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Abstract

Watertemperaturean have a profound influence on development and distributiaquattic

species. Salmon are particularly vulnerableetoperature changes because their reproductive

and early development life phases are spent in freshvidesystemavhere temperature

fluctuates widelyboth daily and seasonally. Flow regulation downstream of dams can also cause
temperature regime chges, which in turn may spur local adaptatdrearlylife history traits

In a commongarden laboratory incubation experimegagxposed spring Chinodalmon
(Oncorhynehusstshawytschembryos to four temperature regimes: warm stable, cold stable,

daily variation and below damWe found that fry from warmer thermal regineserged
earlierthan‘those from colder regimes both in terms of calendar date and temperatussdnits

that warmeremperaturesaused fry to emerge less developed. There wasaligmificant

effect of family on both emergence timing and development level at emergence. By agmbini
measurements of physiological and behealitraits at emergence and interpreting them within a
reactionsnorm-framework, we can better understand which populations might be more vulnerable

to altered thermal regimes
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I ntroduction

Salmon behavior and physiology are intertwined with water temperature, dgpecia
during the freshwater phase of their lifecycle. Adult spawn timing is influencea bydal
thermal environment, and over time, offspring emergence perexlected toarrespondvith
ideal flowtemperature, and food availability (Brannon, 1&Kaglund et a.2011b). Once
eggs are deposited in the gravel, the thermal regime experienced during inculiatimimes
development ratéAlderdice& Velsen 1978).Modifications to freshwater river systems dik
dams and elimate change, alter water temperature profiles during salmarpdea and may
disrupt selegtion patterns over time (Angilletta et2008;Crozier et al.2008). Rapid onset of
anthropogenic changes to river and stream thermahesgunderscores the need for better

measurements of phenotypic plasticity during salmon developiBerttet al, 2010)

Understanding plasticity of certain developmental traits in responseitoranental
changewill help in estimatinghe degree to which these traits might contribute to the iadapt
potential of a pepulation. The range of expression for a phenotypic trait acrossndiffer
environments within a single genotype is known as a reaction (Wiottereck 1913
Schliching & Pigliucci, 1993). The foundation for future reaction norm research should be
based on thesnotion that plasticity is most likely heritable, and should alsotakecount the
idea that population differences in reaction norms sudlgasadapation is functioning on a
local scalgHutchings, 2011) Evaluating reaction norms for traits that have major fithess

consequences.is becoming an important tool for salmon conservation and recovery efforts.

For saimonids, emergence timing and condition at emergence influence early growth and

survival and thus have direct impacts on fitngseum & Fleming 2000) Ealy studies
established speciespecific development rate and condition at emergence under constant
incubationstemperaturéalderdice & Velsen 1978; Heming, 198 Beachan& Murray, 1990).
Although thesrate of development may differ based on thermaheagid speciesall
developing'salmon (alevins) eventually reach a certain morphological thresholdtivneare
physically capable of swimming movemenSwimup and surfacing behavior have been
correlated with emergence age in rainbow trout (877; Huntingford, 193). The time at
which emergence occurs is related to water temperature, but is also influenced by other

environmental factors including but not limited to ligkediment sizeand dissolved oxygen
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(Heard, 1964Witzel & MacCrimmon,1981; Geist et al., 2006). Furthermore, studies on

Chinook salmon development have established that there is a genetic component tocemerge
timing (Beckman et aJ.2008), and thatenetics may dictate the magnitude of response to
temperature variabilitySteel et al., 2012However, only a few studies have expanded
knowledge_.about the potential for adaptive variation in emergence timing and condition at
emergence.in_changing environments. Hendry et al. (1998) documented evidence for plasticity
of yolk conversio efficiencyin Lake Washington sockeye populations that experience unique
thermalregimes due to temporal differences in spawn timing. A common garden experiment on
sackeye populations from the Fraser River found evidence for inter- andspgeific

phenotypigc:plasticity in survival rates at different incubation temperafifegney et al. 2013).

Salmon populations that spawn in rivers withrith&l regimes altered by dams present a
unique opportunity to study reaction norms and improve knowledge about the capacity for
populationsto“adapt. The release of thermally stratified water from dams can delay seasonal
cooling typically found in late autumn and early winter. Flow regulation may alsoeréldiily
temperature variation downstream (Rounds, 2010). This interruption in normal temrgera
pattern typically occurs at a critical time for salmon, whilebryos and alevins amamobile in
the gravel during incubation. The unseasonably warm temperatures downstreara dtidag
the latefall.ean-cause salmon to develop at a faster ratexhiwt swimup emergence
behavior as much a@&0 months earlier than normal (Webballing, 1993) Many strategies
have been‘implemented to combat the problem of early emergence, including more informed
regulation of water temperature downstream, and transporting adults upstriegmoundments

to spawn and recolonif&eefer et al.2010).

Additional research is needed to understand how families and populations differ in their
developmental response to temperature variatiaciducted a common garden incubation
experiment using populations of Chinook salm@ngorhynchus tshawytschimom the
Willamette River Basin, Oregon and Yakima River Basin, Washingtaddeesshe following
two questions. Does the condition, siaeegmergence timing of fry differ between families and
across populations? How does the reaction norm (interaction between genotype and

environment) depend on the thermal regime experienced during incubation? Our approach
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combines measurements of physical and behavioral aspects of emergence in order to better

evaluate variation in emergence phenotypes within and across populations.
Materialsand M ethods

Gamete Callection and Fertilization

Chinook’/salmon eggs and milt were collected from fouassp hatieery populations:
three froam.Oregon’s Willamette River Basin, and one from the Yakima River ihikgasn
(Fig. 1). Ateach location, eggs westeipped from six fsales. Each lot of eggs was placed in a
0.74 | Ziploc (SC Johnson, Racine, WI) bagjahhwas then filled with oxygeand sealed. A
similar praedure was repeated for collection of milt from six males at each facility. Bags with
gametes were_insulated from direct ice contact with a wet towel, and transported to the
Northwest Fisheries Sciea Center (NWFSC) in Seattle, Washington during the week of
September 17, 2012.

Transport and artificial fertilization occurred on September 18 for YakieteSiber 19
for South Satiam and McKenzie, and September 20 for Clackamas gametesto-Onefamily
crosses were produced at the NWFSC according to standard salmon hatchery spavauolg prot
(Stickney 1991). Egg lots were strained to remove excess ovarian fluid, and weighed to the
nearest 0.1g. A subsample of unfertilized egg<slQ) from eactamily was weighed and frozen
at-20°C for later analysis. Each lot of eggs was divided equally by weight into eigint plas
cups. Milt from one male was removed from t@nsport bag using a sterile 10 ml syringe and
distributed.equally among the eight egg lots. After combining eggs and milt, feditizatater
hardeningyand-disinfectiowere initated by adding 750 ml of iodine-water mixture (1:200) to
each cup:~Water was dated after ten minutes and embryos were placed intonlesHined
squarebottomless plastic planter cups. This process was repeated to generate six unique families
from each populatiors{x 1x1 malefemale crosses, each split iightlots). Garden [anter
cups of embryes were nested inside larger Oc@mtainers ath supplied with upwelling water

from onevof four temperature regimes via siphon tubes at a rate ahht'x

Experimental design and apparatus
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141 All embryos were incubated in a common pool otireulating water from which four
142  thermal treatment regimes were creatsth withtemperatures falling betweerl®°C. Two

143  treatmentsnaintainedelatively constant temperatgrénroughout the experiment, while the
144  other two treatments had a mixture of daily and seasonal temperaiateman an effort to

145  mimic natural(with daily variation)and belowdam(seasonal shif¢nvironments (Fig. 2)More
146  specifically, the daily variation and below dam treatments wesgned with direct reference to
147  temperaturedifferences above and below Cougar Dam on the South Fork of the McKeszie R
148  in Oregon as‘described by a USGS report on thermal effects of dams in the WilRivette

149  Basin (Rounds, 2010). The cold and mastable treatments were designed to be a similar
150 overall average temperature as the daily variation and below dam treatregpéstivelyDe-

151  chlorinated*munig@al water was chilletb approximatky 5°C, circulated to eight 105 | head

152  tanks, and aeratedith medium pore air diffusers. Water in head tanks was heated with two
153  immersion heaters (Process Technology ELSA1111-P1, Mentor, Ohio) using digitadstegrm
154  controllers(Process Technology DRAE15-1, Mentor, Ohio). To achieve daily temperature
155  variaion forthe natural treatment, power to heaters was controlled by heavy-duty appliance
156  timers (Intematic HB113, Spring Grove, IL) programmed to turn heaters on during daylight
157  hours. Allfour treatment regimes were replicated for a total of eight th&neaéinents (4

158 regimesx.2replicatey. Temperature was recorded hourly using temperature data loggers
159 (HOBO, Onset Computer Corp, Bourne, MA) placed in each head tank. An additional

160 temperature data logger was submerged inmmneation chamér per tratment to confirnthe
161  similarity oftemperature in hebtanks and chambers.

162

163  Incubation

164 Salmen-enbryos were incubateid accordance with regulations set forth by the

165 Institutional Animal Care and Use Committee for use of animals in scientific research, under

166  University of Washington protocol 2313-09. They were kept in complete darkness, except when
167  water flow rates were being monitoreBuring monitoring eventsed lights were used as

168  embryos are initially sensitive to natural light. Clear vinyl aquatiuping (6.4mm inside

169  diameter) originating from thermal regime treatment head tanks supplied water to each

170  individual egg container via simple gravitational siphons. Equal flow rates from sijbes t

171 (0.75 | x miri) were attained by placing all cupsthe same elevation. Once eye pigmentation
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172 was visible, unfertilized and dead eggs were identified by applying a mechémckl(pouring

173 embryos from the cup into a bucket from a height of 0.5 m), counted, removed and discarded.
174

175 To maximize experimental efficiency, we discarded the two families from each

176  population with the lowest survival across treatments. Embngf30 from the remaining

177  family groups.in each treatment were transferred to individicabation chambers measuring

178  10.2 cnrin"diametr and 35.6 cm tall Artificial substrate was created with-b3m diameter

179  plastic bicfiltration balls weighed down by a single layer of hiBa diameter black glass

180 marbles. Water was supplied to each chamber dt/inh using a pump connected to a valve

181  manifold (1 27-cm diameter by 50.8-cm long) fitted with eight 0.64 cm tube adapters. To

182  maximize replication of families across treatments, emergence chambers were divided in half by
183  a plastic 3 mm mesh divider placed lengthwise through the middle ofhdimeber and secured

184  on each sid&vith silicon aquarium sealant. Two families from the same population were loaded
185 into divided emergence chambers, one family per side. To monitor hatch timingyraadditi

186  embryos =80) from each family/treatment group reelaced in the corresponding family’s

187  collection eup="When embryos in the collection cups hatched, alevins were renmugddc

188  and euthanized with a lethal dose (300 ppfufferedtricaine methansulfonate (MS-222,

189  Western.Chemical, Ferndale, WA)ezy 24 h. The period of development between hatching and
190 emergence was long endutp permit allalevins in collection cup® becounted and removed

191  before fry'in the chambers started to emerge. A subsample of hatched ateYB)sper

192  family/treatmengroup were weighed to the nearest 1.0 mg and frozen & {20 subsequent

193  analysis.

194

195  Sample collection

196 After. embryosn the incubation chambers hatched, they were allowed to develop

197  undisturbed. By thatexhibited swim-up behavior byolitionally exiting the incubation chamber

198  were contained in the collection cup and counted every 24h. A 9 cm gap between the substrate
199  and outflowsspoubn the emergence chamlersured thary would need to exhibit swim-up

200 behavior to exit the chamber. Eammergedry was euthanized with a lethal dosf MS222,

201 visually inspected for development level and given a score of 0-5 depending on amount of yolk

202  sac remaining (0 = newly hatched, 5 = no visible yolk sac) (Fig. 3). Fork length@nm)

This article is protected by copyright. All rights reserved
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andwetweight W £1.0 mg) were measured from a subsample of ememyegokffamily/
treatment group at the beginning={L3), middle (=13), and endn=13) of emergence. Another
subsampler(=10) from the 39ry that were weighed and measured in each family/treatment
group wee frozen at20°C for later analysisi€ 10 x 4 x 4 x 8 = 1280). Individual emergence
time was recerded by calendar date and convéstegimperature units, or TUSJ=°C x Days9.
Dry weight(DW) was determined for subsamples of emerggdy freeze drying whole
samples for2'days usirgDuraTop MP freeze dryer (FTS Systems, Stone Ridge, NY) until
constant weight was achieved

Statistical Analysis

Fry were divided into one of two groups (premature or buttoned-up) based on their
condition at.emergence. Bams’ condition factor (KD) was calculfztethe subsample ofyf
that were weighed and measured, and comparieeetdevelopment level (DL) assignments
(Fig. 3). Values of KD< 1.95, indicating complete yolk absorption (Bams, 1970) corresponded
to DL 4 and 5;thus DL 0-3 fryere classified as premature, anl s buttoned-up.

p - 10 [weight(mg) /3]
"~ fork length (mm)

We examined.the influence of family and temperature treatment on the proportipthatt f
emergé prematurly using tests for equality of proportions. We were able to testdotential
interaction between emergence timing and family because familiepaiesdwithin asingle
chambeiin different combinations agss replicates. To rule out areraction effect, a binomial
test(Zar 2007), witn=64 and probability=0.5 was used to contrast paired family differences in
emergencestiming with differences between the same families from unpaired chambers. The
paired family=difference minus the unpaired family difference was defined as a success in the

binomial test if the value was greater than zero:

(‘ Epazreaf _Epaimd |)_(‘ Fl'unpazred _Empaz;@d D > 0

This article is protected by copyright. All rights reserved
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Statistical analysis on size at emergence only included thoset were buttoned-up,

approximately 84% of all emerged fry<8150). Egg weight varied among families and is

known to affect size at emergen@eacham and Murray 199aherefore, we used multiple

regression analysis with mean family egg size as a covariate to test for effects of temperature and
population_on.fryDW, L andKD at emergence. The metrics used to describe emergence timing
were calendar.days to emergence and TUs at emergence for matavefaged by family.

Since families'were split across treatments and replicates, we analyzed main effects of thermal
treatment'on"TUs and calendar days to emergence using-plspMNOVA with a completely
randomized design on whole plot treatmeatsnalpha of 0.050neway ANOVA was used to

test for overallspopulation effects &D at the time of emergence (family average).

Results

Visual inspection provided no evidence of differences between thermal replicates.
Observed temperates nevediffered by more than 0.5°C among replicaes theoverall mean
temperatures of replicate treatments were within Q.3P@o temperature spikes occurred in
January due.to a cooling pump failure. These temperature spikes were short am diasting
less than.20 hours) and were experienced by alevins in all treatments because water was re

circulating and chilled in a common pool.

Developmentlevel

Development level ofr§ that were weighed and measured waselated wittKD and
there was no ovlap between the mean and standard error across the five visually estimated
development levels. Some families showed a tendency to emerge prénmatyaedless of
temperature treatment (Fig). Over 40% ofrly that emerged prematuyeoriginated from 3 of
the 16 familiess Equality of proportions tests for premature emergence iddsagudicant
differencesoetween families in each treatmpntalue<0.001) and differences across treatments
for all families,combinedp-value<0.001). Pairwise comparisons indicated that the warm
treatment had significantly higher proportion of prematlyeemerging fry than all other
treatments There was no evidence of differences in proportion of prematurely emerging fry
between treatments experogmng daily variation and those in cadtable treatmeni®-
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value=0.99). Finally, we concluded that pairing of families in chambers did not have a
significant effect on emergence timing (binomial tpstalue=0.382) orKD at emergence

(binomial testp-value=0.708).

Allometry of smature fry

Regression models revealed that@W and Lat emergence were positively correlated
with unfertilized egg weightrf,, = 0.79,r2 = 0.70). Analysis of covariance foural
significant'effect of thermal reginteeatment on DW-value<0.001) and Lpfvalue<0.001) at
emergence, with fry in the warm constant treatment emerging heavier and @figrtgA, 5B).
There wassngrinteraction between egg size and treatment fopdfue=0.461) and Lpt
value=0.818).* Condition factat emergence was not explaineddny size 7, = 0.05) but
was affected by temperature treatmgrvélue=0.0012) (Fig.G). Because egg size was
initially different across populationp-{/alue<0.001) and replication was litad, it was not

possible to.test thiateractionof population and treatment on fry size.

Emergencetiming for mature fry

Thesbehavior of mergence as measured in calendar days was influenced by temperature
treatmentyf-value<0.001). Fry from colder treatments did not emerge until nearly 2.5 months
after those inthe warm treatments (Fi§A). Emergence timing as measured by accumulated
TUs was influenced by botheatment [§-value=0.0039) and populatiop-¢alue=0.009with fry
from Clackamasand McKenzie populations emergifigm warm treatmentatfewer TUs. An
interaction'was detected between treatment and populatiadiy(e=0.003) on emergence timing
(TUs), although the difference in response¢he below dam treatmefdr the Yakima population
(Fig. 6B) may have been influenced by the temperature spikes in Jatwaiyich they did not
show a marked.response. The results osftieplot ANOVA using families instead of
populations.foranalysis also indicated significant effects of treatamehtamily on emergence
timing (TUs)(p-values<0.001), although no interactions between family and treatment were
observed.
Emergence phenotype reaction norm

Mean familyKD at emergence across all treatments (standardized by TUs) was

significantly influenced by population s=3.124,p-value=0.033), and a significant interaction
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effect was also detecteds(§z=3.66,p-value=0.017). This analysis included fry that emerged
prematurely in terms of development level in order to capture a more completgergption of
family variation in emergence phenotype (Fiyy. 7

Discussion

Coupledimeasures of behavien{ergencéiming) and morphology (length and weigtit
emergenceare needed tdescribe an overall emergence phenotype for salmon. Observations
about emergence phenotype allow us to assess ecologically and evolutionarily meaningful
differencesswithin and among populations of Chinook salmon dtiiiadkey life history
transition. “Mereover, given that incubation temperatures directly alter betfyente timing
and physical condition at emergence (Skoglund et al., 2011), population responses need to be
assessed within a reactinarm paradigm (Hutchings, 2011Therefore, wexamired
emergence_ phenotype across a range of temperatures, andlgxpéiostd emergence phenotype
within a frameéwork that explored interactions between genetics and environnoetitions (G
X E).

Ourresults clearly demonstrate differences in emergence phenotype betweatiqgpul
of spring Chinook salmon and even between families within populations. Fry from Samdiam a
Yakima populations accumulated more TUs before emergence than fry from Clackamas and
McKenzie populations. Fry from Clackamas and McKenzie populations also tended & have
higherKDyat emergenceThus, emergence phenotype varied glan axis of early emergence
with highKD,and later emergence witbw KD. Furthermore, the degree of difference in
emergence phenotype between populati@mgd withincubation regime, witlyreater
differerces’between populatioas warmer temperature3his combined evidencaiggest that

a G x Einteraction shapes emergence phena@ymang populations acrosmmperature regimes.
Emergence'phenotype

The need tousstainor re-build salmon populations thite in thermally altered streams
has generated questions about leanly development is affected by these changing
environments Specifically, the effects of temperatwariationon early developmembight
ultimatelyinfluence population sustainabilipAngilletta et al, 2008;Steelet al, 2012). This
study responds to these questions by integrating measures of behavioral emergencecaahd physi

condition withinvariable thermal regimeblat mimic natural environmentd/e expand on

This article is protected by copyright. All rights reserved
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322  earlier experimentthat demonstrated the dependence of emergence traits on both temperature
323 and geneticsTiablel) by assessing emergenaeaddition to hatch timing at both the population
324 and family level. Th&iming of transition from enbryoto alevin withinthegravelis a key

325 developmentamilestone but likely does not have as much impact on sunasahe transition

326  from alevin.te.free swimming fryWe also used seasonally variable thermal regimes in addition
327  to constant.temperatures for our experiment. ifrtp®rtance of this feature is that thalaryo to

328 alevin transition typically occurs duringefautumn prior to large wintelecreases

329 temperatureThus, much of the impact of varying temperature regime occurs during the alevin
330 stage and not during the embigtage. It is well known that cold temperatures during early

331 development(fertilizatio to eyed embryo) ay be lethal (Murrag McPhail 1988).

332  Ecologically'pertinent emergence phenotype data will only be produced if environmentally
333 realistic thermal regimes are matched to temporally realistic development stagtsrmore,

334 our analysis determined thiie correlation betwedmatch timing and emergence timing may

335 depend ontemperature regime and population of origin.
336  Selection on emergenpéenotypes

337 Synchronicity of emergence timing within populations has been hypothesized to result
338 from selection"against the behavior of emerging “too early” or “too thteugh mortality due

339 to either predation or starvation associated with varying seasonal environamehégological

340 conditionsy(Brannas, 199&jnum & Fleming 2000).Implicit within this hypothesis is that

341  optimal emergence timing will vary with differing thermal environments (Brant®87). Our

342  results showhat at the time of emerges, morphology is not fixed (Fig. 3)herefore,

343 emergenc®ehavior could be the product of a tradfEbetween energy reserves and

344 development'staggelong, 2008). Thus our conceptualization of selection on the timing of

345 emergence needs to expand to include selection for fry morphology at the time ofremerge

346 Our results show that degree of yolk sac depletion and abdominal body wall fusion at eenergenc
347 varied betweenrindividuals, families, and populations and thianagiincreaskat warmer

348 temperatures. Suchorphological differences undoubtedly influence a fry’s ability to swim and
349 thus elude predators, compete for territories and capture prey. The ultimate significance of these
350 morphological differences awaitsgatiments explicitly testing for morphological effects on fry

351  swimming performance and/or growth.
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Family variation in emergence phenotypes

Family level variation in emergence traits within populations has also bbserved
(Burt et al, 2011; Beacham & Murray 1985,1988eckman et al.2008;Steel et a].2012). In
our experiment; the strongest indicator of family level variation was the tgnfiterindividuals
from certain families to emerge with a large amount of visible yolk sac still remainiag. Pr
mature emergence represents an unexp@ttexdotype; a large amount of yolk present afrhe
stageclearly hinders swimming and predator avoidance (RReSikchroder, 1987). Moreover,
these fry obviausly have neither the need, nor ability to feed. In natural environments, pre-
maturely emerging fry could exit the water column andnier benthic gravels; thus pmeature
emergence might represent a brief interlude during early development rather thaadaptiak
behavior. _Unlike emergence in natural environments, our experimental apparatus drdhitot pe
re-entry into benthic substrates and thus matyrapresent ecological realitfNevertheless, the
distinct famly“difference in premature emergence behavior suggests that the behavior could be

genetically deriveénd may predispose these animals to brief periods of predation exposure.
Egg size and.the emergence phenotype

A robust literature documents bddmily and population level differences in egg size
among salmonids (Beacham & Murray, 1990; FleminGi&ss 1990 Beacham & Murray,
1993 as well aghe ecological and evolutionary ls$or these differences (Einum et, &004).
Egg size also.has a signifidaefifect on the emergence phenotypée observed positive
relationship between egigeand fry weightat emergence was expected becdaiggereggs are
documentedto pduce heavier fry (Beacha& Murray, 1990). Given the strorgffectfry size
has on posemergent ecological succeaasstablishing territoryChapman, 1962), egg size
needs to be considered as an essential factor affecting the emergence phidoeigper, the
weak relationship between egg weight akdD at emergence aroktween egg weight and
emergencestiminguggests that additional factors beyend sizenfluence theemergence

phenotype:

There was a significant effect of incubation temperature oleffigth;fry from warmer
incubation regimes were shorter at emergence than fry from the same family incubated at cooler
temperatures This temperature effect on length at emergence could be due to relative increases

in metabolic demand at warmer temperatures as opposed to cooler temperatures, leaving less
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energy to support growth at warmer temperatures. Earlier research has shomeubiaion
temperature is a critical factor in determining alevin length (Beaéhatarray, 1990).
FurthermoreHendry et al(1998)and Jensen et d2008) both demonstratédattemperature
effects onmetaholic rate could vary between populations as fry developed most efficiently at
temperatures.that mirror their local thermal environmidiote focusedesearcton metabolic
rate,yolk utilization, and growth under different thermal regimes would help clarify the link
between metabolic rate and emergence timing reported in studies of brown &guie(Ret al.,
2012) and"Atlantic salmon (Metcalf et al., 1995).

Variation imemergence timing

Variation in.emergence timing, both in terms of TUs and calendar days, for button-ugsfry w
evident within families across thermal regimes. In comparing the natural to below dam regimes
for example, individual family means differed anywd&om 65 TUs earlier to 77 TUs later in

the natural thermal regime. These temperature unit discrepancies translated to a ddteossce
familiesin calendar date ranging from 28 to 54 days later in the naagiahe(Fig. 6) In this
experiment, fertilization and egg incubation began for all fry during the sanke arekwe still
observed significant variation in TUs to emergence within familiés.important to note that
spawning inshatcheries may span up to a month in some cases, and natural spawning periods
could extend even further. Considering that early and late spawning adults are somewha
reproductively isolated and that selection may act differently over the couasseaton (Hebert

et al, 1998),.a.compelling argument can be made faptade variation in emergence timing

within populations (Hendng Day, 2005).

Emergence time of individual fry is informative aredativelyeasy to quantify, but the
overall emergence period of a group might be a more useful metric to estimate responses to
smaller scalesecological events, like short spikes in temperature, increases in flow, or changes in
food availability.Preliminary observains of our data on emergence period duration by family
point to_significant differences among populations both within and across tempéeditmeents
(Tillotson, 2015). Research on fry emerging from redds in the wild sugbastbe tradeoff
between first access to territory and exposure to predators favors a more compressed emergence
period(GustafsorMarjanen & Dowse, 1983; Garcia De Leagizal., 2000)Durationof
emergence period is very likely under selection in the wild, but it is not a trait that contributes to
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fitness in a hatchery, because emergence behavior does not exist in a hatchemnenuiidre
decoupling of morphological and behavioral aspects of emergence in a hatchery pomagtion

relax selection fosynchronous emergence.
Reaction-norms

TUs are often used to standardize the thermal experience of salmon embryos during the
course of their.development before emergence. How8texl et al(2012) suggedhat the rate
of temperature.delivery (variable vs. constant) even at the daily time scale may be an important
factor influencing an individual’s developmental trajectory. In order to comparephys
attributes of populations across different environments in a reaction nornwioakng seems
appropriate to UséUs as a continuous environmental variable, while remembering that the
actual calendar. dates on which these thermal units were accumw@eestensiderably
between treatments. this sense, we can compare population differenck®imat low or high
TUs, and @also connect those TUs to a calendar date for each treatisréipproacill help

when contextualizing the life history tradeoffs for each emergence phenotype.

Using this method to compare all four populations showsdistinctpatterngFig. 7).
First, Clackamas and McKenzie show a definite negative correlation between TUs to emergence
andKD «n warmer regimes, they emerged earlier in terms of TUs and had relaiyleiD.
For Santiam and Yakima populations, TUs to emergence had only a slightly negative effect on
KD. Based.on.this reaction norm, one could predict that warmer temperatures would have a
greater effeconithe emergence phenotype of Clackamas and McKenzie populations because not
only would they emerge early (fewer TUs) wittoreyolk remaining, but this would occur much
earlier in the calendar year (December or January). It seems possible that timg differ
emergence phenotypes of Clackamas and McKenzie fry at warmer temgeewempared to
Yakima andsSantiam fry, could have fitness and survival consequences. The potdatial fa
that have shaped these differenicesmergence phenotype are many, including fouatfects
thermal_regime during incubation, and pestegence growth opportunities. Itagso

potentially significant thagjametedrom all populations were sourced from hatchery programs.

Hatchery selection
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440 Selective conditions in hatery environments are quite different than those experienced
441 by wild populations. First, fry do ngenerally emerge volitionally in a hatchery; rather, they are
442  directly transferred from rearing trays to larger tanks, troughs or ponds based wal a vis

443  assessment of the fry’s ability to swim and feed and/or at a fixed numbeisofThus, behavior
444  (emergence.from the gravel) and physical condition at emergence are disassociated in a hatchery
445  environment. _ln addition, at ponding (transfer from incubdtiay to raceway or tank) fry are

446  fed to satiation’in an environment with no predators, which results in the majorigh of f

447  surviving to'feed and grow. Finally, hatchery domestication has been shown to affect

448  development raté-raser et al.2010; Smoker, 198@ecause of unnatural temperatures (usually
449  warmer) experienced by salmon embryos during incubation. Discrimirtatageen the effects
450  of domestication due to relaxation of selection at thedr@enming fry stage and potential

451 domesticatiordue to altered thermal regimes would require comparative measurements with
452  wild-type fry, and could be of great value in understandingjitiations andootential of using

453  hatchery stocks for re-introduction into natural environments.

454 Within the populations we examined, the Yakima River populatiomxperienced the

455  least amount of potential hatchery-induced domesticafidw program was initiated relatively

456  recently (199)and only used naturally produced adults as broodstock (Fast et al., ZBIk5).

457  practice eliminates the potential for successive generations of domestication. The populations
458  from the WillametteRiver have a longer history of hatchery propagations and have varying and
459  hard to assess‘degrees of broodstock integration with naturally produced adultshd\sessgeit

460 is interesting to note that the emergence phenotypes of Yakima and Santiam popukations a
461 similar. There have been a number of studies documenting differences betweery lzatdh

462  wild populations due tearly rearingenvironment{Berejikianet al, 1996;Metcalf et al, 2003)

463 and some studies have suggested that the fithess of domesticated hatchery populziomal

464  conditions is reduced as compared to wild populatiBesejikian& Ford 2004 Williamsonet

465 al., 2010. It might be fruitful to examine emergence phenotypes of these populations to assess

466  whethepdifferences in early life history contribute to differences in fitness.
467  Summary
468 We found that the amount of phenotypic variation in emergence timing and condition at

469 emergence is population and,some case$amily specific. Our findings are consistent with
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results from earliestudies, whiclsuggest that there is an interaction between genotype and
thermal regime during early developmenalplel). Thesedata will help us understand and
interpret changes to emergence patterns for populations that inhabit riverssystie altered

temperature and flow patterns.

Temperature changes will create challenges for salmon populations during thengpawni
development;and'migration phases of their life cycle. Studigsstdras with dams have clearly
shown that these challenges result in population declines. We estimate that salmon in systems
impacted by climate change will display similar negative responses. After examining issues
related to the.effects of thermal regime patterns on emergence phenotype, it is clear that there are
three major focus areas where additional research could improve our understaddunther
inform management decisions. These asgasl) the relationship betweentateolism and
emergence behaviagpecifically the important factors determining when an alevin is
physiologically"competent to emerge; B trelativanfluence of percent natural origin
broodstock in“a‘hatchery programdetermining the amount of variation in emergence timing at
the population level; 3) the influence of emergence phenotype on fry growth, especially in
situations with added environmental stress such as food limitation, predation, agtalftwva.
Deciphering the complexities of the relationship between temperatuihohem, and growth,
and how thesrelationship might differ between populations may require constant metabol

monitoring ofembryos and fry during incubation.
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Table 1. Summary review of methods used in previous studies comparing salmon development at various temperatures

Author(s), Questions/

Location Year Species objectives
Yolk conversion

Heming, . efficiency at

BC, Canada L82gfChinook different
temperatures
Local adaptation

Beachum & Murray .

BC, Canada 1986 Pink rc;ttceievelopment
Manipulation of
thermal regimes

gga?::;j‘a'\"“"ay 1987 ' Chum at different

’ development
stages
Development rate

Beachum & Murray. 1987 Chum/  under varying

BC, Canada Chinook temperature
regimes
Spatial
divergence of

Beachum & Murray 1989 Sockeye/ stocks due

BC, Canada Chinook to incubation
temperature
differences
Genetic and

Beachum & Murray environment

BC, Canada 1990 Coho (temp) effects on
development rate
Family and

Konecki et al. population

WA, USA 1995 €M jifferences in
development rate

Hendry Local adaptation

WA, USA 1998 Sockeye roaftc;evelopment

Kinnison et al. Population

New Zealand & 1998 Chinook differences in

CA, USA
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Author(s), Questions/

Location Year — Species objectives
Family and
population

» Berg & Moen 1999« _Atlantic differences

Norway )
in development
rate

Ojanguren et al Thermal

jang ’ 2003 Brown trout tolerance/survival

Spain

Jensen et al.
Denmark

*

Skoglund
Norway

*

Whitney et al.
BC, Canada

*

Steel et al.
WA, USA

*

Tillotson et al.
OR & WA, USA

*

2008

2011

2013

2013

2015

development rate

Local adaptation

Brown trout to changing

Atlantic

Sockeye

Chinook

Chinook

temperatures

Physical condition
at emergence

Thermal tolerance
limits/
survival threshold

Effects of
temperature
variation during
incubation on
emergence timing
across families

Temperature
induced
phenotypic
plasticity in
emergence
characteristics
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* Indicates the authors detected interaction effects between incubation environment (temperature) and genetics.
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