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Abstract 34 

Water temperature can have a profound influence on development and distribution of aquatic 35 

species. Salmon are particularly vulnerable to temperature changes because their reproductive 36 

and early development life phases are spent in freshwater river systems where temperature 37 

fluctuates widely both daily and seasonally.  Flow regulation downstream of dams can also cause 38 

temperature regime changes, which in turn may spur local adaptation of early life history traits. 39 

In a common garden laboratory incubation experiment, we exposed spring Chinook salmon 40 

(Oncorhynchus tshawytscha) embryos to four temperature regimes: warm stable, cold stable, 41 

daily variation, and below dam.  We found that fry from warmer thermal regimes emerged 42 

earlier than those from colder regimes both in terms of calendar date and temperature units, and 43 

that warmer temperatures caused fry to emerge less developed.  There was also a significant 44 

effect of family on both emergence timing and development level at emergence. By combining 45 

measurements of physiological and behavioral traits at emergence and interpreting them within a 46 

reaction norm framework, we can better understand which populations might be more vulnerable 47 

to altered thermal regimes.  48 

 49 
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Introduction 53 

Salmon behavior and physiology are intertwined with water temperature, especially 54 

during the freshwater phase of their lifecycle.  Adult spawn timing is influenced by the local 55 

thermal environment, and over time, offspring emergence period is selected to correspond with 56 

ideal flow, temperature, and food availability (Brannon, 1987; Skoglund et al., 2011b).  Once 57 

eggs are deposited in the gravel, the thermal regime experienced during incubation determines 58 

development rate (Alderdice & Velsen, 1978). Modifications to freshwater river systems, like 59 

dams and climate change, alter water temperature profiles during salmon development and may 60 

disrupt selection patterns over time (Angilletta et al., 2008; Crozier et al., 2008).  Rapid onset of 61 

anthropogenic changes to river and stream thermal regimes underscores the need for better 62 

measurements of phenotypic plasticity during salmon development (Burt et al., 2010).   63 

Understanding plasticity of certain developmental traits in response to environmental 64 

changes will help in estimating the degree to which these traits might contribute to the adaptive 65 

potential of a population. The range of expression for a phenotypic trait across different 66 

environments within a single genotype is known as a reaction norm (Woltereck, 1913; 67 

Schlichting & Pigliucci, 1993).  The foundation for future reaction norm research should be 68 

based on the notion that plasticity is most likely heritable, and should also take into account the 69 

idea that population differences in reaction norms suggest that adaptation is functioning on a 70 

local scale (Hutchings, 2011).  Evaluating reaction norms for traits that have major fitness 71 

consequences is becoming an important tool for salmon conservation and recovery efforts.   72 

For salmonids, emergence timing and condition at emergence influence early growth and 73 

survival and thus have direct impacts on fitness (Einum & Fleming, 2000).  Early studies 74 

established species-specific development rate and condition at emergence under constant 75 

incubation temperatures (Alderdice & Velsen, 1978; Heming, 1982; Beacham & Murray, 1990). 76 

Although the rate of development may differ based on thermal regime and species, all 77 

developing salmon (alevins) eventually reach a certain morphological threshold where they are 78 

physically capable of swimming movements.  Swim-up and surfacing behavior have been 79 

correlated with emergence age in rainbow trout (Dill, 1977; Huntingford, 1993).  The time at 80 

which emergence occurs is related to water temperature, but is also influenced by other 81 

environmental factors including but not limited to light, sediment size, and dissolved oxygen 82 
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(Heard, 1964; Witzel & MacCrimmon, 1981; Geist et al., 2006).  Furthermore, studies on 83 

Chinook salmon development have established that there is a genetic component to emergence 84 

timing (Beckman et al., 2008), and that genetics may dictate the magnitude of response to 85 

temperature variability (Steel et al., 2012). However, only a few studies have expanded 86 

knowledge about the potential for adaptive variation in emergence timing and condition at 87 

emergence in changing environments.  Hendry et al. (1998) documented evidence for plasticity 88 

of yolk conversion efficiency in Lake Washington sockeye populations that experience unique 89 

thermal regimes due to temporal differences in spawn timing.  A common garden experiment on 90 

sockeye populations from the Fraser River found evidence for inter- and intra- specific 91 

phenotypic plasticity in survival rates at different incubation temperatures (Whitney et al., 2013). 92 

Salmon populations that spawn in rivers with thermal regimes altered by dams present a 93 

unique opportunity to study reaction norms and improve knowledge about the capacity for 94 

populations to adapt.   The release of thermally stratified water from dams can delay seasonal 95 

cooling typically found in late autumn and early winter.  Flow regulation may also reduce daily 96 

temperature variation downstream (Rounds, 2010).  This interruption in normal temperature 97 

pattern typically occurs at a critical time for salmon, while embryos and alevins are immobile in 98 

the gravel during incubation.  The unseasonably warm temperatures downstream of dams during 99 

the late fall can cause salmon to develop at a faster rate, and exhibit swim-up emergence 100 

behavior as much as two months earlier than normal (Webb & Walling, 1993).  Many strategies 101 

have been implemented to combat the problem of early emergence, including more informed 102 

regulation of water temperature downstream, and transporting adults upstream of impoundments 103 

to spawn and recolonize (Keefer et al., 2010).   104 

Additional research is needed to understand how families and populations differ in their 105 

developmental response to temperature variation. We conducted a common garden incubation 106 

experiment using populations of Chinook salmon (Oncorhynchus tshawytscha) from the 107 

Willamette River Basin, Oregon and Yakima River Basin, Washington to address the following 108 

two questions.  Does the condition, size, or emergence timing of fry differ between families and 109 

across populations? How does the reaction norm (interaction between genotype and 110 

environment) depend on the thermal regime experienced during incubation? Our approach 111 
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combines measurements of physical and behavioral aspects of emergence in order to better 112 

evaluate variation in emergence phenotypes within and across populations.  113 

Materials and Methods 114 

Gamete Collection and Fertilization 115 

Chinook salmon eggs and milt were collected from four separate hatchery populations: 116 

three from Oregon’s Willamette River Basin, and one from the Yakima River in Washington 117 

(Fig. 1).  At each location, eggs were stripped from six females.  Each lot of eggs was placed in a 118 

0.74 l Ziploc (SC Johnson, Racine, WI) bag, which was then filled with oxygen and sealed.  A 119 

similar procedure was repeated for collection of milt from six males at each facility.  Bags with 120 

gametes were insulated from direct ice contact with a wet towel, and transported to the 121 

Northwest Fisheries Science Center (NWFSC) in Seattle, Washington during the week of 122 

September 17, 2012. 123 

 124 

Transport and artificial fertilization occurred on September 18 for Yakima, September 19 125 

for South Santiam and McKenzie, and September 20 for Clackamas gametes.  One-to-one family 126 

crosses were produced at the NWFSC according to standard salmon hatchery spawning protocols 127 

(Stickney, 1991).  Egg lots were strained to remove excess ovarian fluid, and weighed to the 128 

nearest 0.1g.  A subsample of unfertilized eggs (n=10) from each family was weighed and frozen 129 

at -20°C for later analysis.  Each lot of eggs was divided equally by weight into eight plastic 130 

cups.  Milt from one male was removed from the transport bag using a sterile 10 ml syringe and 131 

distributed equally among the eight egg lots.  After combining eggs and milt, fertilization, water 132 

hardening, and disinfection were initiated by adding 750 ml of iodine-water mixture (1:200) to 133 

each cup.  Water was decanted after ten minutes and embryos were placed into 10 cm mesh-lined 134 

square bottomless plastic planter cups.  This process was repeated to generate six unique families 135 

from each population (six 1x1 male-female crosses, each split into eight lots).  Garden planter 136 

cups of embryos were nested inside larger 0.95 l containers and supplied with upwelling water 137 

from one of four temperature regimes via siphon tubes at a rate of 2 l x min-1

 139 

. 138 

Experimental design and apparatus 140 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Fuhrman et al. 2016 

This article is protected by copyright. All rights reserved 

All embryos were incubated in a common pool of re-circulating water from which four 141 

thermal treatment regimes were created, each with temperatures falling between 5-10°C.  Two 142 

treatments maintained relatively constant temperatures throughout the experiment, while the 143 

other two treatments had a mixture of daily and seasonal temperature variation in an effort to 144 

mimic natural (with daily variation) and below-dam (seasonal shift) environments (Fig. 2).  More 145 

specifically, the daily variation and below dam treatments were designed with direct reference to 146 

temperature differences above and below Cougar Dam on the South Fork of the McKenzie River 147 

in Oregon as described by a USGS report on thermal effects of dams in the Willamette River 148 

Basin (Rounds, 2010).  The cold and warm stable treatments were designed to be a similar 149 

overall average temperature as the daily variation and below dam treatments, respectively. De-150 

chlorinated municipal water was chilled to approximately 5°C, circulated to eight 105 l head 151 

tanks, and aerated with medium pore air diffusers.  Water in head tanks was heated with two 152 

immersion heaters (Process Technology ELSA1111-P1, Mentor, Ohio) using digital thermostat 153 

controllers (Process Technology DRAE15-1, Mentor, Ohio).  To achieve daily temperature 154 

variation for the natural treatment, power to heaters was controlled by heavy-duty appliance 155 

timers (Intermatic HB113, Spring Grove, IL) programmed to turn heaters on during daylight 156 

hours.  All four treatment regimes were replicated for a total of eight thermal treatments (4 157 

regimes x 2 replicates).  Temperature was recorded hourly using temperature data loggers 158 

(HOBO, Onset Computer Corp, Bourne, MA) placed in each head tank.  An additional 159 

temperature data logger was submerged in one incubation chamber per treatment to confirm the 160 

similarity of temperature in head tanks and chambers. 161 

 162 

Incubation 163 

Salmon embryos were incubated in accordance with regulations set forth by the 164 

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

University of Washington protocol 2313-09.  They were kept in complete darkness, except when 166 

water flow rates were being monitored.  During monitoring events, red lights were used as 167 

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

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

individual egg container via simple gravitational siphons.  Equal flow rates from siphon tubes 170 

(0.75 l x min-1) were attained by placing all cups at the same elevation.  Once eye pigmentation 171 
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was visible, unfertilized and dead eggs were identified by applying a mechanical shock (pouring 172 

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

 174 

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

population with the lowest survival across treatments.  Embryos (n=80) from the remaining 176 

family groups in each treatment were transferred to individual incubation chambers measuring 177 

10.2 cm in diameter and 35.6 cm tall.  Artificial substrate was created with 13-mm diameter 178 

plastic bio-filtration balls weighed down by a single layer of 13-mm diameter black glass 179 

marbles. Water was supplied to each chamber at 1.5-L/min using a pump connected to a valve 180 

manifold (1.27 cm diameter by 50.8-cm long) fitted with eight 0.64 cm tube adapters.  To 181 

maximize replication of families across treatments, emergence chambers were divided in half by 182 

a plastic 3 mm mesh divider placed lengthwise through the middle of the chamber and secured 183 

on each side with silicon aquarium sealant. Two families from the same population were loaded 184 

into divided emergence chambers, one family per side.   To monitor hatch timing, additional 185 

embryos (n=80) from each family/treatment group were placed in the corresponding family’s 186 

collection cup.  When embryos in the collection cups hatched, alevins were removed, counted, 187 

and euthanized with a lethal dose (300 ppm) of buffered tricaine methansulfonate (MS-222, 188 

Western Chemical, Ferndale, WA) every 24 h.  The period of development between hatching and 189 

emergence was long enough to permit all alevins in collection cups to be counted and removed 190 

before fry in the chambers started to emerge.  A subsample of hatched alevins (n=10) per 191 

family/treatment group were weighed to the nearest 1.0 mg and frozen at -20°C for subsequent 192 

analysis. 193 

 194 

Sample collection 195 

After embryos in the incubation chambers hatched, they were allowed to develop 196 

undisturbed.  Fry that exhibited swim-up behavior by volitionally exiting the incubation chamber 197 

were contained in the collection cup and counted every 24h.  A 9 cm gap between the substrate 198 

and outflow spout on the emergence chamber ensured that fry would need to exhibit swim-up 199 

behavior to exit the chamber.  Each emerged fry was euthanized with a lethal dose of MS-222, 200 

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

sac remaining (0 = newly hatched, 5 = no visible yolk sac) (Fig. 3).  Fork length (L ±1.0 mm) 202 
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and wet weight (W ±1.0 mg) were measured from a subsample of emerged fry per family/ 203 

treatment group at the beginning (n=13), middle (n=13), and end (n=13) of emergence.  Another 204 

subsample (n=10) from the 39 fry that were weighed and measured in each family/treatment 205 

group were frozen at -20°C for later analysis (n= 10 x 4 x 4 x 8 = 1280). Individual emergence 206 

time was recorded by calendar date and converted to temperature units, or TUs (TU=°C × Days). 207 

Dry weight (DW) was determined for subsamples of emerged fry by freeze drying whole 208 

samples for 2 days using a Dura-Top MP freeze dryer (FTS Systems, Stone Ridge, NY) until 209 

constant weight was achieved. 210 

 211 

Statistical Analysis  212 

Fry were divided into one of two groups (premature or buttoned-up) based on their 213 

condition at emergence.  Bams’ condition factor (KD) was calculated for the subsample of fry 214 

that were weighed and measured, and compared to five development level (DL) assignments 215 

(Fig. 3).  Values of KD ≤ 1.95, indicating complete yolk absorption (Bams, 1970) corresponded 216 

to DL 4 and 5; thus DL 0-3 fry were classified as premature, and 4-5 as buttoned-up.   217 �� =
10 ∗ [����ℎ�(��)

1 3� ]���� �����ℎ (��)
 

 218 

We examined the influence of family and temperature treatment on the proportion of fry that 219 

emerged prematurely using tests for equality of proportions.  We were able to test for a potential 220 

interaction between emergence timing and family because families were paired within a single 221 

chamber in different combinations across replicates.  To rule out an interaction effect, a binomial 222 

test (Zar 2007), with n=64 and probability=0.5 was used to contrast paired family differences in 223 

emergence timing with differences between the same families from unpaired chambers. The 224 

paired family difference minus the unpaired family difference was defined as a success in the 225 

binomial test if the value was greater than zero: 226 

 227 

 228 

 229 
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Statistical analysis on size at emergence only included those fry that were buttoned-up, 230 

approximately 84% of all emerged fry (n=8150).  Egg weight varied among families and is 231 

known to affect size at emergence (Beacham and Murray 1990); therefore, we used multiple 232 

regression analysis with mean family egg size as a covariate to test for effects of temperature and 233 

population on fry DW, L and KD at emergence.  The metrics used to describe emergence timing 234 

were calendar days to emergence and TUs at emergence for mature fry, averaged by family.  235 

Since families were split across treatments and replicates, we analyzed main effects of thermal 236 

treatment on TUs and calendar days to emergence using a split-plot ANOVA with a completely 237 

randomized design on whole plot treatments, at an alpha of 0.05. One-way ANOVA was used to 238 

test for overall population effects on KD at the time of emergence (family average). 239 

 240 

 241 

Results 242 

Visual inspection provided no evidence of differences between thermal replicates.  243 

Observed temperatures never differed by more than 0.5°C among replicates and the overall mean 244 

temperatures of replicate treatments were within 0.3°C.  Two temperature spikes occurred in 245 

January due to a cooling pump failure.  These temperature spikes were short in duration (lasting 246 

less than 10 hours) and were experienced by alevins in all treatments because water was re-247 

circulating and chilled in a common pool.      248 

 249 

Development level  250 

Development level of fry that were weighed and measured was correlated with KD and 251 

there was no overlap between the mean and standard error across the five visually estimated 252 

development levels.  Some families showed a tendency to emerge prematurely regardless of 253 

temperature treatment (Fig. 4).  Over 40% of fry that emerged prematurely originated from 3 of 254 

the 16 families.  Equality of proportions tests for premature emergence indicated significant 255 

differences between families in each treatment (p-value<0.001) and differences across treatments 256 

for all families combined (p-value<0.001).  Pairwise comparisons indicated that the warm 257 

treatment had a significantly higher proportion of prematurely emerging fry than all other 258 

treatments.  There was no evidence of differences in proportion of prematurely emerging fry 259 

between treatments experiencing daily variation and those in cold stable treatments (p-260 
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value=0.99).  Finally, we concluded that pairing of families in chambers did not have a 261 

significant effect on emergence timing (binomial test, p-value=0.382) or KD at emergence 262 

(binomial test, p-value=0.708).   263 

 264 

Allometry of mature fry 265 

Regression models revealed that fry DW and L at emergence were positively correlated 266 

with unfertilized egg weight (���2 = 0.79, ��2 = 0.70).  Analysis of covariance found a 267 

significant effect of thermal regime treatment on DW (p-value<0.001) and L (p-value<0.001) at 268 

emergence, with fry in the warm constant treatment emerging heavier and shorter (Fig. 5A, 5B).  269 

There was no interaction between egg size and treatment for DW (p-value=0.461) and L (p-270 

value=0.818).   Condition factor at emergence was not explained by egg size (���2 = 0.05) but 271 

was affected by temperature treatment (p-value=0.0012) (Fig. 5C).  Because egg size was 272 

initially different across populations (p-value<0.001) and replication was limited, it was not 273 

possible to test the interaction of population and treatment on fry size. 274 

 275 

Emergence timing for mature fry 276 

The behavior of emergence as measured in calendar days was influenced by temperature 277 

treatment (p-value<0.001).  Fry from colder treatments did not emerge until nearly 2.5 months 278 

after those in the warm treatments (Fig. 6A).  Emergence timing as measured by accumulated 279 

TUs was influenced by both treatment (p-value=0.0039) and population (p-value=0.009) with fry 280 

from Clackamas and McKenzie populations emerging from warm treatments at fewer TUs.  An 281 

interaction was detected between treatment and population (p-value=0.003) on emergence timing 282 

(TUs), although the difference in response to the below dam treatment for the Yakima population 283 

(Fig. 6B) may have been influenced by the temperature spikes in January, to which they did not 284 

show a marked response.  The results of the split-plot ANOVA using families instead of 285 

populations for analysis also indicated significant effects of treatment and family on emergence 286 

timing (TUs) (p-values<0.001), although no interactions between family and treatment were 287 

observed. 288 

Emergence phenotype reaction norm 289 

 Mean family KD at emergence across all treatments (standardized by TUs) was 290 

significantly influenced by population (F3,56=3.124, p-value=0.033), and a significant interaction 291 
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effect was also detected (F3,56

D  295 

=3.66, p-value=0.017).  This analysis included fry that emerged 292 

prematurely in terms of development level in order to capture a more complete representation of 293 

family variation in emergence phenotype (Fig. 7). 294 

Coupled measures of behavior (emergence timing) and morphology (length and weight at 296 

emergence) are needed to describe an overall emergence phenotype for salmon.   Observations 297 

about emergence phenotype allow us to assess ecologically and evolutionarily meaningful 298 

differences within and among populations of Chinook salmon during this key life history 299 

transition.  Moreover, given that incubation temperatures directly alter both emergence timing 300 

and physical condition at emergence (Skoglund et al., 2011), population responses need to be 301 

assessed within a reaction norm paradigm (Hutchings, 2011).  Therefore, we examined 302 

emergence phenotype across a range of temperatures, and explicitly placed emergence phenotype 303 

within a framework that explored interactions between genetics and environmental conditions (G 304 

x E).   305 

Our results clearly demonstrate differences in emergence phenotype between populations 306 

of spring Chinook salmon and even between families within populations.  Fry from Santiam and 307 

Yakima populations accumulated more TUs before emergence than fry from Clackamas and 308 

McKenzie populations.  Fry from Clackamas and McKenzie populations also tended to have a 309 

higher KD at emergence.  Thus, emergence phenotype varied along an axis of early emergence 310 

with high KD and later emergence with low KD. Furthermore, the degree of difference in 311 

emergence phenotype between populations varied with incubation regime, with greater 312 

differences between populations at warmer temperatures.  This combined evidence suggests that 313 

a G x E interaction shapes emergence phenotype among populations across temperature regimes.   314 

 315 

The need to sustain or re-build salmon populations that live in thermally altered streams 316 

has generated questions about how early development is affected by these changing 317 

environments.  Specifically, the effects of temperature variation on early development might 318 

ultimately influence population sustainability (Angilletta et al., 2008; Steel et al., 2012).  This 319 

study responds to these questions by integrating measures of behavioral emergence and physical 320 

condition within variable thermal regimes that mimic natural environments. We expand on 321 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Fuhrman et al. 2016 

This article is protected by copyright. All rights reserved 

earlier experiments that demonstrated the dependence of emergence traits on both temperature 322 

and genetics (Table 1) by assessing emergence, in addition to hatch timing at both the population 323 

and family level.  The timing of transition from embryo to alevin within the gravel is a key 324 

developmental milestone, but likely does not have as much impact on survival as the transition 325 

from alevin to free swimming fry. We also used seasonally variable thermal regimes in addition 326 

to constant temperatures for our experiment.  The importance of this feature is that the embryo to 327 

alevin transition typically occurs during the autumn prior to large winter decreases in 328 

temperature.  Thus, much of the impact of varying temperature regime occurs during the alevin 329 

stage and not during the embryo stage.  It is well known that cold temperatures during early 330 

development (fertilization to eyed embryo) may be lethal (Murray & McPhail, 1988).  331 

Ecologically pertinent emergence phenotype data will only be produced if environmentally 332 

realistic thermal regimes are matched to temporally realistic development stages.  Furthermore, 333 

our analysis determined that the correlation between hatch timing and emergence timing may 334 

depend on temperature regime and population of origin.  335 

Selection on emergence phenotypes 336 

Synchronicity of emergence timing within populations has been hypothesized to result 337 

from selection against the behavior of emerging “too early” or “too late” through mortality due 338 

to either predation or starvation associated with varying seasonal environmental and ecological 339 

conditions (Brannas, 1995; Einum & Fleming, 2000). Implicit within this hypothesis is that 340 

optimal emergence timing will vary with differing thermal environments (Brannon, 1987).  Our 341 

results show that at the time of emergence, morphology is not fixed (Fig. 3). Therefore, 342 

emergence behavior could be the product of a trade-off between energy reserves and 343 

development stage (LeLong, 2008).  Thus our conceptualization of selection on the timing of 344 

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

Our results show that degree of yolk sac depletion and abdominal body wall fusion at emergence 346 

varied between individuals, families, and populations and this variance increased at warmer 347 

temperatures.  Such morphological differences undoubtedly influence a fry’s ability to swim and 348 

thus elude predators, compete for territories and capture prey.  The ultimate significance of these 349 

morphological differences awaits experiments explicitly testing for morphological effects on fry 350 

swimming performance and/or growth. 351 
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Family variation in emergence phenotypes 352 

Family level variation in emergence traits within populations has also been observed 353 

(Burt et al., 2011; Beacham & Murray 1985,1986; Beckman et al., 2008; Steel et al., 2012). In 354 

our experiment, the strongest indicator of family level variation was the tendency for individuals 355 

from certain families to emerge with a large amount of visible yolk sac still remaining.  Pre-356 

mature emergence represents an unexpected phenotype; a large amount of yolk present at the fry 357 

stage clearly hinders swimming and predator avoidance (Fresh & Schroder, 1987).  Moreover, 358 

these fry obviously have neither the need, nor ability to feed.  In natural environments, pre-359 

maturely emerging fry could exit the water column and re-enter benthic gravels; thus pre-mature 360 

emergence might represent a brief interlude during early development rather than a mal-adaptive 361 

behavior.  Unlike emergence in natural environments, our experimental apparatus did not permit 362 

re-entry into benthic substrates and thus may not represent ecological reality.  Nevertheless, the 363 

distinct family difference in pre-mature emergence behavior suggests that the behavior could be 364 

genetically derived and may predispose these animals to brief periods of predation exposure.  365 

Egg size and the emergence phenotype 366 

A robust literature documents both family and population level differences in egg size 367 

among salmonids (Beacham & Murray, 1990; Fleming & Gross, 1990; Beacham & Murray, 368 

1993) as well as the ecological and evolutionary basis for these differences (Einum et al., 2004). 369 

Egg size also has a significant effect on the emergence phenotype. The observed positive 370 

relationship between egg size and fry weight at emergence was expected because larger eggs are 371 

documented to produce heavier fry (Beacham & Murray, 1990).  Given the strong effect fry size 372 

has on post-emergent ecological success in establishing territory (Chapman, 1962), egg size 373 

needs to be considered as an essential factor affecting the emergence phenotype. However, the 374 

weak relationships between egg weight and KD at emergence and between egg weight and 375 

emergence timing suggests that additional factors beyond egg size influence the emergence 376 

phenotype. 377 

There was a significant effect of incubation temperature on fry length; fry from warmer 378 

incubation regimes were shorter at emergence than fry from the same family incubated at cooler 379 

temperatures.  This temperature effect on length at emergence could be due to relative increases 380 

in metabolic demand at warmer temperatures as opposed to cooler temperatures, leaving less 381 
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energy to support growth at warmer temperatures. Earlier research has shown that incubation 382 

temperature is a critical factor in determining alevin length (Beacham & Murray, 1990).  383 

Furthermore, Hendry et al. (1998) and Jensen et al. (2008) both demonstrated that temperature 384 

effects on metabolic rate could vary between populations as fry developed most efficiently at 385 

temperatures that mirror their local thermal environment. More focused research on metabolic 386 

rate, yolk utilization, and growth under different thermal regimes would help clarify the link 387 

between metabolic rate and emergence timing reported in studies of brown trout (Regnier et al., 388 

2012) and Atlantic salmon (Metcalf et al., 1995). 389 

 390 

Variation in emergence timing, both in terms of TUs and calendar days, for button-up fry was 391 

evident within families across thermal regimes. In comparing the natural to below dam regimes 392 

for example, individual family means differed anywhere from 65 TUs earlier to 77 TUs later in 393 

the natural thermal regime. These temperature unit discrepancies translated to a difference across 394 

families in calendar date ranging from 28 to 54 days later in the natural regime (Fig. 6). In this 395 

experiment, fertilization and egg incubation began for all fry during the same week, and we still 396 

observed significant variation in TUs to emergence within families. It is important to note that 397 

spawning in hatcheries may span up to a month in some cases, and natural spawning periods 398 

could extend even further.  Considering that early and late spawning adults are somewhat 399 

reproductively isolated and that selection may act differently over the course of a season (Hebert 400 

et al., 1998), a compelling argument can be made for adaptive variation in emergence timing 401 

within populations (Hendry & Day, 2005).   402 

Emergence time of individual fry is informative and relatively easy to quantify, but the 403 

overall emergence period of a group might be a more useful metric to estimate responses to 404 

smaller scale ecological events, like short spikes in temperature, increases in flow, or changes in 405 

food availability. Preliminary observations of our data on emergence period duration by family 406 

point to significant differences among populations both within and across temperature treatments 407 

(Tillotson, 2015).  Research on fry emerging from redds in the wild suggests that the tradeoff 408 

between first access to territory and exposure to predators favors a more compressed emergence 409 

period (Gustafson-Marjanen & Dowse, 1983; Garcia De Leaniz et al., 2000). Duration of 410 

emergence period is very likely under selection in the wild, but it is not a trait that contributes to 411 
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fitness in a hatchery, because emergence behavior does not exist in a hatchery environment.  The 412 

decoupling of morphological and behavioral aspects of emergence in a hatchery population may 413 

relax selection for synchronous emergence.   414 

 415 

TUs are often used to standardize the thermal experience of salmon embryos during the 416 

course of their development before emergence.  However, Steel et al. (2012) suggest that the rate 417 

of temperature delivery (variable vs. constant) even at the daily time scale may be an important 418 

factor influencing an individual’s developmental trajectory.  In order to compare physical 419 

attributes of populations across different environments in a reaction norm framework, it seems 420 

appropriate to use TUs as a continuous environmental variable, while remembering that the 421 

actual calendar dates on which these thermal units were accumulated varies considerably 422 

between treatments.  In this sense, we can compare population differences in KD at low or high 423 

TUs, and also connect those TUs to a calendar date for each treatment.  This approach will help 424 

when contextualizing the life history tradeoffs for each emergence phenotype.   425 

Using this method to compare all four populations shows two distinct patterns (Fig. 7).  426 

First, Clackamas and McKenzie show a definite negative correlation between TUs to emergence 427 

and KD.  In warmer regimes, they emerged earlier in terms of TUs and had relatively high KD. 428 

For Santiam and Yakima populations, TUs to emergence had only a slightly negative effect on 429 

KD.  Based on this reaction norm, one could predict that warmer temperatures would have a 430 

greater effect on the emergence phenotype of Clackamas and McKenzie populations because not 431 

only would they emerge early (fewer TUs) with more yolk remaining, but this would occur much 432 

earlier in the calendar year (December or January).  It seems possible that the differing 433 

emergence phenotypes of Clackamas and McKenzie fry at warmer temperatures, as compared to 434 

Yakima and Santiam fry, could have fitness and survival consequences.   The potential factors 435 

that have shaped these differences in emergence phenotype are many, including founder effects, 436 

thermal regime during incubation, and post-emergence growth opportunities.  It is also 437 

potentially significant that gametes from all populations were sourced from hatchery programs. 438 

 439 
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Selective conditions in hatchery environments are quite different than those experienced 440 

by wild populations.  First, fry do not generally emerge volitionally in a hatchery; rather, they are 441 

directly transferred from rearing trays to larger tanks, troughs or ponds based on a visual 442 

assessment of the fry’s ability to swim and feed and/or at a fixed number of TUs.  Thus, behavior 443 

(emergence from the gravel) and physical condition at emergence are disassociated in a hatchery 444 

environment.  In addition, at ponding (transfer from incubation tray to raceway or tank) fry are 445 

fed to satiation in an environment with no predators, which results in the majority of fish 446 

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

development rate (Fraser et al., 2010; Smoker, 1986) because of unnatural temperatures (usually 448 

warmer) experienced by salmon embryos during incubation.  Discriminating between the effects 449 

of domestication due to relaxation of selection at the free-swimming fry stage and potential 450 

domestication due to altered thermal regimes would require comparative measurements with 451 

wild-type fry, and could be of great value in understanding the limitations and potential of using 452 

hatchery stocks for re-introduction into natural environments.   453 

Within the populations we examined, the Yakima River population has experienced the 454 

least amount of potential hatchery-induced domestication.  The program was initiated relatively 455 

recently (1997) and only used naturally produced adults as broodstock (Fast et al., 2015).  This 456 

practice eliminates the potential for successive generations of domestication.  The populations 457 

from the Willamette River have a longer history of hatchery propagations and have varying and 458 

hard to assess degrees of broodstock integration with naturally produced adults.  Nevertheless it 459 

is interesting to note that the emergence phenotypes of Yakima and Santiam populations are 460 

similar.  There have been a number of studies documenting differences between hatchery and 461 

wild populations due to early rearing environment (Berejikian et al., 1996; Metcalf et al., 2003) 462 

and some studies have suggested that the fitness of domesticated hatchery populations in natural 463 

conditions is reduced as compared to wild populations (Berejikian & Ford, 2004; Williamson et 464 

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

whether differences in early life history contribute to differences in fitness.   466 

 467 

We found that the amount of phenotypic variation in emergence timing and condition at 468 

emergence is population and, in some cases, family specific.  Our findings are consistent with 469 
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results from earlier studies, which suggest that there is an interaction between genotype and 470 

thermal regime during early development (Table 1).  These data will help us understand and 471 

interpret changes to emergence patterns for populations that inhabit river systems with altered 472 

temperature and flow patterns. 473 

Temperature changes will create challenges for salmon populations during the spawning, 474 

development, and migration phases of their life cycle. Studies of systems with dams have clearly 475 

shown that these challenges result in population declines. We estimate that salmon in systems 476 

impacted by climate change will display similar negative responses. After examining issues 477 

related to the effects of thermal regime patterns on emergence phenotype, it is clear that there are 478 

three major focus areas where additional research could improve our understanding and further 479 

inform management decisions. These areas are: 1) the relationship between metabolism and 480 

emergence behavior, specifically the important factors determining when an alevin is 481 

physiologically competent to emerge; 2) the relative influence of percent natural origin 482 

broodstock in a hatchery program in determining the amount of variation in emergence timing at 483 

the population level; 3) the influence of emergence phenotype on fry growth, especially in 484 

situations with added environmental stress such as food limitation, predation, and/or high flow. 485 

Deciphering the complexities of the relationship between temperature, metabolism, and growth, 486 

and how the relationship might differ between populations may require constant metabolic 487 

monitoring of embryos and fry during incubation.  488 
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Table 1.  Summary review of methods used in previous studies comparing salmon development at various temperatures
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Author(s), 

Location Year Species

Questions/

objectives

Heming,

BC, Canada
1982 Chinook

Yolk conversion 

efficiency at 

different 

temperatures

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Beachum & Murray

BC, Canada
1986 Pink

Local adaptation 

of development 

rate
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

Beachum & Murray

BC, Canada
1987 Chum

Manipulation of 

thermal regimes 

at different 

development 

stages

! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Beachum & Murray

BC, Canada
1987

Chum/

Chinook

Development rate 

under varying 

temperature 

regimes

! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Beachum & Murray

BC, Canada
1989

Sockeye/

Chinook

Spatial 

divergence of 

stocks due

to incubation 

temperature 

differences

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Beachum & Murray

BC, Canada
1990 Coho

Genetic and 

environment 

(temp) effects on 

development rate

! ! ! ! ! ! ! ! ! ! ! !

*
Konecki et al.

WA, USA
1995 Coho

Family and 

population 

differences in 

development rate

! ! ! ! ! !

*
Hendry

WA, USA
1998 Sockeye

Local adaptation 

of development 

rate
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Kinnison et al.

New Zealand & 

CA, USA

1998 Chinook

Population 

differences in

emergence time
! ! ! ! ! ! ! ! ! ! ! ! ! ! !

Fry metrics 

(at emergence)

Developmental 

Milestone 

Measurements

Genetic

Scale

Egg/

Alevin 

Housing

Alevin metrics 

(at hatch)

Incubation 

Temp(s)
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Author(s), 

Location Year Species

Questions/

objectives

*
Berg & Moen

Norway
1999 Atlantic

Family and 

population 

differences

in development 

rate

! ! ! ! ! !

Ojanguren et al.

Spain 
2003 Brown trout

Thermal 

tolerance/survival

development rate 
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Jensen et al.

Denmark 
2008 Brown trout

Local adaptation 

to changing 

temperatures
! ! ! ! ! ! ! !

*
Skoglund

Norway
2011 Atlantic

Physical condition 

at emergence ! ! ! ! ! ! ! ! ! !

*
Whitney et al.

BC, Canada
2013 Sockeye

Thermal tolerance 

limits/ 

survival threshold
! ! ! ! ! ! ! !

*
Steel et al.

WA, USA
2013 Chinook

Effects of 

temperature 

variation during 

incubation on 

emergence timing 

across families

! ! ! ! ! ! ! ! ! ! ! ! ! ! !

*
Tillotson et al.

OR & WA, USA
2015 Chinook

Temperature 

induced

phenotypic 

plasticity in 

emergence 

characteristics 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

  * Indicates the authors detected interaction effects between incubation environment (temperature) and genetics.
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