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Effe ctsof De wate ringon Chinook SalmonRe dds:


Tole rance  of Four De ve lopme ntalPhase sto


Daily De wate rings


C. DALE BECKER,DUANE A. NEITZEL, AND DUANE I-I. FICKEISEN


Environme ntal Scie nce s De partme nt, PacificNorthwe st Laboratory


Richland,Washington 99352


Abstract


Four inte rgrave lde ve lopme ntalphase sof chinooksalmonOncorhynchus tshawytscha we re de -

wate re de xpe rime ntallyin artificialre dds.The  re ddsconsiste dof aquariacontaininga grave l


mix andsupplie dwith4 lite rsof wate rpe rminuteat 10C. Cle avage e ggsande mbryos (thee gg


phase s),and e le uthe roe mbryos and pre -e me rge ntale vins(the ale vinphase s)we re ale wate re d20


conse cutive  time sin 22-dayte sts.The  e gg phase swe re  conside rablymore  tole rantthan the 


ale vins.Somecle avage e ggswe re  kille d by 12- and 16-hourdaily ale wate rings, but e mbryos


survive dupto22-hourdailyale wate rings. Embryosalsotole rate de xte nde d,multipleale wate rings


(ove r60%survivalfor fourconse cutive  118-hourpe riods)andone -time ,continuousde wate ring


for up to 12conse cutive  days(ove r80%survival). In contrast,abouthalf the e le uthe roe mbryos


we re  kille d by 4-hour daily ale wate rings, and ne arlyall pre -e me rge ntale vinswe re kille dby


1-hourdailyale wate rings. Inte rgrave lte mpe rature swe reaffe cte dbyinsolationandair te mpe r-

ature .Inte rgrave lte mpe rature s incre ase d to le thalle ve lsduringde wate ringof cle avage e ggsin


e arlyfall,andlimite dthe irsurvival.Growthof e ggphase s fromsomefe male swasre tarde dby


de wate ring,but thisphe nome nonwasnot consiste nt for all e gggroups.The  sizeof surviving


e le uthe roe mbryos de cre ase d asthe le ngthof dailyde wate ringpe riodsincre ase d.


Our re se archobje ctivewas to e valuatethe  

e ffe ctof de wate ringon survivaland de ve lop- 

me nt of e ggsand ale vinsof chinooksalmon


Oncorhynchus tshawytscha in artificialre dds.In


the  e xpe rime ntsre porte dhe re ,we studie dthe  

tole rance s to dailyde wate ringsof four de ve l- 

opme ntphase s:cle avage e ggs,e mbryos,e le u- 

the roe mbryos,and pre -e me rge ntale vins.We  

also e xamine d the  e ffe ct of de wate ring on 

growthof e ggsand ale vinsduring the  inte r- 

grave lpe riod. 

A powe r-pe akingmodeof hydroe le ctricge n- 

e rationre quire sfre que ntchange s in the amount 

of wate r re le ase dthrough turbine s at dams; 

the sechange smayre sultin short-te rm,ofte n 

rapid, fluctuations in downstre amflow. Pre s- 

e nt-dayalte rations instre am flowalsoarecause d 

byconsumptive  use sof wate rsuchasirrigation, 

by pumpe d-storage  proje cts,and by fillingof 

ne wor drought-de ple te d re se rvoirs. Asare sult 

of flow manipulation,re ddscontainingde ve l- 

opingsalmonide ggsandale vins in the  grave l 

of stre ambe dsmaybe  de wate re dfor various 

pe riods.The  proble mgainsimportance  in the  

Pacificnorthwe stbe cause  of incre asing le galand 

socioe conomic conflictsamonginte nsifie dwate r- 

useproje ctsandthe ne e dto e nhancesalmonid


production.


Me thods


Sixde wate ringte stswe re comple te dduring


the  fall of 1979 and 1980 (Table  1). The  te sts


involve d20 succe ssive  de wate rlngsin 22 days


of four de ve lopme ntalphase s incubate d in ar-

tificialre dds.The  te stpe riodapproximate d the 


numbe rof te mpe rature units(Le itritzandLe wis


1976;Alde rdiceandVe lse n1978)re quire dfor


normalde ve lopme nt fromonephasetothene xt


at 10C. One  te mpe ratureunit (TU) e qualsone 


de gre e ce ntigradeabovefre e zing(0 C) for a


pe riod of 24 hours. One  te st(T-4) wassubdi-

vide dand de ploye dlonge rde wate ringsat le ss


fre que ntinte rvals.


The  artificialre dds(Fig. 1)consiste dof glass


aquaria(68 cm long, 16 cm wide , and 30 cm


de e p)fille d with a mix of rounde dgrave lgrad-

e d to diame te rs of 2.5 to 3.2 cm (50%), 1.3 to


2.5 cm (25%), and 0.3 to 1.0 cm (25%). The 


mix simulate dtypicalspawningbe d composi-

tion (Burne r 1951; McNe il and Ahne ll 1964;


Phillipse t al. 1975), but lacke dfine  mate rials


thatmightimpe deinte rgrave l flow(Adamsand
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CONSEQUENCES OFREDDDEWATERINGONSALMONDEVELOPMENT 625


TABLE1.--Te stde signations andproce dure s for de wate ring e xpe rime nts withinte rgrave l de ve lopme ntal phase s ofchinook


salmon.


De wate ring proce dure 


Te mpe rature  Numbe rof


Te sta De ve lopme nt phase  b units½ de wate rings De wate ring pe riods


T-1 Cle avage e ggs 17-211 20 0, 4, 8, 12, 16hours


T-2 Embryos 242428 20 0, 2, 4, 8, 12hours


T-3 Embryos 293461 20 0, 8, 12, 16,22 hours


T-4.1 Embryos 282461 1 0, 22,46, 70, 118hours


T-4.2 Embryos 282461 Varie d 0, 22,46, 70, 118hours


T-4.3 Embryos 282461 1 0, 6, 8, 10,12days


T-5 Ele uthe roe mbryos 468-648 20 0, 1, 2, 4, 8 hours


T-6 Pre -e me rge nt ale vins 691494 20 0, 1,2, 4, 8 hours


aProge ny fromthre efe male swe reuse dinT-2 andT-5. Proge ny fromtwofe male swe reuse dinT-l, T-3, andT-6 be cause 


e ggsfrom the  third fe maleshowe d"softe gg"syndrome . Proge ny fromonlyone fe malewe reuse din T-4 for the  same 


re ason.


bAlle ggswe refromtheKlickitat Hatche ry e xce pt those  inT-4,whichwe refromtheWashougal Hatche ry.


cTe mpe ratureunits,accumulate d frome ggfe rtilization,are in ce ntrigrade de gre e -days andare give nfor the incubator


controls (node wate ring) toquantifynormalinte rgrave l de ve lopme nt at 10C.


C-4


68 cmGRAVEL WATER


INLET


ß


·Ocm


I SAND LAYER


DRAIN PIPE


PERFORATED


WATER PLATE


OUTLET


Fmu}·E1.--Anartificial re ddconstructe d fromaglass aquarium fille dwithagrave l mixandprovide d with inle tand


outle tchambe rs atopposite  e nds. Onerandomize d arrange me nt of30 aquariawithinsixcircular (C-1toC-6)tanks


also isshown. Numbe rs inaquaria re pre se nt de wate ring tre atme nts. Proge ny fromone  fe male  salmon we re  place d in


twocircular tanks (10aquaria) whe nhe althy e ggswe re available  fromthre e  fe male s.
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626 BECKER E·'^·.


Be schta1980). The  bottom of e ach aquarium 

had a 2.5-cm laye r of sand to simulate  the  

packe dsubstratethat ofte n unde rlie sstre am 

be ds.All grave lwasre move dfrom aquaria,re - 

mixe d,re place d,anddisinfe cte dwithmalachite  

gre e n oxalatebe twe e nte sts. 

Aquariacontaine dinflowand outflowcham- 

be rs(-·10cmde e p)ate ache nd,se parate d from 

the  grave l mix by pe rforate d (2.3-mm hole s) 

aluminum alloy plate s.Wate r flowe d into the  

inle t, passe dthrough one  plate  to e nte r the  

grave lmix, the ne xite dthroughthe se condplate  

and a drainpipe . Aquaria we re  supporte don 

concre te blocksplace dincircularfibe rglass tanks 

(183 cm diame te r), locate d outdoors. Wate r 

le avingthe aquariawasre taine din the confine - 

me nttanksasa te mpe rature -mode ratingwate r 

bathandallowe dtore achove r·Athe aquarium 

he ightbe fore be ingwaste d. 

Each artificial re dd re ce ive d Columbia Rive r 

wate r at 4 lite rs/minute ,and te mpe raturewas 

maintaine dat 10 C by mixing he ate d,chille d, 

or ambie nt wate r. Flow wasde e me d ade quate  

to e liminate  possibleproble mswith dissolve d 

oxyge nor me tabolicwaste  (Alde rdice e tal. 1958; 

Silve re t al. 1963; Shumwaye t al. 1964; Davis 

1975).To de wate re achaquarium,the  inflow 

hosewasre move d,the wate rbathe mptie d,the  

drainpipe  re move dto drain the  grave lmix, a 

stoppe rinse rte din the drainpipehole ,andthe  

wate rbathre fille dtoitsoriginalle ve l.The  wate r 

bathsimulate dthe  the rmaline rtia of the  grave l 

masssurroundingre ddsin stre amsduring de - 

wate ring.Aquariawe rere wate re dbyre moving 

the stoppe r,whichallowe dwate rtoe nte rfrom 

thewate rbath,andre placing thedrainpipeand 

inflow hose .Comple tede wate ringor re wate r- 

ing of a re dd tookle ssthan 1 minute . 

The  four de ve lopme ntalphase ste ste de x- 

te nde d from fe rtilize d e ggsto e ye d e ggs,e ye d 

e ggsto ne ar hatch,24 hoursbe fore hatchto 

advance dyolk-sacale vins,and advance dyolk- 

sacale vins to e me rge ncefrom grave l. The  

phase swe rede signate d cle avage e ggs,e mbryos, 

e le uthe roe mbryos (yolk-sacale vins),and pre - 

e me rge ntale vins,re spe ctive ly (Balon 1975). 

Se parationof de ve lopme ntal phase swasbase d 

on an e stimate d 1,000 TUs from fe rtilization to 

initiale me rge nce ,about250 TUs be ingallote d 

to e achphase .Chinooksalmone ggsincubate d 

at 10 C normallyre quire 51 daysfrom fe rtil- 

ization to 50% hatch (Alde rdice  and Ve lse n 

1978). 

Chinooksalmone ggsand spe rmwe re  ob-

taine dfrom state -ope rate d hatche rie s,place d


on ice in se ale dcontaine rs,and transporte d to


our laboratory.Eggswe refe rtilize dandre are d


in He ath © incubators until ne e de d. Incubation


te mpe rature swe re  monitore d, and accumulat-

e d TUs we re  calculate dto quantifyde ve lop-

me nt. Eggsin incubatorsand artificial re dds


we re tre ate dwe e klywith malachitegre e n.To


starta te st,cle avagee ggs(afte r wate r-harde n-

ing) or e mbryos(colle ctive ly, the  e ggphase s)


we re  poure d in a hand-e xcavate dare a of the 


grave lto within2-3 cm of the  sandlaye r.The 


grave lthe n wasslowlyre place d.Due  to the ir


susce ptibility tocrushing,e le uthe roe mbryos and


pre -e me rge ntale vins(colle ctive ly,the  ale vin


phase s)we readde dto aquariathrougha te m-

porarystandpipe  le adingtoape rforate dplastic


chambe r(ope nbottom,ope n e nds),modifie d


from Phillipse t al. (1975).Wate rde pthin ar-

tificialre dds,controlle dbyle ngthof the drain-

pipe ,wasmaintaine dat orjustbe lowthe grave l


surface  toe nsure  inte rgrave l flow.Forte stswith


pre -e me rge ntale vins,the  grave lsurfacewas


slante dsothatthe outle te ndwascove re dby5


cmofwate r,andthedrainpipewasscre e ne d to


re taine me rge ntsin the  outle tchambe r.Wate r


flow was starte d to e ach re dd at le ast 24 hours


be fore  e achde ve lopme ntphasewasplante d,


andthe firstde wate ringoccurre d24 hourslat-

e r.


The  e xpe rime ntalde signwasde ve lope d for


analysisof variance .Thirty artificialre ddswe re 


use din e achte st,distribute d in groupsof five 


amongsixcircular tanks (Fig.1).Oneaquarium


in e achtankwasacontrol(node wate ring),and


the  othe r four we re assigne dde wate ringpe -

riods(tre atme nts). Controland tre atme ntpo-

sitionswe re  randomize dfor e ach te st. Egg


groupswe re  obtaine din e arlyfall from thre e 


fe male  chinook salmon, fe rtilize d with mixe d


spe rmfrom at le astfive  male s,and incubate d


se parate ly.Proge nyfrom e ach fe male  we re 


place din aquariaof twocirculartanks(total 10


artificialre ddspe r fe male )to isolatepossible 


diffe re nce s in fe rtilization,vitality,or ge ne tics


of proge ny.Fifty e ggsor ale vinswe re plante d


randomlyin e achartificialre dd 24 hoursbe -

fore  the  first de wate ring.Survivorswe re  re -

cove re d24 hoursafte rthe lastde wate ring.Re -

cove rywasatle ast95%ofallorganisms plante d.


Wate r-flowrate  and te mpe raturein e achar-

tificialre ddwe remonitore dandadjuste dasre -
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CONSEQUENCES OFREDDDEWATERING ONSALMON DEVELOPMENT 627


quire d during pe riodicdaily che cksthat cor- 

re sponde d, ge ne rally, to de wate ring and 

re wate ringtime s.Be cause  inte rgrave lflowwas 

highandwate rwasuniformlydiffuse dthrough 

the grave lmix (de te rmine dbymalachitegre e n 

asa disinfe ctantanddye be fore startof e ach 

te st), dissolve doxyge nconce ntrationswe re  

conside re d to re main at or ne ar saturation afte r 

initial che cks.Inte rgrave l te mpe rature swe re 


monitore dautomaticallywith an Este rline -An-

gusMode l 2064 Datalogge r©, first with five  

channe ls(fall 1979) and late r, as re corde r ca- 

pacitywase xpande d,with twe lvechanne ls(fall 

1980). The  unit wasprogramme dto re cord 

te mpe rature se ve ry20 minute son dire ctprint- 

out and magne ticcasse tte  tape s.A calibrate d 

te mpe ratureprobewasinse rte dne arthe ce nte r 

of a re dd for monitoring.Whe nonlyfivechan- 

ne ls we re  available ,the  five  probe swe re  as- 

signe dto all re ddsin one  randomlyse le cte d 

circular tank. With twe lve  channe ls available , 

wate r bath te mpe rature s in all circulartanks 

and the  air te mpe raturealsowe re monitore d. 

Compute r programs we re  use d to re ad data 

from the  casse tte  tape ,whichproduce dprint- 

outs of corre cte dte mpe rature  data and cu- 

mulative  TUs for e ach monitore d tre atme nt. 

Graphs illustratingsupe rimpose d dailyte mpe r- 

ature  re gime s,and graphsshowingte mpe ra-

ture  me ansand range s,alsowe re  plotte dfor 

e ach probe . Inte rgrave l te mpe rature svarie d 

with air te mpe rature , insolation,and de wate r- 

ing tre atme nt. Wate r bath te mpe rature sre - 

maine d ne ar 10 C. 

De ve lopme ntal phase swe rehand-sorte d from 

grave lin e achre ddatte stte rmination.Liveand 

de ad e ggs we re  ide ntifie d by color (translu- 

ce nt or opaque ),and pre se rve din Stockard's 

solution in code d vials. Live  and de ad ale vins 

we re ide ntifie dby colorand activity,and pre - 

se rve din 10% formalin in code djars. Inte r- 

grave l growth and de ve lopme ntwe re  de te r- 

mine dfrom pre se rve dspe cime ns. Examinations 

we re  "blind" by an obse rve runaware of pre - 

vious tre atme nt. 

Four growth "inte rphase s"we re  de fine dfor 

e ggstage s,base don commonre cognitionfe a- 

ture s(Knight 1963;Le itritzand Le wis1976). 

The  first inte rphasere pre se nte dde ve lopme nt 

asit waswhe ne ggswe re plante d;if it stillwas 

pre se ntwhe nre ddswe re ope ne d,it indicate d 

no furthe r growth.The  fourth inte rphasere p- 

re se nte dnormal de ve lopme ntunde r continu- 

ouswate ring (for e xample ,controls)at 10 C,


whe re asthe  two inte rphase sbe twe e nre pre -

se nte d some  re tardation. For ale vin stage s,


comparisonswe re madeof le ngth,we ight,and


le ngth-we ightratiofrom survivorsof diffe re nt


tre atme nts.Spe cime nspre se rve dfrom incu-

batorstockssupple me nte dcomparisonswith


inte rgrave lcontrols.


Re sults


Te sts we re  conducte d from Se pte mbe r


throughJanuary,a spancorre sponding to the 


normal spawningpe riod for fall-run chinook


salmon and the  inte rgrave l pe riod of the ir


proge nyin the  ColumbiaRive r syste m.Te m-

pe raturechange soccurre din de wate re dre dds


de spitethe  surrounding10 C wate rbath.The 


dire ctionandmagnitudeof changewe rere late d


to air te mpe ratureand insolation.Air te mpe r-

ature sand solar radiation we re  high unde r


cloudle ss skys in e arlyfall,be comingcoole rand


some time sdropping be low fre e zing during


winte r. Inte rgrave l te mpe rature sin e xpose d


re ddsvarie daccordingly, althoughthe change s


we renotne ce ssarily asgre atasin the air.Te m-

pe rature sin de wate re dre ddsalsoaffe cte dcu-

mulative  TUs at te st te rmination for e ach tre at-

me nt (Table  2).


Cle avage  Eggs


Cle avage e ggsfromthre efe male sdiffe re din


tole ranceto de wate ringin te stT- 1,re sultingin


varie dre sultsamongcirculartanksand tre at-

me nts.A "soft e gg"syndrome(unknown pa-

thology)de ve lope d in incubatortrayscontain-

ing e ggsfrom one fe maleafte r the re ddswe re 


plante d.Thus, datafrom the  twocirculartanks


(10 re dds) stocke dwith the se e ggswe re  not


e valuate d furthe r.


Of the  he althycle avage e ggsin four circular


tanks, ove r 50% survive d twe nty succe ssive 


12-hour de wate ringsand ove r 30% survive d


twe nty16-hourde wate rings (Fig.2). Howe ve r,


mortalityprobablywasnot due  e ntire lyto de -

wate ring,butalsotohighte mpe rature s thatre -

suite dfrom insolation.This wasune xpe cte d


be cause of the the rmal-stabilization pote ntialof


the  10 C wate rbath.Maximumre dd te mpe r-

ature s in the  monitore d circular tank we re  17


C and 28.5 C unde r 12- and 16-hour de wate r-

ingre gime s,re spe ctive ly (Table2, te stT-l). Air


te mpe rature s in the  shadere ache d27.5 C.


Me an daily inte rgrave l te mpe rature swe re 
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T^BI·E2.--Te mpe rature  units (ce ntigrade  de gre e -days) accumulate d byde ve lopme ntal phase s ofchinook salmon inartificial


re dds duringde wate ring tre atme nts (Tr), re ddte mpe rature  range s duringtre atme nts, andair te mpe rature  range s during


te sts (maximum-minimum).


Tre atme nt


Te st and Control Air


me asure  Tr-0 Tr- 1 Tr-2 Tr-3 Tr-4 te mpe rature 


T-1


TU 194 201 199 218 271


C 12.5·.7 17.5-7.1 13.7-7.2 17.0-7.3 28.5-8.1 27.5·.9


T-2


TU 186 184 182 176 169


C 11.0-9.4 10.7-7.2 11.0-5.5 11.24.6 11.0-5.1 15.0-3.0


T-3


TU 168 169 169 167 165


C 11.2-7.7 11.7-7.1 12.9-6.9 11.4-7.1 11.4-6.9 19.9-1.9


T-4.2 a


TU 178 176 182 168 160


C 10.8·.4 10.3·5.2 11.5-6.8 10.7-5.4 10.7-8.6 9.0-1.7


T-5


TU 180 178 179 175 177


C 10.5-9.0 10.5-7.4 10.8·.4 10.3-7.0 12.5·.6 8.6-3.3


T-6


TU 203 206 207 206 203


C 10.0-7.3 10.4-6.8 10.5·.7 10.7·5.6 10.6-6.7 15.9-1.0


aTe stT-4.2 involve donede wate ring, thuscorre sponding withothe rtabulate ddata.


100


75


5O


25


'.- EMBRYO


T 250 TO 500 TU


ADVAN-·E
D·,
 1


6 10 14 18


HOURS DEWATERED DAILY (TREATMENTI


F·OVRE2.·omparative  tole rance  offourde ve lo]·me ntal phase s ofchinook salmon tode wate ring, base d on20 conse cutive 


dailyde wate rings. Thedatapointsareave rage s from6 artificalre dds,e xce pt whe re note d in te xt.(0 and· indicate 


twote stswithe mbryos; ve rticalbroke n line sare range s,' TU = te mpe rature  unit.)
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I I I I


4 8 12 16


HOURS AFTERDEWATERIN6 

Fi·uI·E 3.·Me an dailyinte rgrave l te mpe rature s in de - 

wate re d artificial re d&containing cle avage  e ggs (te stT-i), 

Se pte mbe r 17-Octobe r 8. Ze ro(0)indicate s te mpe rature s 

in a control re dd(node wate rings), andothe rnumbe rs


indicate  thehours (hr)re d& we rede wate re d daily for


othe r tre atme nts be ginning at0600hours. Te mpe rature s 

we remonitore d fromaquaria in onlyonecirculartank. 

Thedashe d lineshowsmaximum inte rgrave l te mpe rature  

for 16-hourde wate rings. 

highe stin re ddsde wate re d16 hours(Fig. 3); 

the sere ddsalsoshowe dthe  gre ate stmortality. 

All re ddswe re  de wate re ddaily at 0600 hours. 

Inte rgrave lte mpe rature sshowe da middayrise  

corre sponding to dire ctinsolation. In the  tank 

monitore dfor te mpe rature ,re dd position(as- 

signe drandomly) cause dsome aquariato re - 

ce ivesunlightsoone re achmorning than oth- 

e rs.Thus,the e arlie standste e pe st te mpe rature  

rise  occurre din the  4-hour de wate ringtre at- 

me nt (Fig. 3). The  ne xt ste e pe st te mpe rature  

riseoccurre din the  16-hourde wate ring,which 

alsoshowe dthe  highe stte mpe rature sandlon- 

ge stdurationof pe akte mpe rature s.Choiceof 

middayde wate ringpe riod for te stT-1 (con- 

ducte dSe pte mbe r17 to Octobe r8) and the  

warm,e arlyfallwe athe rmadethe  te mpe rature  

e ffe ctse ve re .Somere ddswe re partiallyshade d


attime sduringthe day,andre ce ive dle ssdire ct 

sunlight. 

Monitore dinte rgrave lte mpe rature s in the  

re dd de wate re d16hoursdaily e xce e de d20 C 

on 17daysand25 C on 5 days,andre ache da 

maximumat 28.5 C. High inte rgrave lte mpe r- 

ature spe rsiste d for 4 hoursabove25 C, or 6 

to7 hoursabove20C,graduallyde cliningafte r


midday.Suchte mpe raturere gime smusthave 


contribute dgre atlyto, or have be e nprimarily


re sponsible  for, mortalityduring 16-hourdaily


de wate rings.Ye t somecle avage e ggs,possibly


thosein a coole rpositionin re ddsde wate re d


for 16-hours, survive d.


Re ddsin othe rcirculartankspositione ddif-

fe re ntlyfrom thosein the  circulartankbe ing


monitore dalsoe xpe rie nce d te mpe raturerise s


during de wate ring.Thus, high te mpe rature s


inte racte dwith de wate ringpe riodsto produce 


the ave rage dmortalitypatte rn(Fig.2). Survival


of cle avagee ggsduring de wate ringprobably


would have  be e n e xte nde dif inte rgrave lte m-

pe rature shad re maine dlow.


Embryos


Te sts with e mbryoswe re  conducte dthre e 


time swith diffe re ntde wate ringre gime s.High


survival was obtaine d in all te sts.


Re dds in te st T-2 (conducte d Nove mbe r 16


to De ce mbe r10)we re de wate re ddailyat 0900


hours,andthe maximumde wate re dpe riodwas


12hours.Air te mpe rature swe recool(Table 2)


but did not fall be lowfre e zing,corre sponding


to se ason.Inte rgrave l te mpe rature sof re dds


de wate re d 8 and 12 hours de cline d as low as 6


C. Embryore cove rywasgre ate rthan 99% at


te st te rmination. The re  we re  no mortalitie s due 


to de wate ring.


Re dds in te st T-3 (conducte d Octobe r 15 to


Nove mbe r 6) we re  de wate re d daily at 2200


hours,andthe maximumde wate re dpe riodwas


22 hours.Inte rgrave lte mpe rature s in de wa-

te re dre ddsdid notde clinebe low6 C at night,


butte mpe rature s in re ddsde wate re d22 hours


some time s incre ase dto 15 C during the  day


(Fig. 4). Embryore cove rywashigh at te stte r-

mination.Again, no mortalitie swe re  attribut-

ableto de wate ring.


The  de wate ring sche mein te st T-4 (con-

ducte dDe ce mbe r30 toJanuary21) wasmod-

ifie d be cause a de wate ringpe riodlonge rthan


22 hoursdailywasre quire d.Furthe r,de wate r-

ings longe r than 24 hours re quire  that the

numbe r of de wate ringsbe  de cre ase d,if e ach


de ve lopme ntal phase  iscomple te d in afixe d20


days,asassume d. To be tte rde finethe tole rance 


of e mbryosto de wate ring,and to e xaminethe 


re lationshipbe twe e nnumbe randfre que ncyof


de wate rings, te stT-4 wassubdivide d into thre e 


parts:de wate ringsof 0, 22, 46, 70, and 118
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20


A 15 

'· 10 

· 5


MAXIMUM DAILY AIR TEMPERATURE


_ /


-· 0HR (CONTROL) / 16HR 22HR · · · ·


_


.


8HR 12HR ·


'· -- ·..... ·mNm·U·DAmLYAIRTE·PERATURE


0 4 8 12 16 20 24


HOURS AFTER DEWATERING


FIGURE 4.·Me an dailyinte rgrave l te mpe rature s inde wate re d artificial re dds containing e mbryos (te stT-3),Octobe r 15-

Nove mbe r 6. Thenumbe rs indicate  thehours (hr)re ddswe rede wate re d dailybe ginning at 2200 hours. Inte rgrave l


te mpe rature s in de wate re d re ddsvarie d from nighttoday.Te mpe rature s we remonitore d in onlyonecircular tank.


Dashe d line sshowave rage dmaximum-minimum dailyair te mpe rature s.


hours duration conducte d once  (T-4.1); the  

samede wate ringpe riodsre pe ate d0, 20, 10,7, 

and4 succe ssive  time s,re spe ctive ly (T-4.2); and 

0, 6, 8, 10, and 12-dayde wate ringsconducte d 

once  (T-4.3). PartsT-4.1 and T-4.3 e ach we re  

done  in two circular tanks (2 aquaria/tre at- 

me nt),whe re aspartT-4.2 wasdonein four cir- 

culartanks(4 aquaria/tre atme nt). All e mbryos 

came from one  fe male be causethe  "softe gg" 

syndrome appe are d in othe re gglots. 

Re ddsin T-4.1 we rede wate re ddailyat 0900 

hours.Air te mpe rattire swe recoolbutdid not 

fall be low fre e zing. Inte rgrave l te mpe rature s 

de cline d as low as 7 C in de wate re d re dds. The re  

we re  no mortalitie s attributable  to one -time  de - 

wate ringfor anype riodup to 118hours. 

Re dds in T-4.2 we re  de wate re d at 0900 hours 

for varie dinte rvalsand fre que ncie saccording 

toplan.Re ddswe rere wate re d2 hoursbe twe e n 

de wate rings. Air te mpe rature s range dfrom 1.7 

to9 Cduringthete st.Inte rgrave l te mpe rature s 

during prolonge dde wate ringfollowe da die l 

cycle .For e xample ,the  118-hourde wate ring, 

re pe ate dfour time s,showe ddaily pe aksne ar 

10 C with nocturnalte mpe rature sre aching9 

to 6.5 C. Controland wate r-bathte mpe rature s 

re maine d ne ar 10 C (_+1.5C). Cumulative  de - 

wate re dtime sduring the te stwe re 0,440,460, 

490, and 472 hours for the  control, 22-, 46-, 

70-, and 118-hour tre atme nts,re spe ctive ly. 

Me an e mbryosurvivalin T-4.2 (Fig. 5) was 

70% for the  70-hour de wate rings(7 re pe ats) 

and 64% for the  118-hourde wate rings(4 re - 

pe ats).Howe ve r,the re wasconside rable varia-

tion among re dds de wate re dsimilarlyin dif-

fe re nt circular tanks. The  low survival in circular


tank4 (C-4) during 70-hourde wate ring(36%),


but high survivalduring 118-hourde wate ring


(92%),waspuzzling.Manye mbryosre cove re d


at te st te rmination we re  ne ar hatching or


hatche d.Controle mbryoswe rewithin2-3 days


of hatching.De wate ringstre ssmayhavecause d


pre mature hatchamongtre atme ntgroups.Ac-

cordingly,the  more  susce ptible  advance dde -

ve lopme ntalphase s(ale vins,in T-5 and T-6)


arisingfrom pre maturehatchwe re lost.It also


ispossible  thatmicrobialactivitywascontagious


among de ad and live  e mbryos in de wate re d


re ddsif the  e ggshad be e n cluste re dinadve r-

te ntlywhe nplante d.


Embryosin T-4.3 had de ve lope d 1 we e k


longe rat 10C thanthosein T-4.1 be forebe ing


plante d. Air te mpe rattire sre maine d cool but


did not fall be lowfre e zing.Inte rgrave lte m-

pe rature sde cline daslow as7 C in de wate re d


re dds. Survival was 97, 83, 87, and 80% for


e mbryosde wate re dcontinuously for 6, 8, 10,


and 12 days,re spe ctive ly.Survivalof controls


was 95%. Such re markable  survival rate s for


e mbryoswe re  associate dwith coolinte rgrave l


te mpe rature sand inte rgrave lmoisture re te n-

tionduringde wate ring in winte r(De ce mbe rand


January).


Comparisonof T-4.1 (one -timede wate rings)


withT-4.2 (multiplede wate rings)sugge sts that


e mbryoswe re  le sstole rantwhe n subje ctto a
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100 

· 75 

5o 

EMBRYO 1øøc_ · 

01 I · I ·


lOO 

25 50 50 

0 01 I · · I 

0 22(20) 46(10) 70(7) 118(4)


HOURSDEWATERED (NUMBEROFDEWATERINGS) 

FIGURE5.---Me antole rance  ofe mbryos tomultiple de wa- 

te ringpe riods (te stT-4.2). Thenumbe rs ofde wate rings 

use d in thete stare indicate d in pare nthe se s. Variable 


re sults among tre at, me nts indiffe re nt artificial re dds con- 

taine d infour circular tanks (C-1toC-4)areshownby


the  inse rts. 

se rie sof de wate rings thantoone prolonge dde - 

wate ring,at le astduringwinte rwhe nair te m- 

pe rature swe re  low. This asse ssme nt is sup- 

porte dbythe re lative lyhighsurvivalof e mbryos 

in T-4.3 (ove r80%) thatwe re continuouslyde - 

wate re dup to 12 days. 

Ele uthe roe mbryos 

Re ddsin te st T-5 (conducte dDe ce mbe r 12 

to January 2) we re  de wate re ddaily at 0800 

hours,andthe maximumde wate ringpe riodwas 

8 hours. Air te mpe rature swe re  cold, some - 

time sde cliningbe lowfre e zing,corre sponding 

to se ason.Inte rgrave l te mpe rature srapidly 

droppe dfrom 10C to 6 C duringde wate ring, 

but fe ll no lowe r. 

Survival of e le uthe roe mbryosamong con- 

trolsand the  1-hourdailyde wate ringswasne ar 

98%. Survival de cline d to 90, 56, and 11% for 

the  2-, 4-, and 8-hour daily de wate rings,re - 

spe ctive ly.Ele uthe roe mbryoswe re  conside r- 

ablyle sstole rantof de wate ringthanwe re e m-

bryos(Fig.2).


Pre -Eme rge nt Ale vins


Re ddsin te stT-6 (conducte dDe ce mbe r 2 to


De ce mbe r 23) we re  de wate re d daily at 0800


hours,andthe maximumde wate ringpe riodwas


8 hours. Air te mpe rature sre maine d low but


usuallyabovefre e zing(1 to 4 C) e xce ptfor a


1-daywarmwind(a "chinook") thatrapidlyin-

cre ase dair te mpe rature s to 16 C. Inte rgrave l


te mpe rature sde cline daslow as6.6 C during


de wate ring,but incre ase d to 11 C duringthe 


warm wind.


Pre -e me rge ntale vinswe re the  le asttole rant


of the de ve lopme ntal phase s te ste d(Fig.2). Le ss


than4% survive d1-hourdailyde wate rings. All


we re kille dat longe rde wate rings.Re cove ryof


controls was ne ar 99%. A fe w control fish


e me rge d,and mostwe re distribute dthrough-

out the  grave lof controlaquariaat te stte rmi-

nation. In contrast, de ad individuals in de wa-

te re dre ddswe reconfine dmainlytope rforate d-

chambe rare asandwe rede compose d. Mostpre -

e me rge ntale vins,the re fore ,we re kille dduring


initial de wate rings.


De wate ring andDe ve lopme nt


Continge ncy table swe re use dto analyzein-

te rgrave lde ve lopme ntof the  two e ggphase s,


the  null hypothe sisbe ing no associationbe -

twe e nde wate ringpe riod and growthrate . A


chi-squarestatistic(X2)wascalculate dfor e ach


table .If theX· wassignificantly large(P · 0.05),


the nullhypothe siswasre je cte d.Asse ssme nt was


done  on the  basis of survivors at te st te rmina-

tion,andre sultsfrom e achfe male usuallywe re 


combine d.


Asse ssme nt of de wate ringe ffe ctsoncle avage 


e ggsin te stT-! wascomplicate d by highte m-

pe rature sfrom insolationwhe nre ddswe rede -

wate re d. Accumulate d TUs at te st te rmination


we re  highe r for e achtre atme ntthan for the 


control(Table  2), particularlyfor e ggse xpose d


to 12-and 16-hourde wate rings, in the circular


tankbe ingmonitore d.High te mpe rature sdur-

ing 16-hourde wate ringcontribute d to mortal-

ity,and 50%kill occurre dbe twe e n12-and 16-

hour de wate rings (Fig.2).


Survivingcle avage e ggsshowe dsignificant


diffe re nce s(P · 0.05) in growthbe twe e nthe 


thre e  fe male  pare nts,whichwasdue  partially


to "softe gg"syndromefrom proge nyof one 
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0.4


e · /k COHORT I EMBRYO


· 0COHORT 2 .


· 0.3 - ßCOHORT3


-- 0,2 -

z


o


i i i I


2 4 8 12


HOURS DEWAlEREDDAILY


time s (te stT-2).A highproportion ofe mbryos thatre maine d atinte rphase s 1 and2 atte st te rmination indicate s growth


re tardation. Re sponse  varie damonge mbryos fromthre e  fe male s (cohorts 1, 2, and3).


fe male .(Data on the see ggswe re omitte dfrom 

mortalityre sults.)Proportionsof cle avage e ggs 

re achinginte rphase4 at te st te rminationre - 

ve ale d high variability among proge ny from 

e ach fe male  and from one  de wate ringtre at- 

me nt to anothe r. The re  was no cle ar tre nd in- 

dicatinggrowth re tardationof cle avagee ggs 

from de wate ringin te stT-1. 

Asse ssme ntof e ffe ctson e mbryosin te sts 

T-2, T-3, and T-4 wasnot complicate dbyhigh


te mpe rature s,althoughaccumulate dTUs did 

varywithde wate ringtre atme nt.At te rmination


of T-2 (up to 12-hour daily de wate rings),the 


proportionof e mbryos re mainingat inte rphas- 

e s 1 and 2 was de te rmine d for e ach tre atme nt


(Fig. 6). Embryosfrom fe male one  (cohort1)


showe dsome ne gativeassociationwith de wa-

te ringpe riodand thoseof cohort3 showe dno


associationwith de wate ringpe riod,but ne ithe r


displaye dany consiste nt tre nd. Howe ve r, e m-

bryosof cohort2 re ve ale da highlysignificant 

association (P <·0.01) with de wate ringpe riod, 

and displaye dan obvioustre nd. Thus, the re  

wasa pronounce dde cre ase  in growthwhe nco- 

hort 2 was de wate re d 8 and 12 hours daily. 

Lowe r total TUs we re  involve d in this re lation-

ship.


At te rminationof te stT-3 (up to 22-hourdai-

ly de wate rings),e ffe ctson e mbryosvarie d be -

twe e nthe  twocohorts(Fig. 7). Embryosfrom


cohort 1 had a highly significantassociation


(P <·0.01) with de wate ringpe riod, while  those 


from cohort 2 showe d no association. Accu-

mulate dTUs we re similaramongde wate ring


tre atme nts (Table  2). The  significantassocia-

tion for cohort 1 wasdue  large lyto variation


from one  tre atme nt to anothe r. Thus, no con-

siste nttre nd wasappare nt for re tardation of


de ve lopme ntwithde wate ringpe riod.


At te rminationof te stT-4.2 (multiplede wa-

0.4


] A AVERAGE o ·o


oFE·AALE 2 "0


I I I I


8 12 16 22


HOURSDISNAl·REDDALLY


F·C. UR· 7.--Effe ctof de wate ring onde ve lopme nt of two


e mbryo cohorts (fromtwo fe male s)de wate re d 20 conse c-

utivetime s (te stT-3). An incre asing proportionof e m-

bryos re maining atinte rphase s 1 and2 atte st te rmination


indicate s re tardation. Re sponse  varie dbe twe e n e mbryos


fromtwo fe male s,particularly notice able  in re tarde d de -

ve lopme nt of e ggs fromfe male2 (cohort2) at control


le ve l.
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/// PHASE 3


\ AVERAGE


0.6 \\ 

\


0.5 EMBRYO


0.4


o.)


0.2 S


PHA·S 1&2


0.1


PHASE SI &2


AVERAGE


I


i I 

22(20) 46(10) 70(7) 118(4)


HOURSDEVVATERED (NUMBEROFDEVVATERING S)


FIOVRE8.--Effe ctofde wate ring onde ve lopme nt of e m-

bryos (fromone  fe male )withmultiplenumbe rofde wa-

te rings (te stT-4.2).An incre asing proportion ofe mbryos


re maining in inte rphase s 1 and2 atte st te rmination, and


a de cliningportionof e mbryos in inte rphase s 3 and4,


indicate growthre tardation.


te rings),growth of e mbryosfrom the  one  fe - 

malevarie dwithde wate ring tre atme nt(Fig.8). 

The  proportionof e ggsre taine dat inte rphase s 

1 and 2 showe da highlysignificantassociation 

(P ·<0.01) with de wate ringpe riod, sugge sting 

thatgrowthwasre tarde dasthe de wate ringpe - 

riod le ngthe ne d.Furthe r, the  proportion of 

e mbryosadvancing to inte rphase s3 and4 was 

ge ne rally highe st among the  control and the  

shorte r, 22- and 46-hour de wate ring tre at- 

me nts.Ove r half of the  chi-squarestatisticwas 

contribute dby inte rphase s1 and 2, and by 0- 

and 118-hour tre atme nts. Much of the  othe r 

contributionto the  chi-squareissue dfrom the  

"odd"fluctuation for inte rphase s 3 and4 in the  

22-hour tre atme nt. Part of this variation may 

havebe e ncause dbypre maturehatch.Note that 

accumulate d TUs for the  118-hour tre atme nt 

we re conside rably le ssthan thoseof the  othe r 

tre atme nts (Table  2), which would re tard e m- 

bryo growth. 

Two-wayanalysisof variancewithinte raction 

was use d to analyzegrowth of e le uthe roe m- 

bryosin te stT-5. The  statistical de signconsist- 

0.055


0.050


0.045


0.·0


0.035


0.030


ELEUTHEROEMBRYO


ß COHORT3


0 1 2 3 4 5 5 7 8


HOURS DEWATERED DAILY


F[OvRE9.--Effe ctofde wate ring onde ve lopme nt ofe le u-

the roe mbryos (fromthre e  fe male s)de wate re d 20 conse c-

utivetime s (te stT-5). De cre asing value swithincre asing


e xposure  pe riods indicate s significant growth re tardation.


Re sponse s d·ffe re damongproge ny fromthre e  fe male s.


e d of cohorts from thre e  fe male s and five  de -

wate ring tre atme ntsasthemaine ffe cts.Analysis


was pe rforme d on thre e  diffe re nt re sponse 


variable s: le ngth,we ight,andwe ight-le ngthra-

tio. For all thre e  re sponse variable s,highlysig-

nificant e ffe cts (P ·<0.01) we re  due  to cohort,


de wate ringpe riod,andthe inte ractionbe twe e n


cohortand de wate ringpe riod.


Tuke y'sQ-te st,a Stude ntize dmultiplerange 


te st(She de corandCochran1967),wasapplie d


for furthe ranalysis. At the 95%confide nce  le ve l,


the me anre sponse s for bothle ngthandwe ight


of e le uthe roe mbryosof e ach cohort signifi-

cantlydiffe re d (P ·<0.05)from thoseof alloth-

e r cohorts. For the  we ight-le ngth re sponse ,


e le uthe roe mbryos fromcohort1 andcohort3


we re  not significantlydiffe re nt from e achoth-

e r, whe re ase le uthe roe mbryos from cohort 2


we re  significantly large rthan thosefrom both


othe r cohorts(Fig. 9). For all thre e  re sponse s,


the le ngthof de wate ringshowe dthe  samesig-

nificantdiffe re nce s.Asthe  le ngthof de wate r-

ing incre ase d, the  re sponse me asure d de -

cre ase d. Re sponse s at 1-and2-hourde wate rings


diffe re d significantly from thoseof the controls


but notfrom e achothe r;re sponse s for allothe r


de wate ringpe riodsdiddiffe r significantly from


e ach othe r (Table  3).
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T^BLE3.--Re sultsofTuke y'sQ-te stapplie d toasse ssme nt 

ofde ve lopme nt ofe le uthe roe mbvyos (te stT-5)atdiffe re nt 

de wate ring tre atme nts. Value s notconne cte d byanunde r-

linearesig·zificantly diffe re nt frome achothe r (P · 0.05).


Value sareme ans for e le nthe roe mbvyos fromthre e  fe male 


fish.


De wate ringtre atme nt 

Re sponse  0 hour 1hour 2 hours4 hours8 hours 

Le ngth(cm) 2.849 2.736 2.707 2.634 2.564


We ight(g) 0.141 0.127 0.122 0.100 0.090


Le ngth/we ight


ratio 0.049 0.047 0.045 0.038 0.347 

The  data cle arly showthat de wate ringre - 

tarde d the  growthof e le uthe roe mbryos, and 

that thise ffe ctincre ase d in se ve rityasthe  de - 

wate ringpe riodincre ase d. Growthre tardation 

wasaccompanie d by high mortalityin 4- and 

8-hourde wate rings (Fig.2). Compare d to the  

continuouslywate re dcontrols,growthwasalso 

re tarde dat brie fe r 1- and 2-hour de wate rings. 

Ele uthe roe mbryos from cohort1showe dapos- 

itivere sponse  at 2-hourdailyde wate rings (90% 

survival),whichdiffe re dfrom re sponse s of co- 

hort 2 and cohort 3. 

Highmortalityofpre -·me rge ntale vinsmade  

growthanalysisme aningle ss. 

Discussion 

In thisstudy,we e xamine d the  re lationships 

be twe e n inte rgrave lde wate ringand mortality 

of four salmonidde ve lopme ntphase s.The  op- 

e rationof manydamsandre se rvoirs in the Pa- 

cificnorthwe stfor powe rproductionand irri- 

gationcause se xte nsive and rapid change s in 

downstre amflow. If adult salmonidsspawn 

duringa sustaine d highdischarge , subse que nt 

re ductionof flow may e xposespawningbe ds 

and de wate r re dds. Effe cts of such drawdowns 

usuallyhavebe e ne xamine dbe late dly in fie ld 

situations (WittyandThompson1974;Stillwe ll 

e tal. 1977;Baue rsfe ld1978).We  use de ggsand 

ale vinsof chinooksalmon.The  re sponse of this 

spe cie s to de wate ringdoe snot ne ce ssarily re - 

fle ctthe re sponse of anyothe rspe cie s of salm- 

on or trout. 

Our artificialre ddswe rede signe d tosimulate  

the  inte rgrave l e nvironme nt of salmonid 

spawning be ds.Othe rvariable s thatmightin- 

flue ncesurvivaland growth(for e xample ,in- 

te rgrave lflowrate ,se e page  frombankstorage , 

dissolve doxyge n,and accumulationof me ta-

bolicproducts) large lywe ree liminate dor stan-

dardize d. Accordingly, fine  mate rials we re 


omitte dfrom grave lcomposition (Phillipse t al.


1975; Witze l and MacGrimmon 1981), inte r-

grave lflowof wate rwasmaintaine dat 4 lite rs/


minute (Davis1975),and de wate ringand re -

wate ringwasrapid(<1 minutee ach).A wate r


bath wasuse dto simulatethe  the rmallyine rt


grave lmass thatsurrounds re ddsin stre ambe ds.


Ye t we  found that,in spiteof our pre cautions,


air te mpe ratureand insolationstronglyinflu-

e nce dinte rgrave lte mpe rature sduring de wa-

te ring.In particular,dire ctsolarradiationrap-

idlyraise dte mpe rature s in the  de pthof a re dd


during warm daysof Se pte mbe rand e arlyOc-

tobe r, and the sete mpe rature sre ache dle thal


le ve ls whe n a re dd was de wate re d 16 hours.


Whe nairte mpe rature swe relowduringwinte r,


inte rgrave l te mpe rature sduring de wate ring


usually de cline d but did not fall be low 6 C.


The re fore , the  10C wate rbathdid notpre ve nt


high inte rgrave lte mpe rature s from insolation


one xpose dgrave lsurface s, butit didmode rate 


pe ne trationof low te mpe rature sfrom a fre e z-

ingair mass.


The re  is little  information in the  lite rature  on


the  uppe rthe rmaltole ranceof salmonide ggs.


A range of 5.8 to 14.2 G hasbe e nsugge ste d


for normalde ve lopme nt of chinooksalmone ggs


atconstant te mpe rture s,butlongpe riodsof ve ry


lowte mpe rature scanbe  tole rate dif the  initial


incubationte mpe rature is above 5.6 G for 1


month (Gombs and Burrows 1957; Gombs


1965).A compilationof available  incubationdata


(Alde rdice  and Ve lse n 1978) indicate sthat the 


lowe r and uppe r te mpe rature s for chinook


salmone ggsare  about 2.5-3.0 and 16 C, re -

spe ctive ly. But the e ffe ctof highbutbrie fte m-

pe rature  rise son incubatingchinooksalmon


e ggsappare ntlyhasnot be e n re porte d. We 


found,in brie f e xpe rime nts, that e mbryosand


e le uthe roe mbryoscan survive  the rmal shock


whe ntransfe rre ddire ctlyfrom 10 to 22 G and


e xpose dup to 8 hours,but e xposureto 26 G is


le thal(unpublishe d dam).In the de wate ring te st


with cle avagee ggs(T-l), inte rgrave lte mpe ra-

ture se xce e de d25C fivetime sin re ddse xpose d


16hoursdaily,andprobablycause dmostof the 


mortality.


The  four de ve lopme ntalphase svarie din tol-

e ranceto de wate ring.The  orde r,from le astto


most tole rant, was pre -e me rge nt ale vins,
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e le uthe roe mbryos, cle avage e ggs,ande mbryos. 

The  firsttwode ve lopme ntal phase s in thisor- 

de rhave"hatche d."Ne arlyallpre -e me rge ntal- 

e vins(>725 TU) we re kille dby 1-hourdaily 

de wate rings,and mostprobablydie d during 

initiale xposure s.He avymortalityof e le uthe r- 

oe mbryos (>465 TU) occurre dat 4-hourdaily 

de wate rings,and losse swe re associate dwith 

hatching and posthatchde ve lopme nt.Tole r- 

ance of the  ale vinphase sprobablyde cre ase s 

withthe fbrmationof functionalgillsandavas- 

cular syste mfor uptake  of dissolve doxyge n 

from wate r. 

Chinooksahnone ggs(pre hatchphase s)we re  

more tole rantof de wate ringthan we re ale vins 

(posthatchphase s).Cle avage e ggswe re kille d 

by 12- and 16-hourde wate ringsdue  to insola- 

tionone xpose dgrave lin e arlyfall.Fe rtilization 

of sahnonide ggsis fbllowe dby wate rharde n- 

ing(whe ne ggswe replante din te stT-l) anda 

"te nde r pe riod" involvinge arly ce ll division 

(whe ne ggswe re susce ptible  to shock)that e x- 

te nds tothee ye dstage  (Le ftritzandLe wis1976). 

Thus, cle avagee ggswe re te nde r whe nde wa- 

te re d.Eve nso,maintainingcoole rinte rgrave l 

te mpe rature sduring de wate ringlike ly would 

prolongthe  survivalof cle avage e ggs,possibly 

to a conside rablee xte nt. Embryos,the  phase  

e xte ndingfrom the  time e ye spotsbe comevis- 

ible until hatching,tole rate ddailyde wate rings 

up to 22 hours for 20 conse cutive days.Fur- 

the r, survivale xce e de d80% for e mbryosde - 

wate re dcontinuouslyfor 8-, 10-, and 12-day 

pe riods. 

High survivalof e mbryosmaybe  re late dto 

the  re lative lyimpe rme ablechorion,e spe cially 

whe nthe inte rgrave le nviromne nt re mainscool 

andmoist.Embryosappare ntlycanobtainsuf- 

ficie nt oxyge nunde r the seconditions,whe n 

aide dby pe riodicre wate rings, to survive .Ac- 

cordingto the  lite rature(Davis1975),inade - 

quate dissolve doxyge nconce ntrationscanre - 

suit in re duce d growth and re tarde d 

de ve lopme ntof sahnonide ggsincubate din 

stre ambe ds; furthe r, the  dissolve doxyge nre - 

quire me ntsof salmonide ggsgradually incre ase  

asde ve lopme ntprogre sse s, and mortalityf¾om 

hypoxiamayoccurat the  point the  circulatory 

syste mde ve lops.Re ce nte vide ncesugge sts that 

sahnonide ggscan de ve lopnormally without 

be ingsubme rge d in wate rif the yre mainmoist, 

fbr e xample ,bybe ingincubate d in we tcotton 

cloth (Re ise r and White  1981). Pre sumably, 

moisturepe rmitsade quateoxyge nuptake and


passage  of me tabolicproducts throughthe cho-

rion.


We  e xamine dgrowthamongsurvivorssub-

je cte dto de wate ringbe cause suble thale ffbcts


areofte ne cologically important.Somee mbryos


re maine din e arly inte rphase sasde wate ring


pe riods le ngthe ne d, indicating thatgrowthmay


havebe e nre tarde d.Be cause  thisphe nome non


was not consiste nt fbr e mbryosfrom all


male s,the  tre ndsde te cte dwe re not statistically


significant.Howe ve r,wesuspe ct thatadditional


e xpe rime ntswillde monstrate  re tardationof e gg


de ve lopme nt fromde wate ring.We alsosuspe ct


acomple x re lationship be twe e ngrowthrateand


se ve ralothe rfactorsof the inte rgrave le nviron-

me nt, includingte mpe rature ,sizecomposition


of grave l,de wate ringpe riod,e ggvitality,and


oxyge n.For e xample ,a he avilysilte dse ctionof


stre ammayhave a large te mpe raturegradie nt


be twe e n the  surface  and the  de e pe r grave l


(Wicke tt1954),whe re asahighlyporousstre am


be d mayhave a maximumgradie ntof 1.1 C


be twe e nthe  surfaceand 20 cm de pth(Brown


1972).Thus,the amountof siltpre se ntwillaf-

fbctthe  e xte ntof te mpe raturechangeduring


de wate ring.The  amountof inte rgrave lmois-

ture  re taine d during se que ntialde wate rings,


anothe rfunctionof particlesize ,alsomayaffe ct


te mpe rature anddissolve d oxyge nuptake .Also,


fine scanhe lpke e pe ggsmoistduringde wate r-

ingbycapillaryaction.


Growth re tardation of ale vins was more  con-

siste ntthan that of e ggs.De wate ringe le uthe r-

oe mbryosupto8hoursdailyfor 20conse cutive 


daysre sulte d in highmortalityin 4- and8-hour


tre atme nts(44 and 89%, re spe ctive ly).Survi-

vorsshowe dsignificantre ductionsin growth


that inte nsifie d as the  de wate ring pe riods


le ngthe ne d.Growthre sponse s at 1-and2-hour


dailyde wate ringsdiffe re dfromthoseatalloth-

e r tre atme nts,includingthe  controls,but not


from e achothe r. Re sponse s at 4- and 8-hour


dailyde wate ringsdiffe re dfi'omthoseatalloth-

e r tre atme nts,re fle ctingthe stre ss thatre sulte d


in highe xposuremortality.


Se que ntialdailyde wate ringsof 20 time sin


22 days(the  basicproce dure applie d in our


pre se nte xpe rime nts,e xce ptT-4) may not re -

fle ctallfie ldsituations. Conce ivably, e ggsor al-

e vins would be  e xpose ddaily from a powe r


pe akingmode of ope ration,e spe cially if wate r


flowswe re sufficie ntlyhighduringfhll spawn-

D
o

w
n

lo
ad

ed
 b

y
 [

N
O

A
A

 S
ea

tt
le

 /
 N

W
F

S
C

] 
at

 1
1

:1
1

 0
1

 A
u

g
u

st
 2

0
1

4
 



636 BECKERET AL.


ing to pe rmit re dd construction in ne ar-shore  

are as. Howe ve r, one  inte ntional drawdown also 

mighte xposesalmonide ggsandale vins for an


e xte nde dpe riodof se ve raldays.We  hope to


e stablish the  re lationshipbe twe e nbrie f, con- 

se cutivede wate rings(me asure din hours)and 

long,continuous de wate rings (me asure d indays) 

in furthe r studie s. 

Our data maybe  e xtre me if e xtrapolate dto 

fie ld situations. Salmonid re dds in stre ams are  

not like ly to de wate rabruptly,but to re tain 

pocke tsof stillwate randtore ce ive  flowingwate r 

from bank storage .Furthe r, fine  mate rialsin 

thegrave lmixwillprovidesomeprote ction from 

de siccation and insolation. Ne ve rthe le ss, ale vin 

phase swill re main more  susce ptible  to de wa-

te ringthanwille ggphase sbe cause of morpho- 

logicaland physiologicalchange sthat accom- 

panyhatching. The  proble ms offie ldasse ssme nt 

andre sourceprote ctionbe comecomple xif, be - 

cause of a prolonge d spawningpe riod, a


spawningare a containsan asynchronousmix


of de ve lopinge ggsandale vins.
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