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Introduction

Vrater Lenrpcratule-s in sLrclms m.e chiel lv in-
f lucnced bv local air temperaturc. shude. streant
depth ancl groundwatcl input-s (-(ul l ivan et rz1.
19901. Although -stream lonper.atures arc natulallv
J r  l , r r r . ,  .  l r . r r n . r r r r r ,  t i r i r i . -  - ' , ,  h  r -  t i m h c r  " , m , , \ l l

can altcr thermal rcgimcs (Holtb_,- 198[3, Thedinga
ct aL. I9I39l.  Rccent phrsico-gcomorphic morJcls
(^-SLrl l ivan et a1. 1990) can lbrecast thc cl l i 'cts of
such human activi t ies on strc{rn tcnlperatures bul
thc biologital conscql lel lces of tcrnperalur-e
changcs on -slream f ishcs are inrperlccdv under-
stoorl. \\'iclc-spreacl lanrJscapc alterntions in lhc l)u-
ci i lc Northwr:sl have gener-aLerJ concem o\er lhc
sLatLrs of i ishes in gc'nclal and P:rcif i r .salnron (On-
ctnhvtchrLs spp.) in prrt ir .ular (Nchlseir el d1.
1 9 9 ]  ) .

Tempclat l l le regines arc a rnajor faclor con
tl ibuting b Lhc local ad;rptaLion ucl isolat ion of
salrnorr populat ions (Rickcr 1972. N{Lrrrar. ef a1.
1990). ' fernlx'raturcs 

direc{l) affcd the rate ol em-
bllonic devtloprnenl. haLch ratcs, sunir,al and sizc
ol cmbrr, 'os ( ' l  ang et o1. I987. Beacharn and I ' lLrr
rav 1990. l lurrav ct a1. 1990). The t ime ol !car
" l ' ,  n  r r ' l r r l t .  - p r s r ' . r l - u  i -  r e l e t e , l r , ,  t F ,  t '  m f e , a -
ture re!_{ir ic lhat the embr,ros wil l  erperiencrc and
thr: pcriod ol peak frxrd abund:rnce in spring (Codin
1982. Bcacham ud l \ l rrrrav 1987. Brannon
1987). Incre*ecl incLrbatioD tetr\)eralrrrc can re
sult in earl ' -  enrcrgcnce. longer grol.r lg season.
larger size arrcl higher ot er-t  intcr sur.r. ival fales ol
strcam-resident spccics -.uch as coho salmon. O.
Aisutdi l l lol tbv l98l i) .  bLrt thev also r.an lcad ro
a mis match bel$ccn the t iming oI do$n-rh.eam

1,26 Northnest Scien<rr:.  Vol. 69. No. 2. ]995
!  l ( ) 9 ; L \  r h r  \ o , r h t r e i  S ,  f n t l i f , \ , ! n h r , t r '  {  ' B ' r r N , r r u

rnigrat ion and :rt lequalc lcvels ol rnarinc foocl
r-esourccs. leading to rcduced marinc survird
(Holtbv l9[t8. Holtbv and Scrir.cner 19t19).

-Species-spccif ic models (c.g..  Beachilrn and
\ ' lurra,v 1990) havc bcen derelopccl to project
hatch Limcs and developntcntul stage olsalmon em
brros. given a knorr.n or simulaLed tcnrpernture re-
gime (e.9.. Srr l l ivan et al.  1990). These pfojecl;{)ns
can aid in assessing potential consequences ofcarlv
erncrgrnce lHc. ' lLbv l988). phl-r ical disturbance in
sheanrs (Johnson et a[.  19'391. or deratt:r ing ol
, . trcams (Clal bi l l  eral.  1979. Beckclctal.  l9{31})
, " r  ' 1 ,  r , l u f  i r r g  - r l m o n .  l l , , r r e r e r .  r l .  r r r i r r i o r r  i n
tcmperalure among streams and thc tendencv ol
salmon populations to cr.olr.c local adaptations
(Rickcr 1972. Ta;- lor '  1991) indicates that species-
-po r i f i r  r n , ' 1 .1 -  mu- t  b ,  u - - , 1  s i t h  e r r r r i o r r -  r -
poprrlations ma,v v:rr1 considcrably in tirne to hatch
(Brannon 19137. Beachanr and fr lur.rrr l9[19].
N{ost ofthe inlbrrnation on incubation rarc llas Deen
repor-ted lor populat ions of sa]mon in B.C. ic.g..
sockcvc: Brannon -t9i l7, chirrooL. pink and chum:
Bcacham and Nl Lrrrq'  19t19. l986, 19U7. toho:
l lurrav et ul.  1990).

The pLrrpose oi thi-" stud,v l tas to e)i i  ninc the
{nount ol rariaLion in t ime lo halch among arrd
l i thin populat ions of rcho salmon in Siashington
state. ( loho salrnon were selecle(l  bccau-se: ( l)  al-
tered incubation ternper tr lr .es mar- affcct subse
qucnt l i le histor_,- evcnts (Holtbl l9BB)i (2J rnan]
populations in Srd-(hington (S'ashington Depart-
menL r)f  F;shcries et al.  1993) and Oregon (Nic[.
clso:n et aL. 1992) are in jeopardr; and ( i3) rhc
Br , t i . l r  Cu l r r n  I ' i a  d . r t r r  m . r r  nn t  h -  r ,  t , r ,  - r n r , r t i r -
of populat iorrs in \ \ iashington. Speci l ical lv. r tc



eramined rarial ion in incubation rate Lrncler cl i f fcr-
cnt tcmpclatllle Ie€dmes drxmli populations.
arnong farni l ies within popLrlaLions. anrl  arnorrg in-
d i r i dL ra l s  r l i t h i n  l a rn i l i r : s .

Materials and Methods

Canretes ir ' rnr l0 coho salmon populat ions in
\\  ashington wele col le.ted in lal l  ancl r intel of
l9i l9-1992 (Figurc I ) .  l , ish rcprcscnting both thc
eulr and late spawning lun ol coho in the Solduc
River rrere :r lso -"arnl l led in 1990. ( lamctr:s wr:rc
lfansporte(l  to cithcr thc Univclsit l  of Washilg-
ton hatcher-! ' i i rci l i tv in -seatt le or the I niversity 's
r-escar-ch facilitv locatccl at Big Bccf Crcck. Sea
becl. Washington. In l9l i9. one fernale frorn cach
rivcl las crossccl rr i th onc male to lorm a single
l ir l l  sibl ing tross. This proridecl gerreral informa-
t ion of the r ar- iancc of incl ividual hutch ratcs about
thc tnlc mrlrn of a single limil,v.

The fenrales col lc 'ctr:d in 1990-91 tcrc cach
n r . r t e J  s  t l ,  t r r , '  n r . r l e -  l r , , n r  t l r i r  r - - 1 , . ,  r i r .  p , 1 ' . r -
lations to firrm halfsibling crosscs. [.suallv this tlpe
ol cross is rnade and repl icateri  t(r  al lo\r slat ist ical

l)a i l ;oning of thc patcrnal. matcrnal. anrl  intcr-
act i !c gcnotvpic el lects on the phenotype. in this
case. l i rne Lo h: lLcl l .  Due to haL.herv sl)ace.on-
- l r r i | | l - . ,  r , , - . ,  -  $ ,  r ,  n , t  r ,  p l  r ' . r t , , 1 .  t l  r r -  r i 8 u r u r r -
-. tat ist ical lre: l tnlent ol the j jenotvl) i .  . laLa $as not
possiblc.

The l9lt9 and 1990 crosscs lcrc cach dividcd
into four lots o{ approxirnatell 250 eggs. Embryos
we le  i ncL rba led  a l  6 .  t J .  10 .  and  l l i "C  (+0 .5  ' )

i n  1 9 f 1 9  a n r l  x r  6 . 9 .  a n d  l 2 i C  ( + 0 . 5 o ) i n  1 9 9 0 .
hnbrros lclc incubated in pol,winl-l chloricle
(P\iC) cups ( i .6 un cl ianctcr and 6.,1 on high)
with plast ic rnesh bottorns. Ten r:ups lere placed
ccnlrallr on plastic gritls upproxirnatclv 7 cm above
the incub:rt ion trough i  1.0 -r 0.5 r 0.I .-> n) f loor.
A 2.5 t nr dia. r 0.5 nr long pc'r irrratcd l)VC pipc
rras installcd at thc hcad of thr tlolrgh to ever v
d i s t r i bu te  11o rs  (B  I  m in  ' ) .  Dech lo r i naLed  mun i -
cipal latcr tas chi l lcd b,v an irnmersion coi l
cooler or $arned br a slean heat erchanger. Thc
l99l crosses lele dividecl into lots of apploxi-
mRtel] 5(X) ancl each krL las indir iclLral lv irrcLrbated
(6'C+0.3) in a rcr-t ical lv stackccl Henth tral-.

Emlrrro-. lere checked e!er\ tlro davs to mon-
iLor haLch faLes and |ernore cieacl eggs anrl alevirrs.
I)avs and thcrmal units tx TL,s (o(i  : i  number of
int ubatiorr dars) to di i l 'erent halching stagc,. r , ;crc
noted ibr al l  closses. l l is-"olved oxvgen le\et.r $ere

monitorcd in thr trouEihs rnd Heath trav-r and \!ere
consistentlv al or near saturation. Tcmpcralurcs
lr:rc contr-ollcd autonratici lv. and contirluouslv
rccoldcd clcctronicnlll'. Ernbrvos were incubated
in total d;rrkness except rhen l ighL *as nccdctl  to
rnonitor hatching.

Besults

Single crosses (c,ne f im:r le crossed l iLh one male)
from Lhe Toutle. Elochornan. Rakcr and Clark
r- iro-s l trc incubatcd at 6, 8, l0 and l3o(l  in
1989. The number of TLs recluired to obtain 50oh
hatchirrg oi Toutle Rilcr cmbrvos incrcascd r,; i th
increasing temperalure (Figure 2). Elochornan and
Bakcr Rilcr cggs rcquircd sl ightlJ feter ' l t ,-" to
i>00i hatch al the lo\,-er and higher (6" and 13")
lhan al intcnncdiatc tcmpcraturcs (l. i;p.rre 2). Clark
Creek ernhnos lequired sJightl,v more TIIs to 50olr
hatch at 60(l  than embrvos frorn the other r ivcrs
and l00r/o moltal i tv r lrs observed in the l i lo( l
treatment. The numher ofTfJs rerluirecl f lorn f irst
1 . ,  50no  l r r r t ch  Je r re . r - ed  r '  i t l r  i r ' c re . r - i ng  l e rnn . ra -
trrre [or al l  farni l ies. For erarnJrle. Elochomdn lt i lcr
eggs required 138 lLs l iom l irst to i>00[ hatch
a t  60 (1 .  : r nd  onh  i l 9  T l  s  a t  l l l 'C .

! ' ive populnt ions (represented hr 2-6 fani l ies
per poprrlat iorr) incuLalecl al 6" 9 and l2"C (Ta-

ble 1) exhibited consiclerahle r, :rr iaLion in incuba-
t ion rrtc at a givcn trmpcrature. lor exunple.
ernbryo-s lrorn the Toutle. Snow ancl Cowlitz r ir ,crs
r-cqLrircd. on alcrrgc. molc' l 'Ls to 500/o hatch at
9o(l  than at 6'(1. r 'hereas embrr 'os lrorn Lhe ear1,r
and late runs of the Soldur: Rirer requirul thc samc
or fcrr'cr. Ernbn,os collcctcd alier 27 \ovember'
(Solducr- late nrn, Snou,. and Cowlitz r ircrs) requin:d
fcrrcr Tfls to reach 500/o hatch than ernbrlo-q col-
lecred on 30 Ottobcr from thc Solcluc carl,v run.
'l 

he Toutle River embryos, collected 1 Norember'.
had -cirni laf 50ol l  Tl l  rr :r lLr ircmcnls l1) lhc lato
spalning populat ions at 6 and l2oC. but required
more' l 'Ls to 500/o hatch at 9o(l  than the other
populat ions. Thc Toutlc Ri lcr incubation rates
lrele the lea-rt plotracled at 6 and l2oC and thr:
Inost pr-otractcd at 9o(1, rclttivc to all other popu
lahons,

[ ie compar-ed incubaLion fates of eml)Nos {.ol-
lecLed frorn Lhe ear' l ;-  (30 Octobcr l990) and latc
(27 Novcmbcr 1990) spartning runs oi coho in the
Solduc Rirer (Table l) .  The earl l  nrn cmbnos in-
cubrtcd at 6oC required. otr alerage. 1iJ:) mofe
TlIs to real izc f irst hatch and an addit ional 135
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l . i g r r r :  l .  [1up01 rc " t .n ,  \ [ash insLon.  in , l i i i e r ins  s i r t i s  $hefe  gameres  were  co ] lec red  tu r rohosa lmn in rba ,
l ion  s r r ( l i i \ :  ( l )  T ,n ,L l .  R i r r r .  i2 l  Crx r l i r z  R iver .  i3 l  l l l ochomon [ { i re r .  (1 )  B ingham CR! ik .  (5 )  Bork -
nan ( l r . (  k -  l t ) l  S , , l , l , r  R i r r r .  i7 )S , r t r {  C . ( r ' l -  {8 )  C lu rk  Creek .  {91Baker  [ { i re r  a rd  110)  B is  B . . i fCree l .

Ttls to reach 509ro hatch than thc late run embryos.
Thc carlv rtrn cmbrlos still rcquircd morc TUs to
5070 hatch than the late run at higher incubation
temperatures (9 and 12').  but the Tl,s to f irst
hatch l'ere sirnilar.

Wc cxamined t ime to hatch at 6o(l  in more de-
tai l .  as this is morc rcprcscntativc of coho salmon
incubatic- 'n fegimes than thc highcr tcmpcraturcs.
Aralvsis ol data from sir pr4rulat ions rvith at lcast
lbur l i rmil ies each rerealed signif icant varratron
(A\OV'{ .  [ '  :  1..1 l .  P < 0.0l )  in T[, s to hatch

(Tablc 2). A posteriori  analvsis ( leasl squares
mcdns) rcvealed that the incrrbation rate of Co$li tz
River coho salmon rras slo!,rcl than that ()f the olhcr
populat ions. ac()unt;ng for thc most of thc varia-
t ion. There $as also vdriat ion in T[.s to ]  000/o
halch arnong Lhe lhrcc populat ions rvith at lcast l0
famil ies (-A.NOVA P < 0.001, Table 3).

ln addition to variation trmong populalions and
families. there rvas also variation r,ithin lamilies in
hatching t inrc. l 'his tas examined in detai l  in thc
lhrcc populat ions $' i th the largest numllers ot

I 2 t t  K , , r . r  L i .  S , , , r l \ . . r n , l  Q ' r i n n
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Figure2. Nuniber of centigfade renpefantre unir-. {TUsl reqdred for 50rL ofthc ebbrros frrm four Nashingr,rrr rrnn sulm,n

I )o |u la l ions  lo  ha t ( l r  a t  tuns lanr  lemfera lu res .

l ABl.li L Avrrasc numbi,r of ti,mr).r{tuft, units (Tt,s) Lo first and 50r'ro hatch in fire populations of coho salnon
in ( !ba l . . la t  o , ! ,  o lLhnt , !ns rar t  L , ,mr ) . ra lu rcs  in  1990.  The number  o f fami l ies  i v l thnr  each popu la t ion

;s , l . s isnrL( i  in  ra rcnLh i ,scs  anr l  t | r  ra rgr  o l  T t l s  onrong [ !m i l i i : s  v i th in  popuh l ions  are  l l so  ind icded.
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familics (Big Beel, Bockman ancl Bingham creeks).

Within familics. thc datcs of first and last hatch-

ing spanned about 9-I,1 davs (Table 3). Bockman

Creek lamilic's had thc most protractcd hatch times

and rcquilcd thc most TLIs to realize 10090 hatch.

W'e separated families into t$o grolrps based
on paternal half sibling crosses and evalualed the

potentiai ef lect male gcnotypc hacl on TUs to f irst

and I000/o hatch (Table 4.). The ar.erage number

of TlJs required to l.imt and 1000/o hatch did not
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lUs as the Big Becf populat iorr l 'hich htcl the
srnal lest eg€is.

As rr i th sockr- 've sahnon (Brannon I987). and
olher species (Bcacharn and Nlurrar l990). coho

salrron inr.uLal ion gencral lv r i ispla-,_s a compcnsa-
Lofv responsc lo Increasrn8 tcmpefal l l res up to

r b , ,  r r  l U  L .  l h c r  i - .  r . h i l ,  i n , r r l , e r i o n , , q r r i r , . -
fr :*er dals at highcr lenrper:1tules. morc TfJs are

requilcd so lhat delelopmcnl does nol proceed as
rapidl-v as loult l  occur i f  :r  i i red numbcr of Tl ls
s ,  r ,  r ' - , 1L r i r ' . d .  t  he ,  t f , .  t  , ' i  t l r i - ,  o rnp .n - r l i ' , n  i -

to reducc lhe rariat ion in cnrcrgen( e d: l te ibr a
giren distr ibution of spal ning datcs. Hotever. this

cornpcnsalorv relat ionship \ras mLlch Inore pr-o-
noun(ed in somc populal ions than othcrs. hence

projections of inctrbation ratc based on gener' l
nrodcls l i l l  have sornc crror. \ Ioreover. thc com-
pensation is mosl obvious al lcmpefalure-r belot
Lltose in our stud\ '(e.g.. Tang ct 41. l9B7). Lit t le

compensetion \ras obscned o!er the r lngc ol lern-
peratures thal we used and somc rcferse compen-

sation ( i .e..  fe$er' l 'Ls at l l igh tempelaturcs) \ \ 'as
ohselr ed (c.g., FigLrre 2). consistcnl $ i th Tan€( el

d1 .  ( ] 9137 ) .

A species-speci l ic model of coho salmon incu-

hation. bascd prirn: l i l -v on Brit ish Columbi.r data

1\{odel .1 of l leacham ancl \ lLrrrar I990).

frcdidcd some\rhat carl icr hatching than tc otr-

serrecl. ' lhc model est imated,160 Ttls to 500/o

hrtch at 6'C lompared l i th thc rnean ol '190 ( i .c..

5 r lar-") l iorn f ivc poprrlat ions ( ' lablc I).  The.->00/o

datcs rr( ' re not recordcd f irr  the Bingham. Bock-
man and lSig Bcr: l  creek populat ions bLtl  interpo-
lated i>00/o datcs lcr.e 19.1. 513 and 516 Tl s.

respccl i ,relv. Tang el ol.  (1 987) reported 492 Ttis

to 500l) hatch for coho from Washinglon's Dunge

ne-rs l l ivcr-.  sinri lar to our r lcrage. Hoirever-. thc
popLrlaLiors that $c studiecl incubatccl more rapidl,v

than thc Skagit Rirel coho salmorr feported b--r '

Grarbi l l  et al.  11,9791. *hith rcquircd 57i|  Tl ls

to 50oi hatch at 6.1'C. Populat ions from colder
regions tcnd to lequire iertcl  Tl.s Lo hatch than

those from $armer rcgions (Beacham and Nlurrav
I9119. X' lurrar er o1. 1990). Assunring that Bri t ish

Colunbia ternperaturcs arc l ikely to be coldcr than
those in V ashinglon. the tendcnct fcrr S'ashington
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popl at ions lo incubatc mor-c slowlv than tsdtish

ColLrrnbia populat ions is not unerpeclcrJ.

In addit ion to thc r adation among popLrlal ions

anrl famil ies in incubation rate. \ te also obscr\ed
vuiation in haLrhing drte among incli,'iduals rtithin
farni l ies. Tht l i rst and I:rst incl iviclrrals to hatch

within r lamilv \!ere separatcd [r-'- about 9 1'1 d.
Thc, 'ariat ion can bc rnagnif ied at emcrgcnce, as

N{ason (19761 reported !al iat ion irr emergence
fi.onr a sirnuhted redd oi 20-2il d t'ithin full-sibling
li:rmilics. lirperirnents nith Atlantit' sahnon (,Salmo

rrzlaf indicatcrJ that the variation in fir'st feeding

date r l iLlr in f imi] ics k:ads to di l f i renccs in so< ial

clominancc. grorth rate and dur-ation ol iieshuater

rcsidcnce ( l \ letcalJe and Thorpe I992).

Coho salrnon populat ions in the Paci l ic North-
$est ol ien sho\r rcr-v prot|rted spa$ning pe|iods

1s .1n , l ' r ,  oc l  lOq  I  t .  f "m t ' . r r t , r r e  . umf ,  n - r l i ' , ' l

and variat ion in TLs to emcrgcnce bel*een earlv

and late spalr 'ncrs (Brannon 1987) wil l  Lend to

comprcss the t irne of f i r  cmergence. Howelcr. lhc
range oI spa$ning dales an.l  \ .ar iat ion in c]er 'elop-
ment {mong an.l  $, i thin {amil ies wil l  general l l  rc-

srr l l  in an extendcd period of emcrgcrrce. This

pattcln, combined \rith variation in frv sizc rclatctl
Lo e!€ size imd family-specilic dilfcrcnces in gro$th

and distr ibution (QLrinn et al.  I994). mav leacl to

great variat ion among famil ics in iry size and so-

cial stalu-s at thc cnd of the summcr. Size ;s also

related to olcruinler suNival in freshlater (Hart-

marr er n1. I9B7). dural ion of freshl atcr r-csi{ lence
(Holtbv I988) and malinc surviral (Holtbl- er o1.
1990) in coho salmon. Thus, lirctors thaL alfect the

alcrage incubation ratc {rr lhe rarirtion among and
t'ithin families may substantialll- affecl the litncss

of voung salmon.
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