring during (1) a.dult. migration, (2) egg and
larval development, a.nd (3) fry migr:ltion, other
evidence indicates that t.he largest. portion of total
fresh-wttter mortillity occurs between the time
eggs are deposit.ed 1111d fry emerge.

TypiCltl result.s ltre seen in mort.ality st.udies at
Hook Nose Creek (Hunter, 1959). Alt.hough
Hunter found tho.t t.otal deot.hs varied eonsider
ably from year to year, losses before spn.wning
appeared to be consistently small. The number
of fry consumed by predlttors was fairly constant
from year to ye,ar and was usually 'It small fmc
Hon of the potential egg deposition. M')st dCltths
oecurred between spawning and fry emergenee.
Hunter's data showed that over a lO-year period,
69-94 percent of the eggs potentially aVllihtble
for deposition were lost before emergenee of fry.

Increased utilizllt,ion of streams and watersheds
by logging, mining, and other multiple-use ac,tivi
ties' has caused eoncern a,bout the welfa.re of
salmon. A thorough understnnding of the fltetors
causing mort,ality in spawning beds, will be re
quired to evaluate t,he effeds of mult,iple-use
activit,ies on pink lmd ehum snlmon.

In 1956 the Buren.u of COlllmereinl Fisheries
gnve Saltonstall-Kennedy Act funds to the Fish
eries Resen.reh Institute (FRI), University of
Wnshington, t,o study the effe(·t.s of logging on
pink salmon streams in Alaskn.. These studies
eoncentrated on identifying the time nnd Ilutgni
t,ude of mortnlity nnd determining the factors
responsible. This pttper reviews pnst work 011

fn.etor~ cnusing mortality in spawning beds and
reports findings of field studies in three South
eastern Alaskn, spawning st,reams. Field obser
vations on mortality a,nd associltted enviromnentnl
fn.et,ors t,hought to ettuse mort,ality :tr(\ described.

REVIEW OF ENVIRONMENTAL REQUIRE
MENTS OF EGGS AND LARVAE

Given an environment free of mechnnicnl dis
t,urbances, the growth, development, and survivnl
of salmon eggs lmd larvn,e depend Inrgely upon
physicltl nnd chemical chnrllderist.ics of the sur
rounding Wilt.er. Properties of wllt.er t.}w.t. nffeet
eggs and larvlle include t.empemture, dissolved

oxygen cont.ent., velocit.y, mineral and wast.e met.a
bolit.e content, nnd osmotic pressure.

The spltwning bed environment. is grent,ly influ
enced by weat.her lmd ehurn,ct.erist.ics of t.he
streambed, stream, and wn.t.ershed. The quality
of intl'llgmvel Witt.er 3 is influenced in part by t.he
hydrologicnl regimen. Environment.al ehanges
wit,hin spawning beds cun accompnny chnnges
in t.ide level. precipitntion, and air temperature.
Periods of spawning and development very likely
coincide with t.he sensonn.l condit,ions that offer
nHlximum opportunity fo)' survivnl of t.he young
salmon.

SOURCES OF INTRAGRAVEL WATER

To survive, eggs and larvae must receive nn
nmple supply of oxygenltted water suit.ahle in
t.empernt.ure and free of toxic subst.anees. The
source of int.rngravel wat.er Illay govern to n lnrge
ext.ent its physiclll propert.ies nnd its suitabilit.y
for eggs nnd larvae.

Ground wn.t,er nnd surface st,ream wnter nre t,he
two primary sources of intmgrlwel wat.er. In
spawning beds (If piIik ttnd chum salmon, slll'fu.ee
st,ream Witt.er is t.he primnry source of int.ragravel
wat.er (Sheridnn, 1962n), while in spring-fed
spltwning beds commonly used by ot,her salmonid
speeies; e.g., sockeye snlmon, ground wat.er mny
be lUI important,source of int.mgmvel wnt.er.

Vn,ux 0961, 1962) showed t.hnt interchltnge be
t.ween stream and int.rtLgTnvel wat,er occurred when
certnin hydl'llulic requirements of t.he st.ream and
st.reambed were stlt.isfied. He formulnted model~

which showed t.he direction of int.el'chttnge depends
on t.he ellrvut.lIre of the gravel surface profile.
'Where the profile W:lS concave, wat.er upwelled;
where it was convex, tl downdraft. occnrred. In
t.he absenl'e of l'lU'vaLure" t.here was no int.er
chn,nge, pr,wided permen,bility and grlwel bed
dept.h did not vn.ry. Vaux verified these relnt.ions
with field (md lll,boratory experiments. Figure 1
illnstrnt.es the direct,ion of int.erchnnge with change
in cllrvn.t.lIre of the st.ream bot,t.om.

WATER TEMPERATURE

\Vnter temperature controls the rnte of growth
and the developmental and mektbolie processes of
the snhnon embryo. It lllso n.ffects ot,her wltt.er
quality chltmct.eristics, such IlS dissolved oxygen
coneentrntion.

::l The t~rnl lIintragl'nVt~1water" rE:'rers to water oce.upyillg interstitial spa('('.~

within the streamb"..1.
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CONVEX PROFILE
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FIGURE I.-Changes in direct.ion of int.crchang<' with
clumges in curvat.ure of t.he st.ream bot.t.om (from Vaux,
19132). Arrowl'l indicat.e direct.ion of illt."rchangl'.

The temperat.ure of intragravel water in pink
salmon spawning beds is cont.rolled laro-ely by" .
stream water temperature. SheridtUl (1961 )
obtained a lineal' correln,tion coefficient of 0.99
when he reln,t.ed int.ragrnvel and stream wn.ter
temperatures.

Pink and ehum stllmon embryos nnd larvne
survive in streams where water temperatures drop
to 0° C. Jnmes (1956) reported wnter tempenL
tures slightly below 0° C. in pink and chum snlmon
spnwning stren.Il1s. In an experiment with pink
salmon embryos, Combs and Burrows (1957)
varied wat.er t.emperature to coincide with vtLrin
tions observed in Sashin Creek, Southeastern
Alaska. They found that embryos retLred nt
5.5° C. for 30 days and then at 0.5°·C. to htl,tehing
hn,d almost no mortality. ~

Information is Ineki~g on toleranee of pink fLnd
chum snlmon eggs nnd larvae t,o high tempera
ture, but, studies with other snlmonid species
suggest that temperatures of 15° C. or higher may
be tolerated. Chinook salmon embryos exposed
t.o ::mo C. water died at all developmental st,ages,
while embryos exposed to 17° C. water died only
tLt hntching (Donaldson, 1955). LarVtLe of AtlaI~
tie salmon, Sabno rsalar, and brown trout, S. frl/tta.,
survived 16 days in 20° C. water (Bishni, 1960).

Pink and chum salmon normally spawn' on
declining water temperature nfter maximum sum
mer tempemtures. Sheridan (l962b) reported
thnt pink salmon typically spawned in South
eastern AlasktL stren.IllS after WtLter tempemMlres
declined to 10° C. or less in late summer. Mean
water tempertLture in Hook Nose Creek was
reported to be 12° C. or less when pink and chum
snlmon spawned (Hunter, 1959). It would appear,

therefore, t,hnt, high temperature seldom exerts a
diI'ect lethal stress on pink nnd chum salmon eggs
and larvne.

DISSOLVED OXYGEN SUPPLY

Oxygen is transported to the embryo by diffu
sion. After water hardening, the capsule of tL

newly fertilized egg is permeable to oxygen mole
cules but impermeable to water molecules (Krogh
and Ussing, 1937).

The oxygen consumption rate per unit lUass of
embryonic t,issue tl,ppears ftl,irly const.nnt over most
of the developmental period. During the last
two-thirds of the period. the oxygen eonsumption
per gram of embryo remained nlmost eonstant for
Atlantic salmon (Hays, Wilmot, and Livingstone,
1951). The rate of oxygen consumpt.ion for chum
salmon was highest, but vnriable durino- t.he first.

~ 0

one-third of the development.nl period and fairly
consttmt thereafter (Alderdiee. Wiekett.. llnd
Brett, 1958).

The rnt.e ll,t. whieh oxygen is eonsumed by salmon
embryos deereases wit.h decrensing dissolved
oxygen content of the Wtl,ter below a certnin "limit
ing level" while nt dissolved oxygen levels highe.r
than the limiting level, the rnte is independent of
pressure or eontent of dissolved oxyO'en. The
limiting level eorresponds t.o the dissol'v:d oxygen
eontent or pnrtilll pressure below which normnl
metabolic functions are tl,ffected. There is evi
denee, itlSO, that the limiting level may vn,ry in it

eomplex manner with tempemture nnd stnge of
de.Yelopme.llt (Lindroth, 1942; Htl,Ys, \Vilmot. and
Livingstone, 1951).

Alderdice, Wickett, nnd Brett (1958) calculnted
t.heoretieal values of t.he limiting dissolved oxygen
level for chum sll,lmon embryos by using nn equa
tion originated by Hnrvey (928) and later
modified by Krogh (941). The equation is

(' _SilT
- Q- :3[1

where CJ=limiting level of oxygen dissolved in the
e:xternnl medium in atmosph~r;s

R=mdius of the egg in cm.
S'=ml. of oxygen consumed/g. of embryo/

minute.
T=thiekness of the enpsule in CIll.

U=diffusion coefficient of oxygen through the
cnpsule in Illl. 02/cm.2 of surface/cm. of
thickness/minute.

8PAWNING BED ENVIRONMENT OF PINK AND CHUM SALMON
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FIGURE 2.-Concentrat.ion of dissolved oxygen first.
rp.ducing rate of oxygen consumption by salmon embryos.
Upper curve is from Alderdice. et al. (1958). Lower
curve is from Hays et al. (1951l. Water temperature is
taken t.o be 10° C., tmd a cent.igrncle-degl'ec-dlleY is
equivalent to a constant temperature of 10 C. ahove n°
C. over a 24-hour period.

In figure 2, the t.heoret.ical value.s of Co at. 10° C.
obt.ained for chum salmon'by Alderdieeet.al. (1958)
(upper curve) are compnred wit.h limit.ing levels
det.ermined experiment.any for Atln,ntie salmon by
Hays et. a!. (1951). The most. st.riking difference
bet.ween t.heoret.ienl and observed limiting dis
solved oxygen concent.rat.ions is the sign of curVll
t,ure of the connect.ed point.s. It is doubt.ful if
difference in !'Ipecies would account, for posit.ive
curvature in Atlantic salmon tlnd negat.ive curva
t.ure in chum salmon. The validity of equation (1)
ItS it applies t.o snlmonid embryos is, t.herefore,
questioned.

Wickett. (1954) pointed out. t.hnt t,he delivery mt,e
of oxygen t.o an egg or Illarva is a. funct,ion of water
velocity as well as oxygen cont.ent,. Others (Coble,
1961; Shumway, 1960; Silver, 1960; Silver, Warren,
lind Doudoroff, 1963) gave experimental evidence
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that variations in velocity affected embryonic
growth, development, and survivalinmuch t.hesame
manner as variations in oxygen cont,ent.

According to curves of figure 2, embryos are most.
susceptible to low dissolved oxygen levels near the
time of hatching. Evidence of t.his was presented
by Hays and Armst.rong (1942) and Garside
(1959). who observed high mortality at hatching.
Because mortality increased wit.h slight increases in
temperature, these aut.hors attributed deat.h to an
inadequate amount. of dissolved oxygen diffusing
through the egg capsule.

The effect. of oxygen supply rat.e on growt,h,
development., and survival of sll.lmonid embryos
has been investigated by several workers. The
dissolved oxygen level causing 50-percent mort.alit.y
of chum salmon embryos inereased from about.
0.4 mg.!l. at fert.ilization t.o 1.4 mg./l. at hat.ching,
when apparent vdoeity 4 and temperat.ure were
maint.ained at 85 cm./hour and 10° C. (Alderdiee
et. al., 1958). Coho salmon eggs incubated at.
near true veloeit.y of 3 cm./hour, a t.emperature of
9° C., and an oxygen level of 2.4 mg./l. survived to
hatch but. produced larvae about. one-third t.he
volume of cont,rols (Shumway, 1960). Similar
findings were report.ed by Silver, Warren, tlnd
Doudoroff (1963), who experimented with ehinook
,,:almon and rainbow trout., Salmo ga:il'dnel'i,
embryos. At near true velocity of 6 em./hour
n.nd a dissolved oxygen cont,ent of 2.6 mg./l.,
Silver (1960) observed abnormal development..
At. similar low levels of dissolved oxygen, Alderdice
et al. (1958) and Garside (1959) deseribed ab
normnl developme.nt of caudnl regions during
somit.e format.ion. Garside also found t.hat. the
development. rat.e WllS ret.arded signifieantly by
redueed oxygen level.

Lllrvae nre more t.olerant of low dissolved
oxygen levels thlln llre embryos. For At.lantie
sillmon, Hays et. a.I. (1951) found t,he dissolved
oxygen eoncent.ration limit.ing metllbolism of
embryos t.o be' 7..5 mg./l. ttt. 10° C. After the
eggs hatched t.he limit.ing concentration decreased
t.o 4..5 mg./l. Init.iat.ion of tlet.ive respirat.ion
across gill membmnes having vastly increased
respirat.ory areas mny hllve eaused the sudden
deerell8e in limit,ing oxygen coneentmtion.

, Apparent velodty is llIe'lsured by diViding the rate 01 flow hy the. c.ross
sec.tion~1 are'l 01 the bed through which the water had Ilassed. The ac.tu~l

or true velocity Is greater th~n the appare.nt wloc..ity where part 01 the c.ross
sec.tion~l area is oe.cupied by eggs or other objects.
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Several general conclusions may be drawn
regarding t.he dissolved oxygen requirements of
pink and chum salmon embryos and larvae.
First, the supply of dissolved oxygen made
available to an embryo or htrva is both a funct,ion
of dissolved oxygen eontent and flow velocit,yof
intragravel wnter. Seeond, the ro,te of oxygen
eonsumption per unit moss of embryonic tissue
is liU.le nffeet.ed by growth over most of the
developmental period up t.o hat.ehing. Hence,
t.he rat.e of oxygen consumption by a populnt,ion
of embryos is possibly a simple funct.ion of the
biomass present.. Third, oxygen levels limit,ing
met.abolic processes and eausing mort,nJit.y ap
proach a nHtximum shortly before hatching. After
hat.ching, there is a sharp rleeline in limit.ing levels
of di'ssolved oxygen. By eonsidering only t.he
requirements of eggs and larvne a.nd negleet,ing
changes in t.he environment, it would appear that.
t.he di~solved oxygen requirements of eggs become
most critical at. hatching.

METABOLIC WASTE PRODUCTS

Two metabolic wast.e products exereted by
salmon eggs and larvne nre free earbon dioxide and
ammonia. Both nre t.oxie to aqun.tie organisms.

The effect of free enrbon dioxide on the physiol
ogy of blood has been st,udied exhaustively.
Jaeobs (1920) showed that. molecules of fr~e
carbon dimdde passed readily through living eell
membranes. The abilit.y of eggs and lo.rvae to
respire is influenced by t,he blood's nffinit.y for
oxygen, and t.here is nloss of nffinity for oxygen in
the presenee of free carbon dioxide (Bohr effeet.).
Salmonid blood in vit.ro lost half of its oxygen
eombining enpacity in the presenee of 150 mg./!.
of free em'bon dioxide at. 15° C. (Irving, Blaek, and
Snfford, 1941). Since the oxygen tension equal
t.o one-half Sitt.uro,tion is considered to be the mini
mum eompatible with exehnnge of oxygen to the
tissues, n salmonid hnving its blood oxygen
combining eapneity reduced 50 percent would die
theoretieally of suffocntion.

Only a. few investigll,tors have investigated the
effect. of free carbon dioxide on sllJmonid eggs nnd
larvll,e. Bishai (1962) induced a marked meta
bolle st.ress on Atlant.ic sitlmon and brown trout
lnrvae by subject.ing them to high free carbon
dioxide levels. High mortil.lity among trout. em
bryos occurred at. free carbon dioxide levels be-

tween 55 and 80 mg./!. in hatehery water (Surber,
1935). Increased mortalit,y of chum salmon em
bryos was cnused by 125 mg./!. of free carbon
dioxide (Alderdiee and Wiekett, 1958). Addi
tional information on the effect of high free carbon
dioxide eont.ent in eonjunction with low dissolved
oxygen levels on growth, development, and sur
vival of salmon eggs ll,nd larvae will be required
before relll,tionships observed between mortality
and quality of intragravel water can be fully
evaluated.

Ammonia is the most toxic metabolite. Am
monia exereted by salmon eggs and larvae is
removed by the surrounding water, but it is
possible that toxie eoneentrations of ammonill,
occur where the densit.y of eggs and larvne is high
and the eirculation of int.ragravel water is poor.

The toxicity of anlllIonia is reln,ted directly t.o
the concentration of free ummonio, (NH3) or non
ionized ammonium hydroxide (NH3·H20) in solu
tion. Ionization of NH3·H20 oeeurs according to
t,he equilibrium equation

Ionization is nearly complete nt pH 7.0 and lower,
a.nd a.nunonia is lenst toxie in waters having high
concentrations of hydrogen ions (pH <7.0). For
mntion of earbonie acid from respired free earbon
dioxide would, therefore, tend to decrease the
toxicity of ammonia.

Reviews of influence of ammonia on fish have
been given by Doudoroff and Katz (1950) and
Doudoroff (1957), These authors concluded that
additions of 2 t.o 7 mg.fl. of ammonia to natural
waters could kill fish. Experiments by Wuhr
mann and Woker (194"8) showed tha.t concentrn
tions of only 1.2 mg.fl. of NH3 were lethnl to
fl'esh-wn,ter fish of the genus Squali-u.s. They also
found thnt. 1.3 mg.fl. of NH3 killed rainbow trout
fry.

According to Wolf (195711., 1957b), blue-sH,e
disease was induced by subje.eting salmonid em
bryos to high eoneentrntions of ammonia. The
incidence of disense was roughly proportional to
t.he COlIt-nct. period and the NH3 coneentrntioll.

SALINITY

Pink and chum salmon spawn in intert.idalarens
of streams, and in some streams more fry are
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FIGURE 3.-0bserved relat,ion report'~d by Wickett (lU581
between permeability and survival of pink and chum
salmon to migrant fry.
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Where I'=u.pparent. velocity.
7j=penllellhilit.y eoefficient. n.nd
i= hydra1llie gradient..

According t.o t.his eqlltltioll. ltpparent velocit,y
'.If illt.ragl'l1vel wn.t,er "uries direetl~T wit.h the perme
abilit.y of m:Lterillls t.hr'Hlgh which it. passes.
Ot,her faetors being equnl, t,he permeabilit.y of
bottom materials ill spnwlIing beds should he
direet.ly relat.ell t.o t,lLeir pot.ellt.illl t.o prf,du"e
s:dlflnn fry; Wieket,t. (958) gave evidence t.hat.
t.he avel'll.ge survival of pink lind dllllll sllhll(,n eggs
and lal'VIH:" ill foul' Brit,ish C'.I1llmhia streams wa,.,
direet.ly l'ebted t,o the permeabilit.y of bou,olll
mnterinls (fig. :3').

The perll1N\hilit,y (If bottom mat.erials is a,
fnnet.ion of ptutide (·olllpaet,ion. IlrrlUigement,.
and size. MeNeil and AJlI1ell (lOl'i4) showed that.
t.he permeabilit.y of bot.t.om Illat.erials in a pink
SI\lllWn spawning bed is in versely related t.o the
fl'aet.ion of fine part-ides composing the t.1.ltal
volullle of the bed. Tim;;, the resi:4ance to flow
eaused by the presence of fine part,ieles in salmon
spawning beds must, govern. to a large ext,ent..
t.heir potential t.,) }1rodnee hea.lt.hy fry.

PERMEABILITY OF BOTTOM MATERIALS

1t, has alren,dy been point.ed out. t.hat. t.he oxygen
delivery rat.e t..) an egg or hll'Vlt is a funet.ioll of
bot,h t.he oxygen content. and veloeit,y of int.rll
grllvel water. Appllrent. veloeit.y of witter flow
ing within the st.relunhed eiln be described hy the
eq uation.

produeed in intertidal areas than in upstream
areas (Kirkwood, 19{i2). From field observation
alone, it is appnrent tho.t pink and ehum sahnon
eggs and In.rvae C:Ul tolerat,e intermittent high
salinity.

Roekwell (1956) exposed pink and churn salmon
eggs and larvae to eonstant high salinity and found
no evidenee that fertilization of eggs was nffeeted
by salinities up to 18%°' The t,olemncc of
embryos to sea water wns a funetion of osmotie
pressure, time of exposure, nnd stage of develop
ment,. Mort,ality wu.s ll,ttribllted to dehydration.
He found a mnrked reduetion in the rnt; of el1,rly
growth of ehum snlmon embryos at. cons t.tlll t
salinities of 12%

0 nncI greater i\.l;d a totnl mortal
ity to hatching at a sillinity of 12%°' At 6%0
salinity, survival to hatching wns less than thllt
in the eontroIs. ~ .

Larvae are more tolerant, (If high sa.linit,y t.lmn
eggs. Aecording to Roekwell (1956), salinities as
high a.s ISO

/ 0o killed few pink snlmon htrvite.
Chum salmon larvae were less tolerout. some dying
llt a salinit,y of 12%

0 ,

Salinity of intra.g1'lwel water in pink and eh UIIl

sahnun in t.ertidal spawning beds is influeneed
mnrkedly by tidttl act,ion. Hnnavan and Skud
(1 {1M) found salinity of intragravel water /If pink
salnwn spawning beds corresponds dllsely 1.11
slliinity of overlying wat,er. Also, they "bserved
high survival of pink saluwn eggs and h;,rvae where
tid:l1 inundllt,i(Jn prev:liled during :35 pereent. (.f the
incubatiml period. Ahnell (1 !)(il) observed that
t,he salinity uf int.ragravel watel' remained high
for II period :lf1.er the tide had receded and aft~er
fresh wat,er had flowed over the streambed. He
fonnd also that high salinity of int,rllgmvel wat,er
wn.s frequent,ly n.ssoeiated with 1(IW dissllh'ed
oxygen ·'oneentmtion.

The effect, uf snlinity on pink and chum sllllllon
fry production is still pO/lrly underst,ood. al1.Jlol\gh
highly productive ,spawning areas exist, in illt.;,,
t,idal zones of streams (Kirkwood. 1!)(i2). Eggs
ltnd larvae of bot.h speeies ('an t,olerat,e illt.erll~i-t
t.ent Jligh salinity. but. t.f.lerll.nee levels h:lVe not.
yet been defined. ' Also, the ret,ention of snit. Wllt.er
by spawning beds and t,he influence of sa.lt. wat.er
011 temperature. oxygen levels. ilnd wat.er velocit.v
have not. been stlldied ill det,ail. The 1l1t.imtlt:e
need is t.o det.ermine the reln.t,i ve pllt,ential IIf
int,ert.idaln,nd upstrealll :Lren~ t.o produce fry.
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STABILITY OF SPAWNING BEDS

Dislodgment, (If salmonid eggs a.nd lnrvlle frllm
spawning~ beds during high ~,~ater hils been de
scribed by It number of workers (Hobbs, 19;37:
Hutchinson nnd Shuman, 194:3; Davidson and
Hutchinson, 194:3; Withler, 195:3: Needhnl11 and
.Tones, HI59; 'Wickett, 1959). Estimntes of lllor
tn.lity l'n.tes from grn.vel movement, have not. been
made in most, instances. Furthermore. litt.le is
known nbont the interltet.iuns of factors crentino'
un:>t.able conditions in spawning- b{~ds :wd cn.1.Isin~
mortnlity rates to incrense. '- '"

Cllllllges in snrfil.ce profile oe('.1.Ir wltere n. stream
bed degrades or llggrades. It is po;.;"ible, Iwwever,
for hed moveme.nt. t.(. (leelll' wit.hllnt, an n.ssueilltet\
ehlUlge in surfnee profile or gradient (lVIaekin,
1948). One important unsolved problem is t,o
(\etermine if bed 1I1(I\'elllent can CHuse n.ppreeiahle
mort.ality where t.lterc i;.; no assocint,ed change in
st,rel1lllbcl\ gradien ["

The effed of the pool-riffle complex on the
c:tpacity of streams to produce pink llnd chum
sltlmon is not. yet well underst.ood. Fa.ctors im
port:mt in generating the pool-riffle complex
include debris in the high-flow channel (Bishop
and Shapley, 1963) and bends in the channel.
Shift.s in position of debris creat.e llllstnble condi
tions in the spawning bed which could lend to
dislodgment of salmon eggs and larvae.

METHODS
STUDY STREAMS

Field st,udies described in t.his report were con
duded mostly in three streams locnted in the
Kasaan Bay region of Prince of 'Vales Isla.nd,
Southeastern Alaska: Harris Rhrer, Indinn Creek,
and Twel vemile Creek (fig. 4). Wat,ershed:,; of t.he
study streams nre precipit.tJus. Soils aTe shnllow
and underlaid wit.h impermei\.ble nHlterials. Ex
cept for muskegs, which nre poorly drnined areas,
the wat.ersheds have a very low capacity to ret.air;
water. Runoff is rnpid, and peak discharges
occur within It few hours after the beginninO' of
heavy rninfaU. These high disch3T~es O~Cll1"
lI1ost,ly in alltumn. ~ -

The study streams occasionnlly free;."e oveT ill
winter, whe;\ wat.er temperltt.Ul·es·lIenr 00 C. have
been recorded f(w It~ long as 6 conseeu t,ive days;
summer wnt.er tell1perntl.lres rarelv exceed 1:3 0 C.
(.James, 1956). .

Adult pink and chum sn1l11011 usually enter the
study streams to spawn between mid-August and
lnt,e September. Splnvlling occurs mostly in
September. A large percentage of pink salmon
spawn in intertidal areas, where the density of
spawners is highest in most years.

HaTris River is the largest of the three study
strettms. Salmon have access to about an 8-111ile
section of the main stream and its North Fork.
Chum snlmon were observed to spawn most.ly in
the North Fork, but pink salmon exhibited n,
l1ln.rked preference for a %-mile section of the upper
int.ertidal zone. Dischnrge during the spawning
period commonly fluet.Ulltes between 22 a.nd 1,800
.cubic feet per second (c.f.s.). During autumn
storms, lwera.ge daily dischnrge may ltpproa.ch
5,000 d.s. Width of interticbl spawning riffles
during low flow avern.ges about 60 feet.. Spawning
beds consist of materials mostly less thlm 4 inches
in dimneter. .

Indinn Creek is t,he smallest. of t,he study stl'ellms
but exhibits pronounced fluctulttions in discharge.
During the spnwning period, dischltrge commonly
varies bet.ween 4 l1nd 300 e.f.s. Average dllily
dischltrge during nutumn st.orms npprolwhes 900
c.f.s. some years, and n penk. inst.n.ntnneous
disehnrge of 6,400 c.f.s. was recorded on one
occasion (McNeil, Sha.pley, und BevlUl, 19(i:3).
Pink snll110n spawn in Indian Creek, primnrily
in an intertichtl section one-fourth mile long be
ginning at the confluence with Harris River.
The nvera.ge width of Indian Creek spawning
beds llt low flow is about. 25 feet.. Spawning
beds consist (If nHtterinls mostly less thnll (\
inches in diameter.

Twelvemile Creek has It nltlre stable disclmrge
thltn eitheT Harris River or Indinn Creek. Duri~g
spawning, avernge chtily disehnTge usually varies
bet.ween 1;] and 300 c.f.s.· During aut,umn
storms, ilvern.ge dnily discharge rarely exceeds
(i00 c.f.s. Intertidlll spawning Iwens average
nbout 45 feet. wide during low flow, und spawning
beds consist mostly of materials less thlm 4 inches
in dhunetel', nnd contain It high pe.rcentnge of
sllnd a.nd silt.. About 5 miles are believed ne
eessible t.o snImon, but. t.he dist.lUlce hns not· been
meltsured. Helwiest. densit.ies of gpn.wning pink
salmon have been observed iil the int:~rt.idnl
7,(.ne. Chum salmon, less abundant. here than
pink salmon, commonly spnwll in t.he in t.ertidnl
zone, t.oo.
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FiGURE 4.-Locations of study streams (Harris River and Indbn and Twelvemile Creeks) in t.he Kasa,an Bay
region of Prince of Wales Isltlnd, Sout.heastern Alaska.

Field st.udies bega.n in 1956 when FRI personnel
select.ed six spawning riffles ranging in area from
260 t.o 650 111.2 for s!Lmpling. Spawning riffles
were sampled in 1956, 1957, and 1958 t.ll measure
1l1Ort.alit.y of eggs and larvf\.e and t.he qUf\.lit.yof
int.rngrnvel wnter (t.able 1).

The st.udy f\.reas were enlarged in 1958, when
FRI personnel selected five spawning areas

ranging in size from 3,400 to 1:3,400 m.~ The
a.rea.s included mojor spawning grounds of pink
and chum salmon in Harris River IUld Indhtn
IUld Twelvemile Creeks and incorporated t.he six
spttwning riffles previously sampled. The sam
pling areas \Ve.re select.ed t.o represent both inter
t.idal tmd upst.ream areas of the st.udy st.re.ams
(t.ltble 1). Factors measmed included densit.y
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TABLE I.-Size and location of six spawning riffles sampled
7'n 1956. 1957, and 1958 and fille spawning areas sampled
in 1958, 1959, and 1960

Study area and year~ sampled Tide level Area

1066,1967, 1[158 Meter, Mden

Rime A, Harris River____ 3.4 305
Rime B, Indian Creek____________________________ 4.0 386
Rime C, Indian Creek____________________________ .5.2 260
Rime D, Twelvemile Creek_______________________ 3.7 648
Rime. E, Twelvemile Creek_______________________ 4.3 372
Rime F, Twelvemile Creek_______________________ 4.9 486

1968, 1969, 1960

Intertidal Harris River___________________________ 3.7-4.3 7,800
Upstream Harris Rive.r_ __ __ 13,400
Intertidal Indian Cree.k_ 3.4-5.2 3,400
Inte.rtidal Twelvemlle. Creek______________________ 3.7-4.9 5,580
Upstream Twelvemile Creek______________________ 6,130

further informat.ion on hydrological studies made
by the Forest Serviee.

. Physieal quality of t.he spawning bed WilS

evaluitted in eaeh nren where observat.ions were
mnde on egg and larval mortality. Environ
mental ttttributes meo,sured ineluded the dissolved
oxvgen eont.ent of intragrn.vel water and the size
eO;l~-position and permeability of bottom materio.ls.
MeNeil (1962b) deseribed the teehniques used to
measure dissolved oxygen levels and McNeil and
Ahnell (1964) deseribed the methods of men,suring
size composition and indexing penneability of
bott.om mat.erittls.

ESTIMATION OF SPAWNING DENSITY AND
POTENTIAL EGG DEPOSITION

Fisheries Researeh Inst.itute (FRI) personnel
estinlttted t.he nlUuber of female pink and chum
salmon oeeupying st.udy aren.s by means of daily
foot survey censuses when wat.er condit.ions per
mitted. Instit.ut,e personnel nlso observed t.ttggeli
femnles dnily to estimat,e average life on the
spnwning ground (redd life). Females were t.ttgged
before they entered t.he spo,wning ground and FRI
workers eo.leulat.ed the tot.al number spttwning by
summing daily abundnnee n,nd dividing by ttverage
redd life; i.e.,

A summat.ion of daily abundltnee Wtts obt.ttined
by ('.onst.ruet.ing ttn eye-fitted ClU've of the daily
eount.s of femnles ltnd determining the arett under
the" ('.urve in femllie days. In the determination
of nverage redd life. daily observttt.ions on t.agged
fenutles httve been adjusted to neeount for the
periodicit.y of observntions. Assuming that eo.eh
tagged femnle oeeupied the spnwning bed one-hnIf
dny before being observed the first time and one
half day beYOlHl the dat.e of t,he last. observation,
I adde(i 1 (iil,y to the durnt.ion eaeh tagged female
wns observed.

Two observers made most. of the survey eemmses;
periodie eompnrisons of t.heir counts showed eon
sistent.ly good n,greement. Although it, was not
feltsible to det.ermine bias in estimo.t.es, a recent,
111lpublished study conducted by t,he lwthor at
Sashin Creek revealed good agreement bet,ween
the number of spttwning femllie pink salmon est.i
mated. by t.his met.hod tmd the number eounted
into t.he st.renm.

and dist.ribution of spawners, mort.alit.y of eggs
and larvae, qualit.y of spawning beds, and qualit.y
of intragravel water.

To insure rn,ndmll sampling, FRI personnel drew
maps of areas sampled t.o seale on cross-sectiona.}
paper having 100 squares pel' sqlmre inch. The
scale select.ed made each squnre representnt,ive
of not more tll1tn tt 0.4 m. 2 areo, in the stretl.m.
Co-ordinat.e axes were established for elleh nIltp,
and sampling points were seleeted by the following
proeedure. A pail' of rllndolll numbers was
obt.ained from a l'lludoll1 number t,able-one
number for t.he nbseissn llnd t.he ot.her number for
t.he ordinate. Distanee of the select-ed sqUllre
from n reference point and an angle of the selected
squnre from n referenee line were mensured on the
map nnd reeorded fill' lise in the field. 'When a
:;ample was to be t,nkell, t,he angle and dist.nnce
of the sn,mple area were meitsured from t.he bnse
lille and reference point.

MEASUREMENT OF ENVIRONMENTAL FACTORS

The Nort.hern Forest Experiment Stat,ion, U.S.
Forest Service, operated a went.her stat.ion ttt
Hollis, It logging eommunit,y loeated within 3
miles of Harris River and Indian Creek spnwning
areas and within 12 miles of Twelvemile Creek
spnwning areas (see fig. 4). Forest Service per
sonnel obt,nined continuou~ records of nil' t.em
pemture and preeipitnt.ion during the study.
Inst.rument:; instnlled and operated by the North
ern Forest Experiment Station reeorded water
level and t,emperature of ench study streitlli.
Forest Serviee personnel also established disehurge
rnting curves for eaeh stream. .Jnmes (1956) give:;

N umber spawning

:Edaily abundnnce in female
days

average redd life in days
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COLLECTION OF EGGS AND LARVAE

ESTIMATION OF MORTALITY

Eggs and larvae were collect.ed wit.h a hydraulic
:;nmpler (l\1cNeil, 1962a) from :;IlHtll enelosed
qlIadra.t. or eircubr arens (sampling unit.s) of known
area. An'lt flf sampling unit.s vnried from I).~

t.o 0.9 1l1.~

Snmples preserved in the field were exnlllined
later t.o det.ermine t.he number of live tmd dead
eggs and ltlevins collected. Eggs were preserved
in n denring solut,ion (St.oc~knrd's solut.ion).

(13 )

(5)

In double inequulity (4), the vn.lue aand.~ are
the upper n.nd luwer confidence limit.s respectively
of the estimated number of live eggs and larvae
per 1lI,~ (If spawning bed, luid E' is t.he expect.ed
number per m.~ Values for a and!!: were Cltl
culnt.ed wit.h t.he standard error of the mean
obt.ained from eit.her arit.hmeti(·. or log-trnusformed
connts of live eggs and larVl\.e. Log-trnusformed
counts nre used only if t.he efficiency of the esti
mtlt.e of 111, is increased without introducing
significant bins.

'Vhere the logtwit.hmie tnl,nsformnt.ion is used,
each observed COlint. is trnnsformed by the equa
t.ion

In equation (5), bl is t.he tmnsfl.rmed variat.e
and 11 i is t,he llllmber of Iive eggs and larvae

11 1 1 ·toh· '1'1 ~~ .co e.ct.e( nt. t. Ie 1 pomt. Ie t,erm {31S n const.ant.
whieh describes the degree of contagiml in n negn
tive binolllini dist.rihution. A vnlue of p is cnlcu
lated fr.)m t.he expected freqllency of zero ohservn.
tions in n negative binominl dist,ribut.ion. The
lnethod, described by Anseombe (949) nnd Bliss
(Hl53), requires an iterative solution of 1.,he
equn.t.ion

(3)

~ dead
T Iiye+dead

~.

A

11f,

Dnt.tt OIl egg lmd In1'vn.1 populttt,iolls were
nnnlyzed by t.hree met.hods t.o obt.n.in infl'l'mat,ion
on t.emporal chttnges and spat.iill differences iu
mortalit,y levels. Although the met.hods httve
been described (McNeil, 19()~II), t.lley will be
reviewed briefly here.

Ratio of Dead to Total Eggs and Larvae

lVlort.ltlit.y lUIs cflmmonly been est.imat.ed from
I'atios of dead t,o t.lltttl eggs n.ud lUTYlte colleet.ed
in ~. samples; i.e.,5

An estimnte of mflrtttlity based on such ratios
underestimates true tot.nl mort.n.lit.y where the
number of eggs nnd brvne present. in t.he spnwning
bed at t.he t.ime of sltmpling is less t.hnn t,lle number
of eggs originnlly nVttibble for deposition. Des
pit.e this limit.at,ion, estimat,es of :M, nrc very
helpful in establishing tinle of mortalit.y where
Jllflrkllity is cnused by fnet.ors J1I)t, nssociat.ed wit.1I
the direct removn,} of eggs and larvae from t,be
spnwlling bed nnd are somet,imes useful in settiug
Iflwer limits tfl t~)tnl mort.ltlit.y.

Actual and Potential Abundance

Tot,al mflrta.lit,y (Ll1,) enn be estimat.ed from
st,at,ist.ics on pot.ential egg deposition and abull
dance of live. eggs ilud larvn.e nt. t.he t,ime of
snmpling. In this study. estimates of ll1 , were
calculated from the double inequality

where Ie is t.he t.ot.al nnmber of observat.ions, ~:' is
t.he number of zeru ohserva.t.ions, n.ml n is t.he
sample ttrit.hmetic mean.

To set. confidence limits to est,imat.es of nbnn
dnnce of eggs and larvae wit,h log-t,ransformed
dtttn., the mean log vnlnes must. be corrected so
thttt t.he nrithmet.ic mean will result. from the
antilog. A eorrection term is required because
the mean of log-trnnsformed dat.a is geometric
rat.her than nritlunetic (Ricker, 1958. ch. 11).
,]ones (19513) developed t.he correct.ion term nnd
described the met.hod used here t.o cnleulate
confidence limits wit.h log-trnnsformed eonnt.s.
The equation used to obt.nin an nrit.hmetic mean
(ii.) from the log-transformed eounts is

n=a.ntilog (b+1.151S8~)-I3, (i)

'Th~ yallle M, est.imal.~s the population paramete·r M,. The ril"Cllmft~x

sign also will he lls~d to id~nt.if)· estimat.ors of other population paramHers.

a <1\A1 a1-- i 1<1--=-E'- - E' (4)
where b is t,he logarit.hmic mean value lwd 87,
is the sample vnrinnce of the log-transformed
eounts. The term 13 is subtracted to correct for
it.s tl,ddit.ion· to t.he counts before making the
transformat,ion in equation (5).

504 U.S. FISH AND WILDLIFE SERVICE



. I l\1I)rf.:11ity (If t.lw l{11):! hro('~l y~ar was 11l.It est.jll1~-.tt'~.l hy s;1l11p1in~ prl~
t'111t:'rg(>l1t fry hec:ause puPUh-.t.lOIIS were very small. UlIly" pink and 4~
d1l11ll s,\lmon fl_'lIIall~S entcn·.l Sashill Creek t.;) SfJawn in 196~.

T,\IlT,E '2.-TQtol mortality nf Sn8hin Cr'.'ck pin~: IIlId dW/Il

,mllllon C8tlmatcd by 8umpling prcemagcnt fry with hy
dmulic 3umplcr and by coulltillg lIIigr,.tling fry at Il"'ir

Provided t.he est.imat.es a., !!, and E' are un
binsed, double inequalit.y (4) gives an unbiased
est.imat.e of t.he tot.al mortnlity frn,et.ion from the
time of spawning t.o t.he time of sampling.
Absenee from the spawning bed of den,d eggs
n.nd larvae does not int.roduee bias to estimn.t.es
of l1i, as it. does t,o est.imat.es of ],1, based on mt.ios
of dend t.o totnI eggs and larvae present..

Pot.entinl egg deposition (E) is calculated by
lllultiplying t.he estimated number of female
salmon spawning within each area. by lwerage
fecundit,y. The value E' is obtained by multi
plying E by 11 fnct,or correcting for t,he fmct,ion
of eggs and larvae present within the streambed
actually collected. In t.he present, study, the
relationship

sampler, eonfidence limits of 111, bracket.ed the
t.ot.al mort.nlity fract.ion cnleulated for each speeies
and brood year frum weir counts. In each instance,
melln estimated mortalit,y frolll sampling pre
emergent. fry nnd from eounting migl'll.ut, fry
differed by less t.han 2 percent. The results are
sum'mnrized in table 2. In Sashin Creek, po
tentittl egg deposition wns determined by counting
aduIt.s ent.ering the strelllll. In Harris River
/lnd Indilln and Twelvemile Creeks, the methods
of est.imating pot,endal egg deposit.ion were not.
as preeise, 11nd h is doubtful if estimMes of 111,
were completely unbiased.

Presence or Absence of Eggs and Larvae

Estimnt.es of t.he populntion pnl'l1llleters 111, and
111, sometimes fn,il to differ signifieantly when other
evidenee sllggests high mortality. A ehi-squn,re
t.est helped demolll;trul,e significll,nt illort.ality in
eertain of these eases [Lnd oft.en proved to be n more
sensitive test. for det.ecting t.ime of mort.nlit,y t,bllll
t.he mortlllity estimntes 111, nnd 111,.

The ehi-squn.re t,est. is bnsed on the premise t,hnt.
the proport.ion of point.s wit.hin a spawning bed
occupiecl by live eggs and Inrvn,e varies wit.h t.ot.al
mortality. If no chn.nge in lllortnlit.y oceurs, the
following eonditions will be sntisfied: (1) There
will be no deerease in the expeeted fmet,ion of
point.s populated by eggs or lanrae (live plus dead) ;
(2) there will be no dec:i'ense in t.he expected frae
t.ion of point.s popuhlt.ed by live eggs and In.rvne;
fLnd (3) t.here will be no increase in t.he expected
frnct.ion of points pllpuhlted by dead eggs or larvae.

In this st.udy, each point. sllmpled wns dllssified
a,ccording t.o t.he number of eggs nnd lnrvn,e present,
with points c()ntltining less tlllln 35 eggs 11nd larvae
per m. 2 (ko) being dnssified toget.her. The dnsses
used were (1) less t.han 35 live plus dead eggs nnd
larvae pel' m. 2

, (2) less thlln :35 live eggs 11lld hlrvae
per m. 2

, and (3) less thnn :35 dead eggs lwd In.rvae
per m.~.

Prineipnl purpose of t.he classificn.t,ion scheme
was to cbssify joillt,ly all points contnining few
eggs :tnd larvne 11.nd those cont.aining none. 'l'be
select.ion of less than :35 per m.~ for joint elassifi
cnt.ion wns n,rbit.r:lry, however.

:r t.est.ed ellch dl1sS independently with ehi
squnre (see Snedeeor, 1956), and set, confidence
limits t,o t,lle number of p(lints est.imtl,ted t.o con
tain fewer t.han 35 eggs lLnd larv:1.e perm.2 frolll the
JlOl'l1w.I tl,pproxinwt,ion of the binomil1.1 distribution.

(S)

ivrortality
(·~tilllflt(·1.1

by l~I)lilltjllg

migrat.ing fry

0.790
.804

±.05lO
±.L140

±tl.fJ41
±.05~

W-pl'r('ent
('onfidC'n('e

limits of l.h~
lllt:a::tll

.9:!8
• ~1~17

0.777
.81111

Morto lit)' ~still\['Il'd
by g::l.lllpling pre·
e1l1ergent fry

E'=~E
10

is used. Methods used t.o obtain the eorreetion

term, 1~1 :lre deseribed elsewhere (]\tIcNeil'

1962:1).
More reeent st,udies provide evidenee that,

estinll1tes of "Af, obtained with a hydl'll.Ulie snmpler
n.re fnirly representlltive of t.he true totnlmortiLlity
fmetion. I used II hydl'l1ulie sa.nipler to estima.te
t.ot1l1 mort.nlity of 1961 lLnd 1%3 brood year
preemergent pink amI ehum sn,lmou fry in Sllshin
Creek, where totll1 fresh· water mortality n.Iso
WllS caleuhlted from weir count,s of ndults entering
find fry lellving the strellm." In Sushi"n Creek,
. 1 1 ,9;~ E fit. was assllInec t Hlt E = 1O~) J or Pl\llloses of

setting confidence limits to 111,. Bllsed 011 sitmples
of preemergent. fry obt.n.ined with :1 hydmulic

Pink so!moll
1961 ..
1963 _

C1Ullll s::dl11oll19fH _
19K3 _
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The 90-percent confidence limits of ko (~o and ko)
are obtnined from the expression

where k is the nunlber of points sampled nnd II
is the fraction of points estimated to contain
fewer than 35 eggs and larvae per m.~

OBSERVATIONS ON ENVIRONMENT AND
MORTALITY

Although numerous workers have postulated
factors causing mortality of eggs and larvae, few
have presented quantitative estimates of mortality
satisfying three essential criteria: (1) Estimates
free of bias, (2) est,imates representative of natural
populations, and (3) estimates related dil'ectly to
causative factors. It. is not surprising that t,hese
eriterin have not, been met entirely in field studies,
for there are lllitny difficult problems requiring
solution. In the present study, an effort was made
t,o reduce (or tl.t. least recognize) bias in mortality
estimtltes. Furtherlllore, becnuse of the randomi
"'ittion techniques used, the sllmples were thought
to be representntive of the populations studied,
However, the difficulties in associnting observed
mortality levels with their C'llllsative fnctors are
formidable even with the first two criteria being
satisfied in part. The problem of relating observed
mortality levels to causative fact,ors is complicated
in most instances because of interac.t.ions among
environmental factors.

I attempted to account for interactions by classi
fying environmental fact.ors causing mortality into
generally inclusive groupings: (1) Oxygen supply
nnd rebt,ed factors, (:3) stability of the spawning
bed, nnd (3) freezing of intragravel water. I did
not consider one inclusive grouping-pathogenic
agents.

OXYGEN SUPPLY AND MORTALITY

Environmental requirements of sa.lmon eggs and
larvae were briefly reviewed in an earlier section.
My purpose here will be (1) to describe the physical
chnrfLcteristics of spawning beds where observa
tions on lllorta1ity were mnde, and (2) to describe
the relation between environmental qun.lity (as
related to oxygen supply) and the observed
mortnlity levels.
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Dissolved Oxygen Content of Intragravel Water

The dissolved oxygen content of intragravel
water was consistently lower nt the beginning than
at the end of the spawning period in all study
strenms. There also were observed spatial differ
ences in mean dissolved oxygen levels among and
within the study streams.

In Jate August, at the beginning of spawning,
oxygen levels appeared to be lowest in the intertidal
Harris River and the upstream Twelvemile Creek
spawning areas and highest in the upstream Harris
River and the intertidal Indian Creek and Twelve
mile Creek spawning areas. Near the end of
spawning, in late September, differences in mean
oxygen levels were no longer significant among
the spawning areas sampled. The data are sum
marized in table 3. and mean values obtained in
1959 are shown in figure 5 to illust.rate the kind of
relation observed.

Differences among years in mean dissolved
oxygen levels were considerably greater than
differences among streams. Summer 1957 was
of particulfLr interest in this regard because
unusually low levels of dissolved oxygen were
observed. Average values of all dissolved oxygen
determinfLtions made in the study st,reams neal'
the beginning of spawning over the period 1956
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FIGURE 5.-Meun dissolved oxygen content, of intragravel
water in the study streams over the period of spawning
in 1959.
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1956 1957 1958 1959 1960

IWater sampl~s were collcct.e·d 7 to 10 il1ch~·s beneath th~ str~mnhe(l surface.
All \'alu~s arc given "5 mg.!!.)

TABLE 3.-NintY-,fiz'e-percent confi·dence l:nterval estimates of
mean dissolved oxygen content of intrugral'l'lwutel' in study
streams
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Me-Neil il.I1d Ahnell (1964) found that the finest
frnctions eontilined the highest pereentnges -of
orgu.nic detritus. It will be l1ssumed, therefore,

PtrCl'llf.

1. Intertidal Indbn Creek______________________ n
2. Upstream Harris Rivet·_ ____ ______________ ___ j 4
8. Intertidal Harris RivCL_____________________ 17
4. Intertidal Twelvl:milc Cn'ek_________ _ 18
5. UpstrC~lIn TwdvemiJe Creek _________________ 1II

fine materials than the beds of either Harris River
or Twelvemile Creek. The bed of Twelvemile
Creek eontained considerably more silt than the
beds of Indian Creek or Harris River. Table 4
lists the average size eOlnposition (by volume) of
bottom materials in eaeh of the study st,reams.

The volume of fine materials in salmon spawn
ing beds is inversely related to t.he permeabilit.y of
bottom materials (MeNeil and Ahnell, 1964).
Figure 7 shows the observed relation bet.ween the
percentage of bottom materials by volume pnssing
through an 0.833-mm. sieve nnd the eoeffieient of
permeability.

The observed mean percentnges of solids passing
through an O.833-ml11. sieve n.re list.ed below for t.he
st,udy streams in order of deereil,sing permel1bility:

Twelvllmile Cre·ek

Intertidal Upstr~alll
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Creek
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Harris Riv~r

Intertidal Upstream
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8r---------------,
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through 1960 are shown in figure 6, Oxygen
levels were sevel'ely depressed in 1957, and high
mortality of 1957 brood yen.r eggs oeeurred. The
relation between mortality n.nd oxygen levels will
be discussed later.

COMPOSITION OF BOTTOM MATERIALS

There were marked differences in size composi
tion of bottom lIlaterinls among the study strealllS,
The bed of Indin,n Creek cont,ained greater qun.n
tit,ies of co-arse materilLls and smaller quantities of

1958

Sept. L •• • • __ • 6.3<1'<7.4 4.8<1'<6. I
Nov. 30. •• • ._. 8.3<1'<9.~ 8.0<1'<9.6

1969

Aug. 28••• _._ 5.1<1'<7.0 6.4<1'<8. I 7.5<1'<8.9 6.8<1'<8.3 5.3<1'<6.9
Sept. 17•• 5.6<1'<\1.1 6.0<1'<8.4 7.1<1'<9.3 6. 5<1'<8. 5 6.7<1'<8. 4
Sept. 24._ ••• _•••••••••• _ ._ •••••••••• 7.4<1'<8.4 •••• _••••••••• _...... _••Sept. 27 S. I<,.<R 3 _. • • • _

1960

Aug. 24 • • • 6.8<1'<8.0 5.6<1'<6.7
Aug. 25••• 5.4<1'<6.'; 5.8<1'<7.0 6.3<,.<7.8 ._. _
Sept.14_. 7.1<1'<9.0 • 7.6<1'<8.ll 7.5<1'<9.0 ~.4<1'<7.2

FIGUTIE 6.-Approximnte mean dissolved oxyg('n content
of intrngrnvd wat.'~r ill (,he (,hree study st.ren.ms (Banis
Hiver, Indian Creek, and Twelvemile Creek) nellr the
l:lI:,~inning of the sp~twnitlg pcriod (19.'ill-60).

FIGURE 7.-Hclat·ion observed beLween coefficient. of per
meability and the fraction by volume of a bottom sam
ple pnssing through an O.833-mm. sieve (fl'om McNeil
and Ahnell, 1964). Curve fitted by eye.
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TABLE 4.-Average size c01nposition of bottom materials in the st·ucly streams \
[All rocks larger than 105 mlll. diameter have been excludcd]

~

9
o

Percent of
total vol·

Mean pcrcent 01 total volumc of solids retained hy sicves with opening fin nun.) of- , umeol
Spawning area solids

settlinll
from

26.26 13.33 6.88 3.33 1.65 0.833 0.417 0.208 0.104 suspension
-- ---------------------------

Harris River (intertidal) •••••••• ___ •• _. __________ 25.1 14.6 13.2 11.0 7.9 11.5 10.5 2.7 0.4 3.1
Harris River (upstream) •••_. ____________________ 24.0 16.2 14.1 11.8 8.4 11.8 9.2 2.4 .4 I.
Indilln Creek (intertidal) ______ •_______________ •__ 35.2 15.3 12.0 11.3 7.3 8.6 4.9 1.3 .4 2. ,
Twe1vemile Creek (interf.idnll_._. __ •• _. __________ 21.2 15.\ \3.9 12.5 8.8 10.7 8.4 2.5 .9 5.
Twelvemile Creek (upstream) __•__ •__ •• __________ 19.7 13.9 13.0 12.9 9.6 11.6 9.5 3.6 1.2 5.

I For a description of methods of collecting and classifying samples, the reader is referred to McNeil and Ahnell (1964).
'Data are taken from table 2 of McNeil and Ahnell (1964).

In addition to having the la.rgest. fraetion of
coarse gravel, Indian Creek also had t.he steepest
gradient (0.7 percent. as opposed to 0.2 to 0.4
percent for the other areas). The evidence
suggests that. the interehnnge potential of Indian
Creek is gren,ter than Harris River or Twelvemile
Creek.

that the percent.age of fine materials obt,ained from
the seWing funnel used in the analysis of bot.tom
samples (McNeil and Ahnell, 1964) provides an
index of the relttt.ive amount.s of extraneous
organic matter in spawning beds. Percentages
of fine materials passing through a 0.104-n1111.
sieve, observed in the total volume of bot.tom
materials c.ollect.ed from the areas sampled. are
list.ed below in order of inereasing values:

The rat.e of interehange bet.ween st.ream and
intragravel water is believed to be reln.t.ed to
gradient. and roughness of t.he st.ream bot.t.om.
St.eep-gradient. a·reas have a greater potential for
changes in curvature of the stream bott.om than
shallow-gradient areas, and coarse materials give
greater roughness to the stream bottom than fine
materials. To index relative roughness, the study
areas are listed below in order of decreasing
111110unts of solids retained by the largest sieve
used in this st,udy (26.26-mm.).

1. Upstream I-larris Rivel' _
2. Intertidal Indian Creek _
3. Int,erticlal Harris RivPI"_ .. _
.:1. Upstream Twelvemile Creek _
.5. Intertidal Twelvpmile Creek _

I. Intertidal Inclian Creek _
2. Intertidal Harris RiveL _
a. Upstream HtU'l'i~ River _
4. Intertidnl Twelvemile Creek .. _
5. Upstream Twelvemile Creek. _

Percent
1.9
2.7
3. 1
5.0
5.9

Pacent
35
25
24
21
20

Spawning Density

Acc.ording to the evidence just presented,
environmental conditions related to oxygen supply
lLnd survival of eggs lLnd larvae would appear to be
most favorable in intertidal Indian Creek and least
favorable in upstream Twelvemile Creek. The
remaining three fi.l'eas did not appear to vn.ry
significantly with regard to the environmental
fact.ors evaluated. Observed distribut.ions of
spawning female pink and chum salmon nppeared
to be related to the physic.al charactel'isties of the
spawning beds studied.

For t,he years 1958, 1959, and 1960 intertidal
Indill.n Creek had the highest a,verage density of
spawners, and upstream Harris River and Twelve
mile Creek had the lowest.. In order of deereasing
average densit.y, the density of spawning females
in the sampling areas were est.imated t.o be:

1. In tertidal Indian Creek_ _______ mean = 35 females per
100 m.2 (range 13 to
46 femalef; per 100
m.2)

2. Intertidal Harris Rive!'. mean=29 females per
100 111.2 (ran~e 13 t.o
48 females per 100
m.2)

:1. Intert,jcbl Twelvemile Cl'eeL mean= 17 females pel'
100 m.2 (rnnge 11 to
2.') females per 100
m.2)

4. Upstream Harris River menn= 4 females per
100 m.2 (range 2 tu
6 females per 100
111.2)

5. Upstream Twelvemile Creek mean=4 females per
100 m.2 (range 1 t.o
10 females per 100
m.2)
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FIGURE 8.-Percent..'tge of live eggs [lnd brvae in collec
tions from intert.idal Harris River ~U1d Indian Creek
hnt.ching before t.he date of sampling. (Broorl yen.rR art'
indicated by nlllllern.ls.)
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I q
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59__59
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DATE OF COLLECTION

Time and Magnitude of Mortality

The amount. of dissolved oxygen required by
salmon eggs ilUd larvae for normal met.abolism
approaches a lllnximlllll just. before hat.ching (see
fig. 3). Aft.er hatching, levels of dissolved oxygen
limit.ing metabolism are greatly reduced, and
oxygen requirement.s nre lenst, likely t.o be sat.isfied
before hatehing.

Pink and chum salmon eggs begin to hnteh iIi
the study streams in November, nnd most hnteh
before mid-December. Figure 8 shows the per
eentages of live eggs itnd larva,e collected from
intertidnl Hnrris River and Indinn Creek thn,t ha,d
hatehed before the dnt.e of stullpling. Twelvemile
Creek is thought to lag 1 or 2 weeks behind
HaTris River and Indian Creek with regilTd t.o
time of hntehing, because the peak of spawning
oecurs about 1 week later.

Aft,er the spawning period, it, is convenient t,o
consider two periods during which mortnEty
occurs-prehatching (au tunm) nnd posthn,tching
(winter). The dissolved oxygen supply and re
lnted faet.ors are thought to exert their gren,test
influence on mortnlity before hatching, :;0 the

diseussions here will be limit,ed primarily to
mortality of eggs.

In this study, estimates of three population
paritmet.ers t.hought. t.o provide evidenee of the
effect of oxygen snpply and related fn,ctors on egg
mortnEty were used: (1) Total mortalit.y fraction
(1\1,), (3) mortality fraction from rtlt.ios of dead
eggs. in snmples (lIlT)' ilUd (3) fraction of points
eontaining feweT thnn 35 deiLd eggs pel' m.~ (Po.).

An estimat,e of lUI includes mor1.ality from aU
causes, and' this est.inHtte includes eggs removed
from the spawning bed. Such removal ean ob
scnre mor1.ality from cnuses where there is no
direct removal .A eggs; therefore, the estilllllted

A
tot.al mortality (111,) was often of limit-ed value
in mensuring egg mort,tllity from oxygen supply
tmd relttted fiLctors. FurtheTmore, estima1.es of
AI, were highly inefficient, and the resulting con
fidence limit,s were often broad.

A
The o1.her two est.imtltes Ul1r nnd JIll) also had

limitations imposed by the disnppearance of eggs
from t.he spawning bed. Distlppearanee from
grlLvel shift. nlone would have little effect, on
validity of estimates of mtios of dead to t.otal eggs

A
present, in t.he streambed (jUT), provided live and
dead eggs disappea.r in numbet's proportional to
their abundance. On the other hitnd, losses from
decomposit.ion and sca,venging tlffect only dead
nnd dying eggs and would cituse mor1.o.lit.y t.o be

underestimitted by ]l,1T•

Use of the number of points where eggs were
present or absent. t.o index occurrence of mortality
also would be tlffect.ed by disllppeoronce beclluse
evidence of mortalit,y from factors not relnt.ed t.o
t,he direct removlli of dead eggs would have been
dest.royed. lVlajor losses due to grooVel shift. would
tend t.o invalichtte t.he use of Po t.o detect signifieant
mort.ality possibly eaused by oxygen supply n.nd
related fact.ors. .

With these possible limitat.ions in mind, the
estimotes-of ]1,1" ]1,1" imd Po are used to evohtttte
prehatchil1g mort.alit.y of t.he 1956-60 brood years
in the three study st.reams. Each brood year will
be eonsidered sepamtely.

1956 Brood Year

Smnpling wns confined to spnwning riffles A
(Ha.rris River), Bond C (Indian Creek), tmd D
and E (Twelvemile Creek). Workers sampled t.he
riffles in lttte November 1956 n.nd in lat.e February
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TABLE 5.-Estimated mortality of 1956 brood Yl'ar pink and chw/l. salmon egr/s and larvae based on ratios of dead to total
specimens collected

Fmc·tion of dead eggs
in late November dr.1

Stream 1

Fraction of dead eggs
and larvae in late

Fehrnary (1.i,)

Estimated fractions or e.ggs
and lan"ae dying-

Mean

Harris River .. . • ._ __ O. ~7
Indian Creek : . .___ .10
Twelvemile Creek ._ ____ .27

I All samples were collected from intertidal rimes.

IIO-percent Shortly
Mean confidence Early before Alter

limits of hatc.hing hatehin~

the mean
---------

0.50 I ±0.14 O. ~7 0.14 0.00
.75 ±.1O .10 .54 .11
.41 ±.10 . ~7 .1~ .o~

Difference. bet.ween the two estimates is not sig-

"NI)Vember lIL=O.09±0.19

spawning period in 1957 were less thnn 50 percent.
of other yenrs. These low levels of dissolved
oxygen occurred during t1. prolonged period of
low precipitation and diseharge. For exnmple,
between August 10 and September ~5. dischn.rge
of Indian Creek exceeded 20 c.f.s. only 30 percent
of the time. Also, over this period very low
discharge (4 to 10 d.s.) preva.iled for ~ weeks
during and n.ft.er spawning. Furt.hermore, denr
skies prevailing over the latter ha.If of September
were thought, to have contributed to an unusul1.11y
prolific growth of periphyton observed on the
surface of streambeds at, the time.

The escapement of adults WItS the lowest ob
served during these studies. The density of adult.
female pink and ehum salmon spawning in inter
tidal areas of the study streams was five or less
per 100 m.2

• The period of spawning lasted only
from about September 7-17, the briefest period
observed.

There was good evidenee that, egg mortalit,y
wns high nft,er spawning in 1957. Eggs were
eollee-ted from riffles Band C in intertidal Indi:1.ll
Creek and riffles E and F in intertidal Twelvemile
Creek during early November 1957 and late 1V1nrch
1958 and from intertidal Harris River in early
April 1958.

Because differences in estinlltted vnlues of lIIr
were not, signifie-ant among the study riffles
sampled. sllmples collected from int,ert.idnl Indi:ln
iLnd Twelvemile Creeks were pooled by date to
give the following single est,inll1.tes of 'J.L and t.heir
90-percent c(.nfidence limits:

1957. Since spawning density WllS not estimated
in 1956, no estimat.es of 111, are given. Also.
because of small sample size, it, is not possible to
give meaningful estimat.es of Po. Thus, for the
1956 brood yeltr, only estimates of 111, nre given to
indicate HIlle a.nd magnitude of mortality (tithle 5).

In autumn 1956, egg mortality appcai'ed t.o be
highest. after embryos hn.d eyed. The Februitry
sample included t.hree general ca.tegories of deo.d
specimens: (1) Embryos dying eil.rly (as evideneed
by the opacity and advanced decomposition of the
eggs), (2) embryos dying just before hn,tching (ns
evidenced by development. of body structures), and
(3) larvo.e dying o.fter hat.ehing. Table 5 ghres
est.inmtes of the fractions of t.otitl dettths occurring
early, shortly before hatehing, and after hu.tching.

Two features of these data stand out. First.
early egg mortality was lowest in intertidal Indinn

A A
Creek (lIf,=O.lO versus 111,=0.27 in intertidal
HaITis River and Twelvemile Creek). Second,
this relation hnd reversed by late February. Other
evidence, which will be considered lat.er, strongly
suggests that freezing was the mu.jor eause of
Illortalhy of the 1956 brood short,ly before and
nft.er hat.ching.

With regard to enrly egg morta.lity possibly
associated with oxygen supply and reh1.ted fact,ors.
evidence from 1956 brood year embryos does not
contradict t.he possibilit,y that intert.idol Indinn
Creek provides a n10re suitable euyiromncnt. t.han
either intertidal HnITis River or Twelvemile
Creek.

1957 Brood Year

Estima.t,ed mort.a.lity of the 1957 hrood yellr
provided the most striking evidenee obtn.ined in
the course of these studies on relation between
oxygen supply and egg mortality. As shown in
figure 6. mean dissolved oxygen levels during the

Mllrch
A

111,=0.57 ± 0.24
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nificant. The data indicate that mortality was
high before hatching and low after hatching.

Most dead eggs collected in November already
had decayed considerably and were classified as
fragments, suggesting that mortality occurred
shortly after spawning. This finding would not
be unexpected because dissolved oxygen levels
were unusually low during spawning. Further
more, there was evidence of high biochemical
oxygen demand continuing well'into autumn 1957.
Although oxygen levels had increased significantly
between August il,nd November 1957, they were
still lower in November 1957 than in August 1958,
even though water temperatures were about
60 C. cooler in November 1957 than in August
1958 (McNeil, 1962b).

The high percentage of fragments O.mOilg dead
specimens collected from intertidal Indian and
Twelvemile Creeks in November 1957 remained
virtually unchanged through March 1958. The
values were:

INDIAN CREEK

Riffle B: 92 percent in November and ·96
pereent in March.

Riffle C: 70 pereent in November and 70
pereent in Mareh.

TWEI,VEMILE CREEK

Riffle E: 66 percent in November and 76
pereent in Mareh.

Riffle F: 97 pereent in November and 95
pereent in IVIarch.

This was nearly conelusive evidence that e8timates
of Afr obt,ained from egg fragments alone would
be little changed over late autumn and winter,
and estimat,es of Afr based on presence of egg
fragments and made in early spring 1958 would
give essentially the same result as est,imates made
the previous autumn.

Intertidal Harris River was sampled about
April 1, 1958, when egg fragments or live larvae
were colleeted at 34 points. Only egg fragments
were found at 31 of t,he 34 points, giving minimal
estimates of

The available evidence suggested that condi
tions in 1957 were unfovorable for egg survival,
and exeept,ionally high egg mortality occurred in
oU study streams. This high mortolity wns

associated with unusually low levels of dissolved
oxygen in intro,gravel water and low density of
spawners. Unexpectedly low levels of dissolved
oxygen prevailed into November 1957, suggesting
that the biochemical oxygen demand was unusuoUy
high. There is a possibility that the density of
females spawning (five or less per 100 m. 2) was
too low to remove accumulated organic detritus
from spawning beds in quantities suffieient to
reduce materially the biochemical oxygen demand
(Ricker, 1962; IVIeNeil and Ahnell, 1964).

1958 Brood Year

Adult eseapements were moderately low in
1958, though considerably higher than in 1957.
Spnwning densities ranged from 13 females per
100 m.2 in intertidol Han'is River and Indian
Creek to 1 and 2 females per 100 m.2 in upstream
Twelvemile Creek and Harris River, respectively.
Density of spawning females in int.ertidal Twelve
mile Creek was 11 per 100 m.2

Hydrological conditions during spawning fa
vored a higher egg survival than in 1957. Indian
Creek maintained discharges of 10 c.f.s. or more
over the spawning period as opposed to a minimum
diseharge of 4 c.f.s. during spawning in 1957,
when high early egg mortality oecurred.

Observations on mortality were made in inter
tidal Ha,rris River, Indian Creek, and Twelvemile
Creek. Spawning densities in upstream Harris
River and Twelv6mile Creek were too light to
Wil,rrant investigations in these a,reo,s. To,ble 6
summarizes the resuIt.s of the mortality estimates.

For purposes of the present discussions, inter
tidal Twelvemile Creek ean be dismissed beeause

A

of extreme high early mortnlity (M,=O.97 by
late November) apparently eaused by scouring
during floods, which physicitlly removed eggs
from the spll,wning bed.6 As a eonsequenee.
there were insufficient numbers of eggs remaining
t.o relitte observations on mortality to observa
tions on fact.ors nffeet.ing oxygen sUl;ply. Workers
resampled the area in December prima,rily t.o
check the results of the November sampling.

The numbers of eggs eollected approac.hed
expectn.t.ion in int.ertidiLl HnTI'is River and Indian
Creek. Indian Creek was sampled on one

, Potential e·gg deposition in intertidal Twelvemile Creek during Septemher
19M was estimated to be 1;5 per m.' By late Novemher, mean density of
live pins dead eggs was estimate(1 to be only lour per m.': hy l:tte Decemher
only one per m.'
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TABLE 6.-Esthnntes of M" M" n.nd Po used to ellol-lwte time and magnitltde of mortaUty of 1958 brood-year eggs

Spawning area and date

Intertidal Harris River:Sept. 18 • _
Nov. 15 • . . . _
Dec. ~O_. __ • . . .

Intertidal Indian Greek:Nov. 15 ., . _
Intertidal Twelve llll\~. Cr~c·k:Nov. 30 • . . _

Dec. ~8_ • __ • • • _
I

I These estimates of "'I, were ol,tained with log-transforllle.d data.

.. .. ..
Ill. Ill. po

91l-percent 90-perce.nt 90-perce.nt
Mean confidence Mean confidence Mean confidenc·e

limits of the limits of the limits of the
Ineall luean mean

0.26 I ±0.25 0.01 ±O.OI 1. 00 --------------
.51 '±.35 .16 ±.23 .96 ±0.0l'.
.84 ±.21 ..16 ~.38 .82 ±.12

0 I ±.39 .13 ~.13 .90 ~.I)';"

.9; ±.O-l ---------- - - - -. ---- --- -- 1. 00 -----------.--

.99 ~.Ol .--------- --------- ._--- 1.00 --- - - -. ---- ---
I

occasion only (mid-November), and eomparisons
between t.he two arellS will be limited to the
mid-November samples.

The expected number of eggs based on potentinl
deposition was 201 per m.2 in both intertidi!.l
Harris River and India.n Creek. In mid-Novem
ber the difference bet,ween mea.n estimates of

A
AI, (M,=0.16 in intertidal Harris River, nnd

A

M,=0.13 in intertidal Indian Creek) wns not
statisticully significant. Furthermore, it com
parison of values of jJo in November gnve tl.- chi
squa.re value of 0.46 (1 (1.£.), indicating no sig
nificant difference in the frequency of oceurrence of
dead eggs in intertidal Hnrris River a.nd Indian
Creek. Hence, for the 1958 brood year, there was
no conclusive evidence of higher egg mortality
in intertidal Han'is River than in intertidul
Indian Creek. It. is noteworthy, perhtl.-ps, thnt in

. . A

intertidal Hnn'is ·River AI, incretl.-sed significant.ly
bet.ween mid-November and mid-December. It.
is not known if a similtu increase oecurred in
int,ertidal Indian Creek.

1959 Brood Year

Density of spawners wns highly variable among
and wit,hin the study streams in 1959. Estimnted
densities of females spa.wning were:
Intert.iclal H:I.rris River ::!5 females per lOll 111.2

Upstre~tm Harris River 6 females per 100 m.2

Intertidal Indian Creek . _ ;it) females per 100 rn.2

Intertidal Twelvemile Creek __ 15 females per 100 m.2

Upstream Twelvemile CreeL_ 1 fem:!!e per Ion Ill."

Because of the very low density of spawning
adults, mortll.-lity wns not. studied in upstream
Twelvemile Creek, but, observntions on morttl.-lit.y
were made in upst.ream Ha.rris River. High
st.renm discharge occurred during spa.wning, pro
viding more fa,vorn,ble condit.ions for egg survival
during spawning t,han in 1957. Results of st.udies
on morttl.-lit,y of the 1959 brood yenr nre sum
marized in tnble 7.

As observed in 1958, mort.nlity in int,ertidal
Twelvemile Creek was very high initinUy and
appitrent.ly was n.ssoeinted again wit.h the tHreet
removal of eggs from the spn,wning bed. Since
est.illwtes from upst.ream Hnrris River indient.ed

TABJ.,E i.-Estimates of M .. M" and Po used to evaluate time and maynitude of mortality of l~~Mj "l'Ood yea)' eggs

Spawning area and date

Z....I, M, P' 1

I
9O-pereent 90-pcrcent go-pereent.

Meon confideucE'. Meon ('onftdt.'llcl' Meon confidence
limits of limits of limits or
the llH.'an t.he mean the· mean

----_·_---------------_·_---------1-·----1----1------------------
Intertidal Harris River:Oct. 6 . • _

Oct. ~O. . . _. _

Upst.ream Harris Rivl'r: .Nov. -1 • • _. • • • __ • • _
Int.ertidal Indian Creek:Oct. 10 . . . _

Nov. ](1 • • ._

Int.e.rtidal Twelve-mile Creek:c)ct. '::,i _._ a _

I J.'. is the fmction of points cont.aining fewer than 35 dead eggs per square meter.
, This estimate C!f 1If, was obtained from log-transformed data.
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O. ~7 ~V.~-I O.OS ~O.llt) 0.97 ±O.O3
.35 ' ±.~I .11 ~.09 .89 ±.O7

· i3 ~.~3 .17 ~.33 .99 ±.Ol

· ~':! ~.18 .l'~ I z.07 .96 ±.04
• ']7 ±.~9 .I.J~ ±.01 .90 ±.OS

.95 ±.O7 .---------- ------~-------
I. 00 -- - ---- - - - -- --
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much the same thing, these areas proved to be of
little value in evaluating relations between
mortality and oxygen supply.

Differenees in mort,nlity level between intertidal
Harris River and Indian Creek could not be
demonstro.ted with estimo.tes of lJl, and 1\1/.
However, estimates of Po made in mid-October
showed that samples conto.ining 35 or more dea,d
eggs per m.2 occurred with almost equnl frequency
in intertidal Harris River and Indinn Creek
despite much lower spawning density in intertidal
Harris River (about 53 percent of intertidal
Indian Creek). This evidenee suggested that egg
mortality was higher in intertidal Harris River
than in intertidal Indian Creek.

1%0 Brood Year

Egg mortality was studied in intertidal Twelve
mile Creek, Harris River, nnd Indian Creek
(table 8).

High early mortnlity from causes associated
with the direct removal of affected specimens from
the spawni~lg bed occurred in intertidal Twelve
mile Creek for the third year. In 1960, however,
most of this high mortltlity occurred dming spaWI1-

A

ing (1\1,=0.71 in lo,te September).7 Since mor-
tality from causes associated with spawning (e.g.,
redd superimposition) is beyond the scope of this
paper, these causes will not be considered further
here. By Inte November there was evidence of
increased egg mortality in intertidal Twelvemile
Creek, but this mortality was relatively low.

The density of femnles spawning in intert,idnl
Harris River ltnd lndinn Creek was rehttively high
and neo.rly equal. Late in September 0.1. t,he con-

7 This same phenomenon was also obiSt'rved in 196/ (unpublished datIl.
FRI. University o( Washington. Seattle!.

elusion of spawning, estimates of 1\1, and po were
very nearly the same for t,hese two area.s. At
hl1.tching, however, 35 or more dead eggs per m.2

were found at 26 percent of t,he points sltmpled in
intertido1 Harris River and at only 10 percent of
the points sampled in int,ertidnl Indian Creek.
Estimntes of iI, also indicated that mortltlity of
eggs remaining in the streltmbed was higher in
intertidnl Harris River thl1.l1 in intert,idltl Indian
Creek.

STABILITY OF THE SPAWNING BED AND
MORTALITY

Two factors cnusing gravel to shift in spawning
beds are flooding and females digging redds. The
importance of redd superimposition as a fnctor
limiting production of sl1.1mon fry is beyond t,he
scope of t.his pa-per amI will not be considered.
My discussions will be limited to the influence of
flooding l1.nd debris movement on egg nnd larvn1
mortality.

.Mort,nlity caused by gravel shift would make
itself evident by complete disl1.ppearance of eggs
a.nd In.rvlte from spawning beds. Changes in
abundance and distribution of eggs and larvae
will be eXltmined to obtain evidence of mortnEty
cnused by gravel movement. Three popllln.tion
parameters will be considered in eVltlUltting the
sttthility of spnwning beds: (l) Total mortality
(111/), (2) mean ltbundi~lce of eggs and htrvn,e per
Il1. 2 (live plus deltd)(P), (:3) fraction of points
contltining fewer than 35 live plus dend eggs per
1l1.2 (Po').

High dise-harge oecurs most frequently in Sout.h
eltst.ern All1.slm. streams during October, Novem
ber, iLnd December. Aut.umn st.orms nre oft.en
11.(·eompnnied by heavy rain whie-h sometimes

TABLE S.-Estimates of M.. :M" a.nd po llSn! to tNt/liatc time and magnitude of 1Il0rlctlity of 1960 brood ynu cggs

Spawning llrea and date

Intertidal Harris Riv~.r:Sept. 28 • • " _
Dec. 2 ." . " . _

Intertidal Indian Creek:Se.pt. ~~ .. . _.. _.. . _
Nov. 2'.:! .. • _

Intertidal Twelve-mile Creek:Se.pt.. 30 _
Nov. 30 . . _

I 'Jo is the lraction or points oontaining less than 35 dl.ad eggs per square llIet~r.
, This ~stimate 01101, was obtained with log-l.ranslormed d"ta.

M, M. [,,,1

"I)-percent 9O-per~ellt 9(l.jJer~.~nt.

l\'1e~11I ('.onnd~nce Mean conndenl~t' :M('an c.Ql"lfid('.llc('

limits 01 limits 01 limits 01
the. llWilll the· me'ln the. 111('::111

------

O. ~~:l ±0.18 0.113 ±U.Ol O. 9~ ±II.Oi\
.1,9 ±.1l9 .18 ±.(Ij . ;4 ±.07

.44 ±.~O .05 ±.05 .91 ±.n.'i

.50 ±.~2 1" ±.f18 . flO ±.06

.71 ±.17 0" ±.03 .98 ±.02

. i5 '±.08 .n ±.11 .92 ±.03
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I Data provided by Northern Forest Experiment Station, U.S. Forest
Service, Junean. Alaska.

19M Inch..N ono. •• • • ._

TABLE 9.-Dates on wMch rain I at Hollis, A.laska, e:rr:eeded
4.0 inches in 72 houTs, 1956-60

continues over several days. To index periods of
heavy precipitation, dates on which total precipi
tation exceeded 4 inches in 72 hours at Hollis
(fig. 4) are given in table 9. Stream discharge
records revealed that unusuaHy high discharges
accompanied rainfall of this high intensity. The
analysis showed that rain was most intense in
1958 and 1959 and least intense in 1956 and 1957.

Although a comprehensive evaluation of mor
talit.yof 1956 and 1957 brood year eggs and larvtl.e
was not feasible because of limited sampling,
estimates of lIf, obt.ained for these brood years
(and discussed previously) gave no indication of
losses occurring from spawning beds. Observa-

tions on subsequent brood years (1958 and 1959
particularly) have shown, however, that gravel
movement during high dischlu'ge is an important
cause of mortalit,y in the study streams.

1958 Brood Year

Rainfall exceeded 4.0 inches in 72 hours three
times between October 19 and November 9, 1958
(table 9). Samples of eggs were collected before
and after the storms in intertidal Harris River
and after the storms in intertidal Indian and
Twelvemile Creeks (tab~ 10).

The number of eggs (P) est,imated to be present
in intertidal Harris River near the end of spawning
agreed with the expected llumber (E' ) obtained
from the estimated density of females spawning

A

(P=189 and E'=201 per m.2
). After the three

periods of heavy rainfall, the abundance of eggs
had decreased significantly, and the fraction of
points containing fewer than 35 eggs per m.:! htl.d
increased significll.ntly ('y2=5.5, 1 d.f.). This was
good evidence that a significant mort,nlity nt
tributnble to grnvel movement had occurred.

In Indian Creek, the number of eggs estimated
to be present in November after the storms agreed

• A
with the expected number (P=222 and E'=202
eggs per m.2); hence, there wns no evidence of
mortality from gmvel movement in intertidal
lndinn Creek.

The number of eggs estimated in interticltl.l
Twelvemile Creek after heavy minfa.!l was con-

4.31
4.08

4.08

5.32
7.02

6.79
5.08
4.14

AmountDates precipitation ex~eded4.0 Inches in a 72·hour period

1967
Nov. 21-23 • • . _. _

19.58Oct. 19-21 . _. ' . • _
Oot. 28-31 • _. _•• _._. . • _
Nov. 7--11 • ••• _. _

1969Nov. 5-7 • . _.
Dec. fr-7 , •. _

IIn)'OOc.t. 9-11.. _. • . . __ . _
Oct. 20-22 --- __ -. _-. _-- -------- -. _-- --- ------ --- -.• _--- __ I

TABLE lO.-Estimates of the popl~lation parameters E', P, p'o, (mel M,used to evaluate mortality of 1958 brood !lear eg[IS
possibly caused by mOI/emcllt of bed materials

1 90'pe~~~~confidence
limits of
tho mean

Melin

Total mortality ,lI,)

1

9(1.Pl'rc\mt
Mean confidenc·o

limits of
the me·an

Fraction."f points
containing fewer

l.han 35 eggs per m.'
(P'o)

9(1.perc.ent
c.onfidenc·o

limits of
the mean

Mean

INwnloer of dead plus
Number of live eggs per m.'
occasions ~

prec.ipitation (E' and P)
was lllOrE:'

than 4
iur.hes in 72

hours

Spawning area and date of observation

----------------------_·------1----1---1----1-----1----1--- --.---

±6 . . _

'±84 . ----. _

Intertidal Harris River:September 18 . .' _. .. • _
~ 3November 15 . . .. _. _. • _. . _

Interti<lal Indian CreekSeptemher 20 . . .. __ . . _
~ 3November 15 . _. • _. • . __ . _

Inl.ertida1 Twelvemile Creek:s,eptenlb{'r ::!5 . .. . . . _
~ 3NovembE'r 30 • . • • _

I 189

I 104

, 201

1223

, 174

'±101

'±74

0.71

.83

±0.11

±.O!I

11.26

.51

. '±0.25

'±.35

I E.timated number of live pIllS dead spec.imens in the spawning bed (PI.
, 'rhese limit.s were sot with log-t.ran-formed data.
, Expected numbt>r of specimens based on potential egg deposition \1':'1.
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siderably less than the e.xpected number. It was
thought initially that high diseharge caused
mortality; however, samples were not eolleeted
before heavy precipitlltion in 1958, and it will be
shown subsequently that high mortaJity of 1960
brood year eggs in Twelvemile Creek oeeurred in
association with spawning before the storms.

1959 Brood Year

Heavy rainfall occurred in early November and
Deeember 1959. The evidence indicated t,hat
mortality oceurred in assoeiation with heavy rain
in ·all areas sampled (table 11).

The int,ertidal Harris River sampling program
WllS modified slightly in 1959 to evaluate egg and
larval losses associated with heavy preeipitn,tion.
Bec.lluse a sample taken November 16 did not in
elude the entire llrell sllmpled on other dlltes,
eomparisons were limited to colleetions made
within the area sampled on November 16. It. is
for this reason that estimlltes of AI, given in t,able
11 differ slightly from the estimat,es given in t,able

7 for the same dates. The area sampled on
November 16 induded 75 pereent of the intertidlll
Harris River spawning aren, deseribed in table 1.

Trees felled by loggers into upstream HaITis
River ll.nd t,~ansported through intertidal Harris
River on the erests of two mid-Oetober freshets
appen,red to eause little or no mortality. Nine
teen spruee and hemlock trees, some more t,hnn 3
feet in diameter Itt the base of the trunk and more
than 100 feet long, and several large alder t,rees
were known to 'have floated through t,he intertidal

~ A
zone. Estimates of p, p~, and AI, were nearly the
same for samples eolleeted before (Ortober 6) and
Rfter (October 20) the presenee of floating trees.

There was evidenee t.lutt mortality oceurring in
intertidal Harris River between Oetober 30 and
November 16 was eitused by gravel movements
during heavy min. The t,otltl populat,ion of eggs
wa.s estimitted to deeline about 50 pereent between
these (In,tes. Assoeiated with this decline were

A

inerenses in 1)~ and Af,.. The period of heavy rain

TABLE 11.-Estimates of Ihe population parame.ters E ' , P, P'o. and IVl I u86d to cl'aluate mortality of 1959 brood ycar eggs and
larvae possibly caused by mOI'ement of bed materials

Spawning area and dstc or ohservation

N.umber or dead Plu~-I Fraction or points I .
live eggs per squ~re Icontaining rewer than I Totalll1ortalit~· (.11,)

Nu'.uber oC moter (E' and PI 35 eggs per..square
~~f:~fi~~~:; meter (p'.)

mr,re than. I'4 inches in 9el-percent 9O·pe.rcent 1l0·percent
i2 hours Mean confidence· Mean confidence Me·an c.onfidence

limits or limits or lImit~ of
the mean the mean the mean

------·------------------1--·-·-- ----1----1-------------

3 ~88 ±105 0.59 ±O.09 0.30 ±0.26

• 323 I ±138 .58 ±.12 .28 I ±.33

3159 '±ii .65 ±.IS .64 , ±.20

3169 , ±40 .05 ±.09 .i3 ,±.OS

30 . • _ 1.00 ---. _

±.23

±.18

.78

±.Oll

±.0.5

.59

.93±26

±130

324

, 530

'106

• 31

, i05

3346

• 393
Intertidal Harris River: ISeptember 26 . • _

to NoneOctober 6•••• " • . • _

~ N~
Oc~ber 20._._ . . . _

~ 1November 16 .. • _

~ 1February 26. .. .. _
Up~tream lIarri~ River:September 2tL. . . _

~ None INovember 4•• • .. _
~ 2March 3 .. . . _

Intertidal Indian Creek:September 26 • • _

~ N~

Oct~~er 10_ - - --- - - - .----- ------- ---.-----------.- - -.. -- -- - - - -.- - - -- - -- -j---- --- -.--- -- i-
November 10__ • __ ._ -----------------.-------------- ---".--- -- ----- _---- _1 ------ ---

Inte:ti~~h:;~:r'veinileCreek,- ---------.------------- ---- ------------ ------------. --- -~-
October 1.... . . _

~ ~MOctober ':n••• • • _

~ 2February 21.. • . . • _

I Includes i5 percent or the ares described iu table I.
• Expec.ted number or specimens ba!lerl on potenf.isl egg deposif.ion IE') .•

• Estimated number of live plus dead specimens in the spawning bed (Pl.
, These limits were set with log·transrormed data.
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FIGURE 9.-Debris deposited in intertidal Indian Creek by the December 195a flood.

in early December appeared to result in little ad
ditional loss of eggs or larvae from intertidal
Harris River.

The period of heavy rain in November was not
associated with high egg mortality in intertidal
Indian Creek, but the period of heavy rain in
December was associated with high mortality of
eggs and larvae. After high water had receded in
December, large numbers of eggs and larvae
scoured from the Indian Creek streambed were
observed by workers along the banks. About 90
percent of live eggs and larvae in the intertidal
Indian Creek spawning bed at the time of high
water in December 1959 were probably destroyed.
A factor contributing to this high mortality ap
peared to be the breaking up of a natural log jam
located a short distance above the intertidal
Indian Creel\: spawning area and the subsequent
deposition of debris "from this jam in the spawning
area. Figure 9 shows some of the debris deposited
in intertidal Indian Creek. Turbulence created
by the stream flowing around this debris was be
lieved to have been mainly responsible for causing
the stream to alter its course at several locations,

516

washing out or burying deeply a large percentage
of eggs and larvae present.

There was evidence that gravel movement
caused high mortality in upstream Harris River.
Nolive or dead eggs or larvae were collected from
68 points sampled in February 1960. Other
evidence of widespread gravel movement in up
stream Harris River was obtained from studies on
size composition of bottom materials. There was
a significant reduction in volumes of fine sands and
silts in bottom materials during high water in
autumn 1959 (McNeil and Ahnell, 1964).

1960 Brood Year

Periods of highest intensity rainfall occurred
between October 9 and 22. Intertidal Harris
River, Indian Creek, and Twelvemile Creek were
sampled in autumn 1960 before and after high
water (table 12).

Estimated total abundance of eggs in inter
tidal Harris River, as in the previous 2 years,
declined about 50 percent in association with high
water. The mean fraction of points containing
fewer than 35 eggs per m. 2 increased 0.16 after
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TABLE 12.-EsUmales of the population pa.rameters E', P, p'o, ancllVI, used to el'all/ate mortality of 1960 brood yea.r eggs and
lart'a·e possiblll enused bll mOl'ement of bed materials

Number of dead 1' lus I Frar.tion of points I
live eggs per.m.' containing fe.wer t}lan

lE' ami PI 35 eggs per Ill.' {p'o)

Spawning are·B and date of ohse.rvation

Numberol
ocr·asions

prec.lpitation
was more

than 4 inehes
in 72 hours

OO·perrent
Mean confidence Mean

limits of
the mean

OO-percent
confidence
limits of

the mean

Total ~ortality
(MIl

90-percellt
Mean confidence

limits of
the Uleall

Intertidal Harris River:September 22•••• -- - --. -- _------ - - _
~ N_

September 28_ •• - - - - - - - - .__ - _
~ 2December 2•• - - - - - - - - - - _

Intertidal Indian Creek:September 21.. - - -- ----- .-- _
~ NooeSept.ember 22•• - - - - - -. - - _
W 2

November 22••• - - - ------ • - • _

Intes~g~~yb':;IJs~~l!~e~ ~~~~~: -- ------- - - -- -- -------- - -- - -- --- -- ---- ----.- - --1- -------No';e-
September 30. --- .------ - -- --------- - --------.- ------- .• -- - -1---------------

~ 2
November 30_. - -- -- -- ------- -- - - - ._

I Expected number of specimens based on potential egg depO~ition (E'l.

'Estimated live plus dead specimens in the spawning hed (PI.
3 These limits were set with log·transformed dat.a.

, 538

258

, 436

, 380

1381

114

103

±132

±72

±146

±162

±66

3 ±31

0.33

.49

. 5~

.4i

.118

1
.tl8

±n.os
±.08

±.O!l

±.11

±.11 I
±.11

0.29

.69

.44

.50

.il I
• ifi

±0.18

±.09

±.:lO

±.~)

±.17

3 ±.OS

heavy prec.ipitation in 1960; while in 1958 and
1959 the inerease wns about 0.10. The difference
between an increase of 0.16 nnd 0.10, however,
was not statistically significant in these instances.

As in 1958 and 1959, on oecasions when there
was nQ_ movement of tempol'ltrily st,ntiono,ry
debris with high wnter, eggs and larvae in inter
tidnl Indian Creek apparently suffered little mor
t,ality. There was also no evidence of mortality
nssoc.iated with flooding in Twelvemile Creek in
1960, although large numbers of eggs had appnr
ent.ly diso,ppen,red before high wnter.

FREEZING OF INTRAGRAVEL WATER AND
MORTALITY

The study streams freeze usually in December,
.Janull.ry, and February. Hence, mortalit.y attrib
utable to freezing must occur either during or
after hatching.

lVlaxunum daytime n.ir temperatures were used
as as index of severity of freezing. Periods when
daytime temperntures renHtined below freezing for
two or more eonsec.utive dllys were determined
from n.ir tempemt,ure records obtained at, Hollis
by t,he Northern Forest Experiment Stotion
(table 13). Freezing wns most severe in winters
1956-57 0956 brood year) and 1958-59 (1958
brood year).

1956 Brood Year

There Wll-S evidence of high mort.alit.y frolll
freezing in wint.er 1956-57. Est.imates of 1.11, for
the 1956 brood yenr in etl-eh of the study st.rel1lll1'l
are summa.rized in t,able 5. :Meal1 values of !II,
were found to inerellse bet.ween late November
1956 nnd lat.e FehrUll-rv 1957 as follows:

A A .'

i\I,=O.::n t.o 111,=0..50 in intertidal Harris
River.

A A
llf,=O.lO t,o 111,=O.75 1lJ illtertidltl IIIdian

Creek.
A A

111,=0.::37 to 111,=0.41 lJl illt,el'tidal Twelve-
mile Creel\.

T ABJ.E 13.-Pcrlods of dal/tilllc freezing (lnd as.~odatf}d

precipitation at Hollis, Aloska 1:JMI-61 I

Dal.{'s whe.n maximulIl te.mpcratun' was I IVll'""I1l I
I{'S~ than 0" C. tt:'IllPl';ature Pn·cipit.atioll

:It 5 p.1I1.

\Villt~'r Hf.'I~-.r;7:------------I--o(-.'. - -~~:--
Dr~c. 3-1:!.. . . . _ _4° ~~. 03
Jan.7-I:L . __ . ... _':it;, I)
.1an.::!O-~fL .. . .. .. _7° II

"(·"ell. ~::?-~5 ._. . . ._ -Ijl'j (I

Willter 1~5;-58:
N (111(' • • • _. . •• _ .•• __ • ~ ~ - - - - _.

Winler 1958--,';\1:
.T311.1-1~ri.. • ._ .____ _5'=" U

Willt.er 195\1--tlO:

Wi;W~}::~~:~~:_-_-_- __ -_-_·_-_~-.-_-.-_-_-_~~-_-.-_-_ -_-.--_-__:~~:::I::::::: ::~:::: ::::::::::::::
I Data prOVided br Northern Forest Experiment Station. U.S. For~gt

Service, Juneau, AhlSk<t.
-:: Fell as snow. givE.>n fiS inches of rain.
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TABLE a.-Estimated total m.ortality of 1958 brood year pink
and chum salmon eggs and laT/lae before and after freezing
in winter 1958-5.9

1\

AIr (pooled for Novelllber) =0.69 ± 0.19
A

Afr (pooled for March) =0..57 ± 0.24

ndditional mortalit.y over winter. Int,ertidul In
dian Creek, on the ot.her hnnd, experieneed high
lllort.nlit,y over winter, thus supporting enrlier
findings wi th 1956 brood ye!tl' eggs and larvae.
There was no evidence of winter mort,nlity in
intert,idnl Twelvemile Creek, but beeause of the
scareit,y of brvae in the splLwning bed, it is
highly unlikely thn.t, lllortalit,y would hn,ve been
detect,ed here.

Other Brood Years

According to Hollis air temperntllres, there
were no prolonged periods of freezing t,hat wlluld
nffect, eggs nnd lnrvae of the 1957, 1959, and 1960
brood years. An examination of data on mortality
revealed lit.tle ,evidenee of mortality possibly
clwsed by freezing.

There was no evidence of wint.er mortalit.y of the
1957 brood year. Prewinter and postwinter
pooled estimates of JUr for riffles B, C, E, and F
and their 90-percent confidence limits were:

±.01
±.01

±O.21
±.:l9

I ±.39
±.28

9O-percent
confidence
limits of
the me·an

0.84
,62

.99

.99

o
.64

Mean

1 This limit was set with log-transrormed data.

Inlertidal Harris River:
Dec.~. 1958 _
Apr. 5. 1959 _

Intertidal Indian Creek:Nov. 15. 1958 _
March 28.1959 _

Intertidal Twelve·mile Creek:

~c;':i4~9it~9~~:::::::::::::::::::::::::::::::I

Spawning area and dale

Two classes of dead eggs and larvae not present,
in November somples were found in February
samples: dea,d eggs with well-developed embryos
ready to hiLteh nml dead larvae. Death of eggs
eontaining the well-developed embryos oecurred
after November sampling and before hatching in
December.

This prehatching mortality occurred in eon
junction with the December 3 to 1:3 freezeup.
The observed posthntching l1l0rtnlity may have
been cnused, for the most part, by the subsequent
more severe periods of freezing in .Tanuury nnd
Februa,ry.

I have alrendy sununarized in table 5 the
estimated fractions of 1956 brood year eggs and
lnrvae dying early, shortly before hatching; and
after hatching. Assuming that mortality at and
after hatching was caused by freezing, I estimated
mort,ality of the 1956 brood yenr from freezing to
be about 23 percent in Hnrl'is River riftle A, 65
percent in Indian Creek riffles B imd C, and 14
percent in Twelvemile Creek riffles D und E.

I visited the study streams during the February
22-25 freeze. Exeept for un occusionnl exposed
riffle, they were coated with ice several inches
thick Freezing appeared to hnve tl greater effect,
on Indian Creek spawning beds thn.n on Han-is
River and Twelvemile Creek sp:lwning beds. I
nttempted to drive metal rods into the Indin.n
Creek streambed at tl number of locations. The
gruvel was often frozen, ptu·tieularly where exposed
by drying of the stream. Anchor ice also htul
formed at several points examined.

One important conclusion to be dmwn from
these dattl is that mortnlity nssoeitlted with
freezing wns highest, in t,he strenm having the
lowest minimum discharge (4 c.f.s. in Indian
Creek a~ compared with 12 c.f.s. in Twelvemile
Creek llnd 22 C.f.R. in Harris River).

1958 Brood Year

Freezing occurred tlfter hatehing in In,nUtu'y
1959. Sampling was undertaken in :Mtlrch 1959
(2jf months nfter freezing), lLnd the possibility
thnt larvne killed by freezing had decn,yed before
sampling could not be ignored. Therefore, the
best evidence of winter lIlortnlity possibly ns
soeint.ed with freezing may be estimlltes of AI,
which are slllnmnrized in table 14.

In intertidal Hnrris River, mortality WllS high
before freezing lmd the,re WllS no evidence of

With regard to the 1959 brood year, there was a
rat.her high incidence (IS percent) of dead larvn.e in
samples collected from intert.idal Ha.rris River on
February 26. 1960, but a low incidenee (less thtm 1
percent) of detld larvn.e eollected in samples from
intertidal Indian Creek. Factors other than
freezing probably were responsible for the mor
t,ality observed in intertidal Hun'is River beelLuse
temperatures were mostly above freezing in winter
1959-60, and few dead larvlle were found in inter
tidal Indian Creek. Searcity of eggs tmd larvae in
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Twelvemile Creek spawning areas made it im
practical to evaluate winter mortality there.

Only a small number (about 1 percent) of 1960
brood year larvae collected in late winter 1961 from
intertidal Hnrris River and Indian Creek were
dead. Of 933 larvae collected in intertidal
Twelvemile Creek, 9.4 percent were dead, but
most dend larvae were found in one redd. Factors
other t,han freezing were suspe\.'.ted of having
caused their death.

An experiment indicated that, little or no freez
ing of intragravel wat,er occurred in winter 1960
61. One-half-dram vials were filled with water
and buried 5 and 10 inches in spawning beds
during autumn 1960. They were recovered in
spring 1961 and examined for breakage caused by
wat.er expanding during freezing. The recovery
of a broken vial was used to indicate occurrence of
freezing at the point of burial. Brel1,kllge from
causes ot,her than freezing WiLS minimized by en
closing vials in latex tubing. Sixty-three vials
were recovered from intertidiLl Indian Creek, 36
from intertidal HiLn'is River, and 30 from inter
tidal Twelvemile Creek. There were no broken
vials in the lot. This experiment provided further
evidence that intrngravel water did not freeze in
winter 1960-61.

DISCUSSION AND CONCLUSIONS

There is evidence t.hat mortality of pink nnd
chum salmon from egg deposition to fry migrl1,tion
is seldom less than 75 percent and commonly ex
ceeds 90 percen t in small constal stren,ms. Fresh
water mortality, therefore, may pll1,ce more severe
restrictions on production of pink and chum
salmon than natural snlt-wiI,ter mortality.

A thorough understnnding of the ecologiciLl nnll
physiological requirements of pink nnd chum
salmon eggs and Inrvae is necessary for eVilluiLting
the potentinl of spawning beds to produce fry.
It has been iL goal of these studies to det,ermine the
relative import'iLnce of certain fa.ctors iLffeeting
quality of the spawning bed environment. nnd fry
production.

OXYGEN SUPPLY AND RELATED FACTORS

It. is evident from n review of the literature thnt
the oX'Ygen supply rate to an egg or brvn is iL
function of oxygen content and velocity of flow of
int,ragravel water, both of which are affected by a

complex of interncting factors. It would appear
that oxygen privation is more critical in embryonic
than in larval stages. For evnlunting mortality
possibly resulting from an oxygen deficiency,
observations on mort,l1.lity were bnsed primarily
on the population of eggs present in the spawning
bed at the time of sampling. Where large numbers
of eggs lULd disappeared from spawning beds before
snmpling, or where density of females spawning
WitS light, it was not possible with the sampling
scheme used to obtain diLta ndequate to evalul1,te
prehatching modality possibly associated with
the availability of oxygen. Inadequate dntn for
the intertidnl Twelvemile Creek and upstream
HI1.rris River and Twelvemile Creek spawning
areas were of limited value in evaluating mortality
possibly due to oxygen privation, and observations
were mnde mostly in intertidltl Hnrris River nnd
Indian Creek.

Dllta on (1) dissolved oxygen content of intrll
gl'l1.vel water, (2) streambed gradient, and (3)
organic content, size composition, ltnd permenbility
of bottom nUlterinls showed more favorable oxygen
supply in intertidnl Indittn Creek than in intertidnl
Hnrris River. Furthermore, results of mortl1.lity
studies suggested that )lrehntching mortillity not
associated with the disappeal'ilnce of eggs wns
lower in intertidnl Indian Creek than in intertidnl
Harris River. Hence, there was general ngree
ment between observl1.tions on physicnl quality of
the spawning bed environment mid egg moi·tnlity.

An opportunity arose in 1957 to evnlunte the
relation between prolonged low st,renmflow during
spawning nnd egg .mortality. In this instance,
unusually low levels of dissolved oxygen in intra
gl'l1.vel wnter were observed during l,he spawning
period. The evidence rela.ting an exceptionally
high egg mortnlity to low streamflow corroborated
the findings of other workers (Brett, 1951; Neave
and Wickett, 1953; Wickett, 1958).

In these studies it was not possible to demon
strate a direct dependenc.e of egg mortlliity and
popula~ion size. In 1957, when spawning den
sities were ext,remely low n.nd egg mortality was
unusually high, there appeul'ed to be some justifi
cation for suggesting thl1.t a minimum number of
spawners is required to reduce the overnll bio
chemical oxygen deml1.nd through the removal of
organic detritus from spltwning beds (Ricker,
1962). Additionltl researc.h will be required to
resolve this question.
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STABILITY OF THE SPAWNING BED

Inst'l1bility of the spl1wning bed wns I1n impor
t,nnt cause of egg n,ud la.rvn.l mortalit,y in the study
streams. There was no I1ppl1rent relntion between
gravel composition and stability during flooding,
and high mortality occurred in spawning beds
composed of conrse nnd fine materials. Chnuge
in position of t,empomrily stl1tionary debris caused
gravel movement, but the presenee of flonting
debris hl1d lit.t.le or no effect on gravel movement.

The influenee of tempornrily stntionnry debris
on the stability of bott,om ml1terin.ls WI1S studied in
Maybeso Creek (fig. 4), 11 strenm locnted nenr
Hollis (Bishop n,nd Shapley, 1963). The results
of this study gl1ve further support to relo.tions ob
served between movement of wood debris and
mortality of eggs and Inrvne in Harris River,
Indian Creek, and Twelvemile Creek.

High dischnrge mn.y be a eommon eause of mor
tality among salmonid eggs nnd larvn,e. In New
Zealand, Hobbs (19:37) concluded that floods
seldom destroyed siLlmon I1nd trout redds, but at
times aeeounted for It pnrt,ial fn,ilure of a brood
year. At Sagehen Creek, Cn,lif., 11 flood in Decem
ber 1955 destroyed brook trout, Salu:lin-u.s fonti
na.lis, and brown trout eggs, enusing the complete
failure of the zero age group of these species in
1956 (Needham zLnd Jones, 1959).

Observations on dislodgment of salmon eggs ILnd
larvae from Brit,ish Colurnbin and Sout,hel1stern
Alaska streztms during flooding also have been
reported. After flooding, Whhler (1952) found
preemergent sockeye sl11mon fry washed from n
tributary of Babine Lake, British Columbin, and
Wickett (1959) reported the observl1tion of eoho
and chum snlmon eggs on bnnks and in bushes
nlong the Qualieum River, Va.ncouver IsIn.nd.
Floods fit Sashin Creek in 1941 nud 1943 were
thought to have killed many pink salmon eggs and
larvae (Hut,chinson and Shunlllll, 1942; Dlwidson
nnd Hutchinson, 1943).

FREEZING OF INTRAGRAVEL WATER

Although freezing has been considered nn im
pOl'tant eause of mortnlity, exeept for Neave
(1947), Smirnov (1947), and Semko (1954), little
direet evidenee showing freezing to be nn im
portant cause of pink and chum salmon egg and
larval mortnlity has been reported. I found t,hnt
freezing eaused high mortality of 1956 brood year
eggs and larvae, particularly in int,ertidal Indian
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Creek. There WItS ltlso an indicl1tion that the
1958 brood year experieneed similar high mortality
in Indian Creek. Winters of 1957-58, 1959-60,
nnd 1960-61 were mild by comparison, and there
Wl1S little or no evidenee of mortiLlit,y from freezing.

It was apparent thnt freezing exerted the great
est influence on mortality in the stream having the
lowest. minimum discharge. Further study may
reveal t.hat cert.ain spawning a-reas l1re unprodue
tive beeause of low discha-rge during periods of
freezing. There was no evidenee of high mortality
from freezing during wint,ers thn.t maximum day
time air temperatures remained above 0° C.

SUMMARY

1. The lwnila-ble evidence indicates t.hnt high
mortl1lity of eggs and larvne grently limit.s the
nbundance of juvenile pink nnd chum sltlmon.
Proper mlLnagement. of pink and chum slLlmon
fisheries will depend in plLrt on lL thorough under
st.l1nding of the fl1d,ors affeeting the potential of
spawning beds to produce fry. Field st,udies of egg
and lnrval mortality are importztnt beeause t.hey
provide infornlltt.ion on time and magnitude of
mortality thl1t ean be assoeiated with eausat.ive
fnetors.

2. In the study streams, egg mOl'tality after the
end of spnwning seldom exceeded 20 pereent in the
nbsenee of low levels of dissolved oxygen, freezing,
or high water. There was evidenee that mortality
nt.t.ributable to oxygen privl1tion was highest where
water cireula.tion within the spawning bed was
iIIIPl1ired.

3. Low levels of dissolved oxygen in intragmvel
wnter as well l1S high egg mortalit,y occurred wH,h
low flow during and shortly l1fter spnwning. The
resulting mortnlity of eggs WlLS estinlltted t.o vary
between 60 and 90 pereent in the spl1wning nrel1S
sltmpled.

4. IVlovement of bottom mllterinls during high
Wl1ter wns au importnllt CltUSe of mortality, whieh
was most severe where t,emporarily st,at,iona.ry
debris shifted position within the flood plain.
:Mortality from movement of bottom mllterials
WitS estimnted to exeeed 90 percent in one instlluee.

5. Freezing was I1n important cause of mortltlity
only when maximum dnytime temperatures rc
Jl1l1.ined below 0° C. for at least 2 eonseeutive dltys.
Mortality from freezing was highest in t.he stream
hlwing the lowest minimum disehlLrge, and Wl1S
estimnted to approl1ch 65 percent on one oceltsioll.
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