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Abstract

An important unresolved question is how populations of coldwater-dependent
fishes will respond to rapidly warming water temperatures. For example, the cultur-
ally and economically important group, Pacific salmon (Oncorhynchus spp.), experi-
ence site-specific thermal regimes during early development that could be disrupted
by warming. To test for thermal local adaptation and heritable phenotypic plasticity
in Pacific salmon embryos, we measured the developmental rate, survival, and body
size at hatching in two populations of sockeye salmon (Oncorhynchus nerka) that
overlap in timing of spawning but incubate in contrasting natural thermal regimes.
Using a split half-sibling design, we exposed embryos of 10 families from each of
two populations to variable and constant thermal regimes. These represented both
experienced temperatures by each population, and predicted temperatures under
plausible future conditions based on a warming scenario from the downscaled global
climate model (MIROC A1B scenario). We did not find evidence of thermal local
adaptation during the embryonic stage for developmental rate or survival. Within
treatments, populations hatched within 1 day of each other, on average, and among
treatments, did not differ in survival in response to temperature. We did detect
plasticity to temperature; embryos developed 2.5 times longer (189 days) in the
coolest regime compared to the warmest regime (74 days). We also detected varia-
tion in developmental rates among families within and among temperature regimes,
indicating heritable plasticity. Families exhibited a strong positive relationship
between thermal variability and phenotypic variability in developmental rate but
body length and mass at hatching were largely insensitive to temperature. Overall,
our results indicated a lack of thermal local adaptation, but a presence of plasticity
in populations experiencing contrasting conditions, as well as family-specific herita-

ble plasticity that could facilitate adaptive change.

KEYWORDS
Bristol Bay, climate change, developmental phenology, gene x environment, hatching,

Oncorhynchus nerka, phenotypic plasticity, reaction norm

Published 2017. This article is a U.S. Government work and is in the public domain in the USA.

Glob Change Biol. 2017;1-15.

wileyonlinelibrary.com/journal/gcb | 1


http://orcid.org/0000-0003-0787-2218
http://orcid.org/0000-0003-0787-2218
http://orcid.org/0000-0003-0787-2218
http://wileyonlinelibrary.com/journal/GCB

SPARKS ET AL.

* | wiLey- I

1 | INTRODUCTION

In many organisms, the timing of breeding and early life history
development is closely tied to temperature, and thus changes in the
thermal environment can have profound ecological and evolutionary
consequences (Haugen & Vgllestad, 2000; McPhee, Noakes, &
Allendorf, 2012; Merila & Hendry, 2014; Stillwell & Fox, 2005).
Often phenology, or the timing of life history events such as birth,
migration, or breeding, is shaped by both environmentally induced
phenotypic plasticity and heritable mechanisms (Crozier et al., 2008;
Gienapp, Teplitsky, Alho, Mills, & Merila, 2008; Gienapp et al., 2013;
Reed, Schindler, & Waples, 2011). For the environmentally induced
components of these life histories, theory predicts that plasticity
may be lost in homogenous environments (Hutchings, 2011; Oomen
& Hutchings, 2016). In order to test the relationship between the
environment and life history expression, experiments quantifying
local adaptation and plasticity have been conducted using many taxa
(e.g., Aday, Wahl, & Philipp, 2003; Walsh & Post, 2012) and are
commonly used to test thermal adaptation and plasticity within
ectothermic organisms such as coldwater fishes (e.g., Haugen, 2000;
Jensen et al., 2008). However, studies that explore the potential
responses by coldwater-dependent populations to warming water
temperatures have only recently garnered much attention (see
Drinan et al., 2012; Whitney, Hinch, & Patterson, 2013, 2014) and
often lack naturally variable regimes.

For salmonid fishes (i.e., salmon and trout), embryonic develop-
mental rates and thus the timing between fertilization, hatching, and
emergence are largely governed by the ambient temperature regime
(Beacham & Murray, 1990; Haugen & Vgllestad, 2000; Quinn, 2005).
Consequently, local, habitat-specific temperature regimes are associ-
ated with the timing of reproduction. Typically, populations in cold
environments tend to spawn earlier in the season than populations
in warmer environments (Brannon, 1987; Brannon, Powell, Quinn, &
Talbot, 2004; Hodgson & Quinn, 2002). As with most salmonids,
sockeye salmon (O. nerka) experience the majority of lifetime mortal-
ity between the period when eggs are fertilized and buried in the
gravel to when juveniles emerge as free-swimming fish (Quinn,
2005). This period is therefore subject to selection on early life his-
tory traits and adult spawning times. Given the strong relationship
between temperature, spawning timing, and embryonic development,
rapid ecosystem-level temperature change could markedly affect
physiological rates and survival during early life stages in salmonids
(Angilletta et al., 2008; Beacham & Murray, 1990; Karjalainen, Keski-
nen, Pulkkanen, & Marjomaki, 2015; Steel et al., 2012; Whitney
et al., 2014).

Mirroring patterns observed across the range of sockeye salmon
(Hodgson & Quinn, 2002), Bristol Bay populations tend to spawn
earlier in colder habitats and later in the season in warmer ones (Lisi,
Schindler, Bentley, & Pess, 2013). Spawning timing for sockeye sal-
mon is thought to reflect local adaptation to the prevailing thermal
regime such that juveniles hatch and emerge when conditions are
suitable the following spring, given the long-term average tempera-
ture profile of the sites (Brannon, 1987; Hodgson & Quinn, 2002;

Kinnison, Unwin, & Quinn, 2008). Additionally, spawning timing may
also reflect the signature of selection acting on adults during the
breeding season (Larson, Seeb, Dann, Schindler, & Seeb, 2014).
Bristol Bay sockeye salmon spawn in habitats with various thermal
regimes including small streams, rivers, lake and island shores, and
spring-dominated ponds (Blair & Quinn, 1991; Lisi et al., 2013;
Quinn, Wetzel, Bishop, Overberg, & Rogers, 2001) and these spawn-
ing habitats that drain into common juvenile salmon nursery lakes
can occur in close proximity on the landscape. Yet, these sites,
although being geographically close, may differ in thermal regimes
and sensitivity to climate warming, given site-specific characteristics
such as the extent of snow melt vs. rainwater contribution (Lisi,
Schindler, Cline, Scheuerell, & Walsh, 2015; Sparks, 2016). Given
site-specific responses, populations may experience abrupt change
(or lack of change) in their incubation environment given a warming
climate.

Fine-scale adaptation in developmental rates of populations that
rear in different thermal regimes but share common nursery areas
seems likely (Hendry, Hensleigh, & Reisenbichler, 1998; Quinn, Hen-
dry, & Wetzel, 1995; Quinn et al., 2001). But, there is far more evi-
dence for population-specific adaptation of spawning time (e.g.,
Brannon, 1987; Hodgson & Quinn, 2002; Kinnison et al., 2008), as
opposed to developmental rates, which appears to respond less to
selection (Beacham & Murray, 1990; Kinnison et al., 2008). While
populations tend to exhibit less local adaptation in developmental
rates than spawning time, recent work testing the effect of incuba-
tion thermal regime variability on development rate and emergence
size found genetic differences at both the family (Dammerman, Stei-
bel, & Scribner, 2016; Steel et al., 2012) and population levels (Fuhr-
man, Larsen, Steel, Young, & Beckman, 2017). Furthermore, studies
testing these factors often lack direct comparisons of populations
experiencing contrasting natal thermal regimes within shared sys-
tems, rarely take place in high latitude habitats experiencing more
rapid and extreme change, and poorly account for plausible predic-
tions of climate change because of the use of thermal treatments
that lack natural variability or represent temperatures unlikely to be
experienced in nature.

The overarching goal of this study was to test for the presence
and extent of thermal adaptation and plasticity in developmental
rates and larval morphology for two high latitude, spatially proximate
populations of sockeye salmon that experience very different ther-
mal regimes (one a descending variable and initially warmer regime,
and the other initially cooler and constant regime). The primary goal
was to assess potential responses to water temperatures under
experienced temperature regimes and plausible scenarios of global
change. Using a common garden experimental approach that incor-
porated both natal thermal regimes and specific predictions for these
regimes given global climate scenarios, our specific objectives were
to: (i) quantify population- and family-level heritable (plasticity) dif-
ferences in developmental rates (i.e., hatching time) within and
among temperature regimes, (ii) test for local adaptation to incuba-
tion temperature by comparing embryo survival between natal and

foreign temperature regimes, and (iii) quantify population- and
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family-specific responses in size at hatching (length and mass) across
temperature treatments. Given presumptions of thermal adaptations,
we expected that populations and families would have the highest
survival in natal temperature regimes and lower survival in regimes
of the foreign environment for treatments representing experienced
conditions. Similarly, we expected the population from the warmer
and more variable environment to be better adapted (higher survival,
more plastic development) to future warming scenarios given its
natal thermal environment. Furthermore, we expected population-
and family-specific differences in time needed to hatch to be indica-
tive of heritable developmental rates. Additionally, we expected to
observe greater plasticity in hatch timing and size at hatching (length
and mass) from the population that spawns in a variable thermal
habitat (Hutchings, 2011; Oomen & Hutchings, 2016). Finally, we
expected that larvae would be smaller at warmer temperatures
owing to increased metabolic costs at higher temperatures (Beau-
champ, 2009; Quinn, 2005) from physiological processes such as
reduced yolk conversion efficiency (sensu Atkinson, 1994; Atkinson
& Sibly, 1997).

2 | MATERIALS AND METHODS

2.1 | Study populations and experimental animals

The many large lake systems of Bristol Bay, Alaska support the
world’s most abundant wild sockeye salmon populations—for exam-
ple, 59.1 million adult salmon returned to the nearshore waters in
2015 (Jones et al., 2016). Populations of salmon within Bristol Bay
watersheds generally overlap in their timing of entry to freshwater
(Doctor, Hilborn, Rowse, & Quinn, 2010; Jensen & Mathisen, 1987),
but spawn asynchronously over several months (Lisi et al., 2013;
Schindler et al., 2013). The two focal populations of sockeye salmon
in this study both spawn in early to mid-August only a few kilome-
ters from each other, but in starkly contrasting thermal regimes. The
Woody Island population spawns along beaches in the wind-driven
surface waters of lliamna Lake (Leonetti, 1997; Olsen, 1964), result-
ing in a thermal regime that is warm (~13°C) during the spawning
season but then rapidly cools as the lake cools and (in most years)
freezes during the incubation period (Adkison, Ward, & Quinn, 2013;
Sparks, 2016). In contrast, the Pedro Bay Pond population (8.5 km
away straight line distance from Woody Island) spawns in a series of
small spring-fed ponds and streams, flowing into lliamna Lake. These
embryos develop in water that remains at a near constant tempera-
ture (~4°C during the incubation period), thus is cooler initially, and
then milder in the middle of the winter than the Woody Island popu-
lation. The “Pedro Ponds” experimental families for our study were
created from parents collected in one of these ponds (referred to as
‘Big Pond’ in Quinn, Rich, Gosse, and Schtickzelle (2012)), but
referred to as Pedro Ponds hereafter for simplicity and because it is
a representative spawning habitat in this pond network (Quinn, Volk,
& Hendry, 1999; Quinn et al., 2012).

Despite temporal overlap in spawning period and geographical

proximity, the two populations are largely reproductively isolated
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owing to natal homing behavior (Blair & Quinn, 1991; Quinn et al.,
1999). Spatial isolation, coupled with presumed differences in selec-
tion pressures on the spawning grounds, likely explains observed
phenotypic (Blair, Rogers, & Quinn, 1993) and genetic differences
between these populations (Gomez-Uchida et al., 2011).

On August 12, 2015, gametes from 10 females and 20 males
from each of the Woody Island and Pedro Bay Ponds populations
were stripped and fertilized in the field (Table 1). A single female
was stripped of eggs into a fertilization basin and then two males
were stripped of milt concurrently, creating a half-sib family. Here-
after we refer to each half-sibling unit simply as a “family” and
abbreviate them as W1-W10 for Woody Island families and P1-P10
for Pedro Ponds families in our experiment. All families were trans-
ported separately and incubated in isolation from other families in
the experiment from that point on. Our experimental design of mat-
ing two males with a single female (half-sibling families) emulated
the breeding system of sockeye salmon, where multiple males fre-
quently mate with a single female (Esteve, 2005), and also reduced
the chances of fertilization failures. Additionally, this mating strategy
can result in sperm competition, which leads to some unknown
within-family variability. Fertilized ova were disinfected with a 100:1
ovadine solution, and allowed to water harden for 60 min before
being individually bagged by family and put in chilled coolers (to
maintain ~10°C). Fertilized eggs were flown directly to the University
of Alaska Fairbanks.

2.2 | Thermal laboratory experiments

Within 12 h of fertilization, the 10 families from each population
were placed into vertical incubators and exposed to a suite of five
temperature treatments (see details in next section). Each incubator
was supplied by a recirculating supply of 375 L of oxygen-saturated
water at an average flow of 18 L/s (Table 2). Approximately, 100
150 fertilized ova per family were placed into each of four replicate
(per experimental apparatus) 7.62 cm diameter x 6.35 cm tall PVC
containers with screened bottoms. Each of the four replicated con-
tainers were then haphazardly placed into four trays at different
levels of the incubator (one in each tray) such that all families from
all populations experienced every tray to control for any subtle vari-
ation in temperature as water flowed from top to bottom of the
apparatus. Embryos were maintained in constant darkness and sam-
pled under red light.

TABLE 1 Average male and female length (SD), and egg mass (SD)
specific to the two populations of Bristol Bay, Alaska sockeye
salmon used in this study, each represented by 10 families (10
males, 20 females for each population). Length was measured from
mid-eye to hypural plate. Egg weight was measured postfertilization
and water-hardening

Male length Female length
Population (mm) (mm) Egg mass (g)
Woody Island 443.1 (29.5) 436.1 (22.3) 0.138 (0.013)
Pedro Ponds 453.1 (26.6) 465.4 (16.6) 0.113 (0.009)
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TABLE 2 Summary environmental characteristics for five experimental temperature treatments. Observed mean temperature, coefficient of
variation, median and predicted days to hatch? conductivity, dissolved oxygen, and flow are shown. Average temperature and coefficient of
variation were measured to the treatment-specific median day to hatch

Median days
Treatment Mean temp °C cv to hatch
WI_MIROC 10.14 0.20 74
WI_AVG 9.10 0.28 82
PP_MIROC 7.26 0.02 100
WI_Cold 5.42 0.58 118
PP_AVG 2.83 0.03 189

Predicted days

?Predictions were made using a model from Beacham and Murray (1990).

2.3 | Temperature treatments

We exposed developing embryos to five either constant or variable
(variability measured as CV of temperature) temperature treatments
(summarized in Table 2, Figure 1) that reflected conditions that the
two populations would have experienced in their local natal sites
(home conditions), if individuals had strayed among sites (foreign
conditions, Sheridan, 1962), and might experience under a scenario
of climate warming at each site. Specifically, the following five treat-
ments were: (i) WI_AVG: the long-term averages of observed data
(1990-1992, 2000-2010) experienced by the Woody Island popula-
tion during each day over incubation; (ii) WI_Cold: the 2004 temper-
ature regime, which was the coldest experienced by the Woody
Island population over the same period and allowed for a broader
range of variable temperatures, as WI_MIROC (see below) and
WI_AVG were somewhat similar; (iii) PP_AVG: the average tempera-
ture (constant 4°C, although the treatment actually averaged 2.8°C
based on the ability the chiller unit was able to cool water) experi-
enced by the Pedro Ponds population; (iv) WI_MIROC: a regime rep-
resentative of downscaled climate change predictions in the warmest
year of the 2090s for the 0.5 x 0.5 degree grid centered around the
Woody Island region of lliamna Lake generated using the MIROC
global climate model (A1B emissions scenario, Sparks, 2016); and (v)
PP_MIROC: a simplistic climate change scenario for the Pedro Ponds
population that predicts water temperature in the Ponds will approx-
imately double to a constant 8°C based on projections (approximate
average annual air temperature for the region) from the MIROC
model (Table 2, Figure 1) (Sparks, 2016).

The model used to predict future scenario for Woody Island was
a generalized additive model created using the relationship between
the 3-day rolling average of observed daily maximum air temperature
and observed daily lake temperature (1990-1992, 2000-2010),
which had the best fit of any rolling average model we tested (GAM,;
Rzad,- = 0.814). Lake temperatures for 2099 were forecasted using
the same model but based on 0.5 x 0.5 degree resolution daily max-
imum air temperature predictions under the MIROC A1B scenario,
which reflected the most extreme regime forecasted among many
climate models and scenarios (CIG, 2015). In turn, the future sce-
nario for the Pedro Ponds was created using approximate average

annual air temperature for the region using those same predictions.

to hatch? Conductivity (uS) DO (mg/L) Flow (L/s)
65 42.8 9.36 0.14
68 18.9 9.66 0.17
87 19.0 10.27 0.23
97 36.1 10.54 0.14
160 14.5 11.34 0.22
15 Treatment
WI_MIROC
12
06 —— WI_AVG
o 9 - —— PP_MIROC
S
5 \
o —— WI_Cold
6 -
Q
& PP_AVG
'_
3 -
0 -

1 1 1 1 1 1 1
Sep Oct Nov Dec Jan Feb Mar

Date

FIGURE 1 Mean daily temperatures for five experimental
treatments in which two Bristol Bay, Alaska sockeye salmon
populations were reared over the course of the study. Regimes
ended after all fish in each treatment hatched. See text for details
regarding treatments.

This was a more simplistic assumption of future temperatures in the
Pedro Ponds, as the spring and groundwater dynamics have not
been studied, and meant to be a more general characterization for
groundwater systems throughout the region. For a more specific
discussion of exact methods, see Sparks (2016).

Temperatures in the experiment were recorded by HOBO Tid-
Bit recorders (15-min intervals, accurate to 0.2°C) placed in the
bottom tray of the apparatus and a hand thermometer was used to
measure daily temperature in each tray. Temperatures in the
WI_AVG, WI_Cold, and WI_MIROC treatments were adjusted each
day at 09:00 hr as needed to match the relative average daily tem-
perature for each treatment. Apparatuses were held in tempera-
ture-controlled rooms approximately 2°C above the warmest
treatment temperature.

2.4 | Experimental data collection

Dead embryos were removed from all treatments the first day after
transportation (these were considered transportation mortalities),
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after which all mortalities were recorded for analysis. Dead embryos
from treatments were removed on a weekly basis to avoid algal or
bacterial growth, except during periods of known developmental
sensitivity during the critical state of development between 80 and
100 ATUs (accumulated thermal units, sum of daily average temper-
ature; Quinn, 2005).

Hatching larvae, hereafter termed alevins, were removed from
the treatment and sacrificed in an overdose of tricaine methanesul-
fonate (MS-222) the day they hatched. On each day of sampling, the
first 25 individuals from each family in each treatment were weighed
to the nearest 0.001 g and then photographed using a Canon Rebel
T5i with a macro 50 mm lens in a standardized fashion. Photograph-
ing and weighing of alevins continued daily until 150 individuals per
family per treatment were sampled or all fish had hatched, after
which remaining hatching fish from that family and treatment were
sacrificed and preserved. Photographs were analyzed using Image)
software (https://imagej.nih.gov/ij/) to quantify mid-eye to hypural
length (0.001 mm). Measurements were made by using the same scale
in each photo (a ruler of 10 mm) that was used to translate pixels to
millimeters, this measurement was then reset for each photograph
(most photographs had multiple fish) so as to account for any move-
ment of the photographic apparatus. All photographs of sacrificed ale-
vins were taken immediately after they were sacrificed to avoid
preservation changing the shape of fish. To explore measurement
error, two measurers quantified body length of the same 50 images
and revealed an error of <3%, measurements were repeated by indi-

viduals a second time and revealed intrameasurer error of <1.5%.

2.5 | Data analysis

We used a well-established statistical model (Beacham & Murray,
1990) developed through experimental rearing of a number of differ-
ent populations of sockeye salmon in British Columbia, Canada to
estimate the number of days to hatch given the experimental ther-
mal regimes, and then compared them with the observed data in
each treatment (Table 2). The comparison was used to draw infer-
ences on the utility of using such a model outside of populations for
which it was developed and also to elucidate potential genetic differ-
ences in development among populations from different regions of
sockeye salmon habitat.

We fit a linear mixed effects model (Bolker, 2008; Bolker et al.,
2009) to quantify the contribution of population and family-level
effects on time until hatching following the general form:

Yi =0+ T+ Pk + L+ amiy + Tym) + & (1)

where y was the number of days until a given embryo (i) hatched, o
is the intercept, T was the fixed effect of temperature treatment j, P
was the fixed effect of population k, and L was the fixed effect of
the of the incubator level | (tray 1-4). Random effects included an)
as the random intercept for family m (nested within population k)
and was included to quantify how the treatment effect differs
among families, and Tjm¢) was a random treatment effect for family

m (nested within population k) and was included to represent how a
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given treatment affects the response among families and populations
to detect any underlying G x E response (gene x environment; a
differential heritable plastic response among families or populations).
Given the confounded effect of population and egg size (i.e., Woody
Island fish had larger eggs than Pedro Pond fish; Table 1), we
included only the former factor in analyses as previous work has
shown little influence of egg size on developmental rate (Beacham &
Murray, 1990).

This modeling approach was similarly used to analyze differences
in alevin mass and length among populations, families, and tempera-
ture treatments. All three models were fit assuming independent
Gaussian distributions for the residuals and for each of the random
effects after data were graphically confirmed to be normally dis-
tributed. Variability in survival was analyzed using the same form as
Equation (1), but with a logit link and binomial error distribution
given the binomial nature of the response variable (fish were coded
0 if they died and 1 if they lived to hatch). We fit 11 models of
varying complexity for each response variable, using all combinations
of fixed and random effects (using Equation 1 as the parent equa-
tion) and determined the most parsimonious models, based on BIC
(stats package, R Core Team, 2015). We considered models for
which the BIC exceeded that of the best model (lowest BIC) by more
than 4 to have had substantially lower evidence and thus limited
interpretation accordingly (Bolker, 2008; Burnham & Anderson,
2002). All analyses were done in Program R (R Core Team, 2015)
and mixed models were analyzed in the package Ime4 (Bates,
Maechler, Bolker, & Walker, 2015).

3 | RESULTS

3.1 | Population and family-specific hatch timing

Developmental rates (i.e., number of days needed to hatch) were
predominantly determined by temperature and did not vary between
populations. A model including fixed effects for temperature treat-
ment and tray level in the incubator, combined with a random treat-
ment effect for family nested within population, had the strongest
support in describing the observed patterns (Table S1). All popula-
tions and families exhibited plasticity in response to temperature,
evidenced by the fastest development in the warmest treatment
(WI_MIROC mean = 10.14°C, Table 3), and progressively slower
development as temperature decreased (Figures 2 and 3). The differ-
ence between average days to hatch between the two populations
was <1 d among treatments, indicating no difference in developmen-
tal time between the populations. Mean number of days to hatch
across both populations was 74 days (SD = 3.87) in the warmest
treatment (as measured by mean, WI_MIROC) and 189 d (SD = 5.45)
in the coldest treatment (PP_AVG) (Figure 2). The number of days
needed to hatch in the warmest treatment (WI_MIROC) was 8 d less
than the next warmest treatment (WI_AVG) and was 115 d less than
the coolest temperature treatment (PP_AVG).

Families differed in developmental rates both within and among

treatments (Figure 3). We detected evidence suggestive of a G x E
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response in developmental rates based on the inclusion of the ran-
dom treatment effect in the best model (Table S1). However, the
influence of the G x E effect was one or two orders of magnitude
less than the fixed temperature effect, in which variance ranged

from 1.5 to 3.3 d among families within treatments (Figures 3 and

TABLE 3 Parameter estimates for the best-supported linear
mixed effects model based on BIC estimates predicting days to
hatch for two populations of sockeye salmon from Bristol Bay,
Alaska

4). We also detected evidence that increasing thermal regime vari-
ability may be related to hatching variability across families (Table 3,
see random effects), as the variance of both random effects tended
to be largest in the most variable temperature treatments (Table 2,
see CV). Despite its inclusion in the top model, the estimated effect
of the incubator level was less than 1 day (our measurement scale
for development) and temperature varied by <0.3°C between the
topmost and lowermost incubator trays (cooler in the upper trays),
indicating almost no tray effect on the developmental time in this

experiment.

Population and family-specific survival

Survival did not vary among temperature treatments, but differed
markedly among families and populations. The top ranked model
included treatment as both a fixed effect and a random effect of
treatment for families nested within populations, combined with
population and family terms (the primary descriptors of survival;
Table S2, Table 4). Population-specific survival was 0.69 (SD = 0.24)
for the Pedro Bay Ponds population and 0.36 (SD = 0.34) for the
Woody Island population. Survival among families varied substan-
tially, ranging from 0.02 to 0.96 with a mean of 0.53, but was largely
consistent for a given family across treatments (Table 5). The highest
surviving family from the Pedro Ponds population was P5 (0.96,
SD = 0.04) and the lowest was P9 (0.06, SD = 0.02). Of the Woody
Island families, the W2 family experienced the highest survival (0.85,
SD = 0.09) and the W6 and W8 families experienced the lowest sur-
vival at (0.02, SD = 0.03 and 0.02, respectively).

3.3 | Responses in alevin mass and length

Based on the plots (Figure 5), alevin mass was primarily influenced

by family and population (Woody Island eggs were consistently

FIGURE 2 Box plots of days to hatch
by population across five temperature
treatments for two sockeye salmon
populations from Bristol Bay, Alaska. See
text for description of treatments.
Treatments are arranged in order from
warmest to coolest mean temperature.

Random effects Name Variance  SD
Family within population  TreatmentPP_AVG 493 2.22 3.2 |
TreatmentPP_MIROC 2.15 1.47
TreatmentWI_AVG 4.94 2.22
TreatmentWI|_Cold 10.71 3.27
TreatmentWI|_MIROC 3.31 1.82
Population TreatmentPP_AVG 0.00 0.00
TreatmentPP_MIROC 0.01 0.07
TreatmentWI_AVG 0.04 0.19
TreatmentWI_Cold 2.33 1.53
TreatmentWI|_MIROC 0.02 0.16
Residual 9.90 3.15
Fixed effects Estimate SE t value
(Intercept) 189.4 0.5 369.9
TreatmentWI_MIROC —115.3 0.4 —257.5
TreatmentWI_AVG —106.4 0.5 -197.8
TreatmentPP_MIROC —88.5 0.4 —246.8
TreatmentW!I_Cold -70.7 1.3 —-53.8
Tray2 -0.3 0.1 -3.6
Tray3 -0.8 0.1 -11.2
Tray4 -0.9 0.1 —-12.5
WI_MIROC WI_AVG PP_MIROC WI_Cold PP_AVG
250 1
200 % +
- i
E 150 1
: -
§ 100 1 . : H + + .
||
50 | : )
0
°c ¥ ¢ & & ¥ g & g %
g &8 & & & & & & F ¢
Population

Within boxes, dark bars represent the
median, solid lines the 25% and 75%
quantiles, whiskers the 5th and 95th
percentiles, and dots are outliers.
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larger across families, but variation among families caused
some overlap between populations, Table 1, Figure 5a) and var-
ied negligibly among temperature treatments. The best-sup-
ported model for alevin mass included treatment as the fixed
effect and family (egg weight) and treatment as the random
effect (Table S3), although the next best-supported model’s
ABIC was <4 and included the fixed population term, indicating
some support for a population effect. Given the rule of parsi-
mony, results suggest the population term is not contributing
based on inclusion or

markedly to parameter estimates
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exclusion of this factor. The outliers observed in Figure 5 may
account for why the population means are different, but not
significantly. Across all treatments and families, weight aver-
aged 0.105 g (Pedro Ponds was 0.097 SD = 0.012 and Woody
Island was 0.106 SD = 0.014) and the random variation attribu-
ted to population (variance = 0.000233) was an order of mag-
nitude greater than
0.000042),
weight were largely attributable to populations but not treat-
ment effects (Table 6, Figure 5b). The PP_AVG treatment had

random variation among families

(variance = indicating that differences in alevin
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the strongest, albeit very small, effect on mass across treat-
ments (—0.003 g) and fish tended to be marginally lighter as

treatments grew colder.

TABLE 4 Parameter estimates for best-supported generalized
linear mixed effects model based on BIC estimates predicting
survival for two populations of sockeye salmon from Bristol Bay,
Alaska

Random effects Name Variance SD
Groups Family:population (intercept) 3.00 1.73
TreatmentPP_MIROC 0.59 0.77
TreatmentWI_AVG 0.78 0.89
TreatmentWI|_Cold 0.77 0.88
TreatmentWI_MIROC 0.98 0.99
Population (Intercept) 1.30 1.14
TreatmentPP_MIROC 0.12 0.34
TreatmentWI_AVG 0.12 0.34
TreatmentWI_Cold 0.09 0.30
TreatmentWI|_MIROC 0.04 0.21
Fixed effects Estimate SE z value Pr(>|z|)
(Intercept) 0.30 0.77 0.39 0.70
TreatmentPP_MIROC -0.39 0.26 —1.47 0.14
TreatmentWI_AVG -0.32 0.28 -1.11 0.27
TreatmentWI_Cold —0.40 0.26 -1.51 0.13
TreatmentWI_MIROC —-0.42 0.25 —1.69 0.09

Similar to mass, differences in alevin body length were influenced
by population (egg weight) and treatment, as well as to a lesser
extent by tray level. The best-supported model included treatment
and tray as fixed effects and treatment as the random effect
(Table S4). The global average length was 19.2 mm with the random
effects of population (SD = 0.46) and family (SD = 0.36). The aver-
age length among all individuals was 18.99 mm (SD = 0.75), and the
Pedro Ponds population was shorter on average (18.64 mm,
SD = 0.74) than the Woody Island population (19.12 mm,
SD = 0.72). Treatment effect ranged from —0.5 to 0.08, where the
trend was for treatments with a colder mean to have shorter lengths
(Table 7, Figure 5a). On average, body length was 6.5% longer in the
warmest mean treatment (WI_MIROC) compared to the coolest
mean treatment (PP_AVG), but fish were longest (by 0.08 and
0.05 mm, respectively) in the two intermediary treatments (WI_AVG
and PP_MIROC). Finally, the tray effect ranged from 0.03 to 0.15,
where fish tended to be longer in lower (slightly warmer) trays.

3.4 | Thermal variability and hatch timing

We detected a positive relationship between increasing thermal
regime variability (CV) and increasing variability in hatch timing
(number of days from 10% to 90% hatched). The least variable
treatments (PP_AVG and PP_MIROC, CV = 0.03, 0.02) were
among the lowest in number of days between 10% and 90%
hatched (10 and 7 d, respectively), whereas the most variable

TABLE 5 Mean proportional survival for each family of two populations of Bristol Bay, Alaska sockeye salmon exposed to a suite of five
temperature treatments over incubation. See text for details regarding treatments

Family PP_AVG PP_MIROC
P1 0.76 (0.04) 0.65 (0.08)
P2 0.78 (0.04) 0.68 (0.09)
P3 0.79 (0.07) 0.69 (0.05)
P4 0.75 (0.04) 0.73 (0.01)
P5 0.92 (0.03) 0.97 (0.03)
Pé6 0.75 (0.06) 0.83 (0.04)
P7 0.80 (0.07) 0.79 (0.04)
P8 0.65 (0.02) 0.54 (0.04)
P9 0.06 (0.04) 0.06 (0.02)
P10 0.76 (0.09) 0.81 (0.04)
wi 0.07 (0.03) 0.89 (0.08)
W2 0.74 (0.07) 0.81 (0.03)
W3 0.72 (0.08) 0.78 (0.04)
W4 0.23 (0.06) 0.23 (0.02)
W5 0.09 (0.02) 0.13 (0.04)
Wé 0.02 (0.04) 0.04 (0.03)
w7 0.40 (0.24) 0.31 (0.05)
w8 0.02 (0.00) 0.03 (0.02)
w9 0.06 (0.05) 0.13 (0.04)
w10 0.29 (0.05) 0.37 (0.05)

WI_AVG WI_Cold WI_MIROC
0.67 (0.08) 0.70 (0.05) 0.67 (0.03)
0.73 (0.08) 0.67 (0.06) 0.71 (0.08)
0.67 (0.03) 0.69 (0.08) 0.72 (0.05)
0.73 (0.04) 0.78 (0.06) 0.80 (0.03)
0.96 (0.03) 0.99 (0.01) 0.99 (0.02)
0.73 (0.26) 0.84 (0.03) 0.83 (0.04)
0.74 (0.11) 0.78 (0.06) 0.82 (0.02)
0.55 (0.05) 0.57 (0.03) 0.62 (0.05)
0.06 (0.02) 0.05 (0.01) 0.07 (0.02)
0.88 (0.01) 0.83 (0.03) 0.87 (0.03)
0.91 (0.02) 0.93 (0.05) 0.96 (0.02)
0.87 (0.11) 0.95 (0.04) 0.88 (0.03)
0.86 (0.04) 0.86 (0.02) 0.78 (0.02)
0.33 (0.05) 0.33 (0.04) 0.33 (0.08)
0.08 (0.02) 0.10 (0.04) 0.09 (0.04)
0.01 (0.02) 0.01 (0.01) 0.02 (0.03)
0.39 (0.11) 0.26 (0.06) 0.28 (0.04)
0.01 (0.01) 0.02 (0.02) 0.01 (0.01)
0.12 (0.07) 0.10 (0.01) 0.09 (0.03)
0.40 (0.04) 0.37 (0.06) 0.39 (0.04)
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FIGURE 5 Alevin length (a) and mass (b) as a function of population and treatment. Treatments are arranged from warmest to coolest
mean temperatures. Within boxes, dark bars represent the median, solid lines the 25% and 75% quantiles, whiskers the 5th and 95th

percentiles, and dots are outliers.

TABLE 6 Parameter estimates for the best-supported linear
mixed effects model based on BIC estimates predicting alevin mass
(g) for two populations of sockeye salmon from Bristol Bay, Alaska

Random effects

Groups

Fixed effects

(Intercept)

TreatmentWI_AVG
TreatmentPP_MIROC
TreatmentW!I_Cold
TreatmentPP_AVG

Name
Family:Population (Intercept)
TreatmentWI_AVG
TreatmentPP_MIROC
TreatmentW!I_Cold
TreatmentPP_AVG
Population (Intercept)
TreatmentWI_AVG
TreatmentPP_MIROC
TreatmentW!I_Cold
TreatmentPP_AVG
Residual
Estimate
0.108
0.000
—0.002
—0.001
—0.003

Variance
4.20E-05
1.00E-06
5.00E-06
1.00E-06
1.00E-06
2.33E-04
0.000
1.00E-06
0.000
0.000
2.80E-05
SE
0.011
0.000
0.001
0.000
0.000

SD
0.007
0.001
0.002
0.001
0.001
0.015
4.00E-05
0.001
7.00E-05
0.001
0.005
t value
9.940
—0.207
—2.285
—3.538
—7.520

treatment (WI_Cold, CV = 0.69) needed 16 d for the same hatch-
ing metric, and the next most variable treatment (WI_AVG,
CV = 0.43) needed 12 d. The correlation of these variables, albeit
with only five points of data (o = 0.05), resulted in the value of
r = .86 (Pearson’s correlation, P = 0.061). This trend was observed

in both populations.

3.5 | Hatching model predictions vs. observed
values

Despite similarity in shapes of development curves (Figure 6), we
found that the Beacham and Murray (1990) model consistently
underestimated the number of days to hatch and performed increas-
ingly worse between the warmest treatment (WI_MIROC = 9 days
difference between observed and predicted timing) and coolest
treatment (PP_MIROC = 29 days).

4 | DISCUSSION

This study revealed a lack of differences in developmental rates and
almost identical patterns of phenotypic plasticity in two contrasting
populations of Alaskan sockeye salmon under scenarios of already
experience temperatures and in the face of a warming climate
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TABLE 7 Parameter estimates for the best-supported linear
mixed effects model based on BIC estimates predicting alevin length
(mm) for two populations of sockeye salmon from Bristol Bay,
Alaska

Random effects Name Variance SD
Groups Family:Population (Intercept) 0.13 0.36
TreatmentWI_AVG 0.05 0.21
TreatmentPP_MIROC 0.05 0.22
TreatmentWI_Cold 0.03 0.16
TreatmentPP_AVG 0.07 0.27
Population (Intercept) 0.22 047
TreatmentWI_AVG 0.01 0.09
TreatmentPP_MIROC 0.00 0.01
TreatmentWI|_Cold 0.00 0.00
TreatmentPP_AVG 0.00 0.00
Residual 0.23 0.48
Fixed effects Estimate SE t value
Intercept 19.20 0.34 56.62
TreatmentWI_AVG 0.08 0.08 0.90
TreatmentPP_MIROC 0.05 0.05 0.87
TreatmentWI_Cold -0.19 0.04 —4.55
TreatmentPP_AVG -0.52 0.07 -7.81
Tray2 0.04 0.02 242
Tray3 0.09 0.02 6.39
Tray4 0.15 0.02 10.18
400 A
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FIGURE 6 Comparison of model predictions of days to hatch (D)
as a function of mean temperature (T) based on a widely cited
model (Original: where a = 6.727 and b = —2.394; Beacham &
Murray (1990); red line) and our refit of that model using data from
this experiment (Bristol Bay: where a = 6.796 and b = —1.917; blue
line). Points represent the observed average days to hatch for each
population under each of the five treatments.

system. Counter to expectations, we found no evidence that popula-
tions spawning at the same time in very different temperature
regimes exhibited population-specific developmental rates or differ-
ential survival in response to temperatures that would have indicated

thermal local adaptation during the embryonic stage. Rather, we
observed marked plasticity in developmental rates at the population
level, and differences in hatching timing across half-sibling families
within and among temperature treatments, indicating a heritable
basis for development rate. Furthermore, we observed a small yet
significant positive relationship between temperature and body size
at hatching, which is contrary to the commonly reported pattern.
Taken as a whole this study indicates that phenotypic plasticity in
developmental rates may buffer these populations and families in
the face of warming temperatures while also serving as a heritable
template on which selection may occur.

Given that the Woody Island and Pedro Ponds populations spawn
at overlapping times but under very different thermal regimes, it
would be expected that if their development was shaped by selection
to accessing a shared nursery habitat at approximately the same time,
the populations’ embryos would need to develop at different rates to
accommodate the thermal differences during development. For exam-
ple, eggs that were fertilized on the shared peak spawning date of
August 18 are predicted (based on Beacham & Murray, 1990; Sparks,
2016) to hatch and emerge after 147 d (January 12) and 242 d (April
17), respectively, for the Pedro Ponds population and after 77 d
(November 3) and 188 d (February 22) for the Woody Island popula-
tion. This prediction estimates nearly a 2-month difference in emer-
gence time assuming no population-level differences in
developmental rates. As such, we expected to see population-specific
differences in developmental rates when reared in common garden
conditions. Moreover, we expected that population-level plastic
responses would be associated with the degree of thermal hetero-
geneity of the natal incubation temperature regime (i.e., higher plas-
ticity in the Woody Island population) (Hutchings, 2011).

Counter to expectations, we found no support that populations
differed in the number of days to hatch neither within treatments
nor across treatments. Other studies (Beacham & Murray, 1989;
Haugen & Vgllestad, 2000; Kinnison, Unwin, Hershberger, & Quinn,
1998; Wood & Fraser, 2015) that focused on population-level differ-
ences also found a similar lack of genetic differences in hatch timing
in regimes representing natural conditions (but see Jensen et al.,
2008; Whitney et al., 2014). We expected to observe population dif-
ferences while others did not because of the inclusion of fluctuating
thermal regimes, which has produced significant population (Fuhr-
man et al., 2017) and family-level differences (Dammerman et al.,
2016; Steel et al., 2012; Tillotson, 2015). Furthermore, we expected
this because we used populations that use a shared rearing environ-
ment later during their early life history and we expected their phe-
nology, even with very different developmental thermal regimes, to
generally synchronize given their shared recipient environment. We
estimate that developmental rates between these distinct popula-
tions would need to be approximately 17% faster for the Pedro
Ponds population and 21% slower for the Woody Island population
in order to synchronize hatching. These differences are markedly
higher than values reported in previous studies (e.g., Hendry et al.,
1998), suggesting constraints on the evolution of developmental
rate.
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Although the temperature regimes used in our study reflected
plausible natural regimes and variability, the treatments may have not
been stressful enough to reveal cryptic population variation that is
expressed under abnormal conditions (Gibson & Dworkin, 2004; Sch-
lichting, 2008). We also acknowledge that temperature and oxygen
are correlated and our study controlled for this by using flowing oxy-
gen-saturated water during incubation, which may differ from condi-
tions experienced in the wild (Martin et al., 2017). Additionally, it is
possible that by creating families from individuals spawning in the
early portion of the spawning season of each population, we missed
some of the within population variation. Indeed, later spawning fish
can compensate with faster developmental rates (Boatright, 2003;
Hendry et al., 1998). An alternative model for this experiment might
have included more populations with different spawn dates from a
wider range of thermal environments (e.g., glacial fed rivers, smaller
lakes), where selection on development could have been even more
intense, and we might have observed stronger divergence in develop-
mental rates (e.g., Whitney et al., 2014) using these methods.

Populations are hypothesized to be shaped by selection to match
spawning timing to the temperature during embryonic development,
such that colder rearing temperatures are compensated by earlier
spawning (Brannon, 1987; Hodgson & Quinn, 2002). While this
hypothesis may hold true, recent work suggests the relationship
between spawning timing and emergence timing may be less influ-
enced by incubation temperature over the course of development
than widely thought (Sparks, 2016). Moreover, work by another
group also revealed variation in MHC expression among ecotypes of
sockeye salmon in the Wood River system consistent with patho-
gen-mediated selection that may in part be influenced by tempera-
tures adults experience on the spawning grounds (Larson et al.,
2014), which could help explain temperature-based selection on
adult spawn time.

In contrast to the limited population-level differences, we detected
appreciable family-level differences within temperature treatments
consistent with a heritable component to developmental rates and dif-
ferences among temperature regimes suggestive of gene by environ-
ment interactions (G x E). These findings reinforce other studies that
report G x E interactions between hatch timing and incubation
regime at the family-level (Burt, Hinch, & Patterson, 2012; Kinnison
et al., 2008; Steel et al., 2012). This past work and other developmen-
tal studies of salmonids have shown that while spawning date can be
plastic (Brannon, 1987; Karjalainen et al., 2015; Schindler et al., 2013;
Sparks, 2016), embryonic development may be highly conserved
(Brannon, 1987; Schindler et al., 2013; Sparks, 2016) and have low
heritability (Kinnison et al., 2008; Quinn et al., 2015). Taken as two
sides to the same coin, this would suggest that plasticity may help buf-
fer populations against environmental change if the heritability of
embryonic development is low, whereas the near canalization but high
heritability of spawning timing is the heritable mechanism underpin-
ning the evolution of hatching timing.

Given our assumption of local adaptation, we expected that sur-
vival would be highest in the natal regimes relative to regimes of the
foreign population. Counter to this expectation, population-specific
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survival did not change relative to experienced temperature regime,
indicating that these populations are not thermally adapted at the
developmental stage we measured or are both specifically adapted
to the experimental thermal regimes used (Table 4). Furthermore,
depending on ambient temperature, it may take many days or weeks
for fish to start feeding exogenously (Quinn, 2005) and population-
specific variation in energy use or efficiency could contribute to dif-
ferential responses at this life history period (Kavanagh, Haugen,
Gregersen, Jernvall, & Vgllestad, 2010), but were not tested for in
this experiment. Additionally, we expected populations to be ther-
mally locally adapted in hatch timing, yet populations were plastic in
this trait; populations hatched at the same time among all treat-
ments. These populations use a common nursery lake following
emergence, and could be adapted to fine-scale local conditions given
their disparate expected emergence timing based on our experimen-
tal results (Abrey, 2005; Sparks, 2016). In other words, the ecological
agents of selection in the wild are likely much broader than the basic
effect of temperature on survival and development that we mea-
sured in the laboratory (MacColl, 2011; Martin et al., 2017).
Populations and families did survive at different rates, and fish in
the Pedro Ponds population had higher overall survival than those
from the Woody Island population, which we suggest may reflect
transport effects from the field to the laboratory. However, there
was substantial variation around survival in populations, which was
largely driven by differential survival of families. Families consistently
survived at similar levels across thermal treatments, but varied sub-
stantially from family to family within the populations (Table 5).
These results mostly contradict findings from similar experiments
where populations that did not share nursery habitats were locally
adapted for survival to hatch (Drinan et al., 2012; Haugen, 2000;
Whitney et al., 2013). Another explanation might be that by chance,
the populations performed well in the other’s environment, and that
comparisons between more than two sockeye salmon populations
would have led to different results (Kawecki & Ebert, 2004). In this
study, we traded off population number with number of treatments
and compared populations that spawn at the same time but incubate
in contrasting thermal regimes. Similar studies in fishes often deal
with this tradeoff by either using more populations that spawn at dif-
ferent periods and rearing them in constant environments (e.g., Whit-
ney et al., 2014) or rearing them to a given ATU threshold—where it
is not a true common garden until after the threshold is reached—
and then using variable thermal regimes (e.g., Steel et al., 2012).
Regardless, we acknowledge the inherent difficulty in scaling results
from controlled laboratory studies to patterns observed in nature.
The lack of survival differences relative to other studies may also
relate to our choice of temperature regimes that were generally
more realistic and less stressful than those used in most previous
studies that reared fish in constant regimes (Burt et al., 2012; Drinan
et al., 2012; Haugen, 2000; Whitney et al., 2013), and under climate
change scenarios where conditions were quite extreme (Whitney
et al., 2013, 2014). Many of these studies (Drinan et al., 2012; Whit-
ney et al., 2013, 2014) had similar ranges, yet much higher tempera-
ture treatment means (about 6°C mean difference), but found local
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adaptation in survival. Alternatively, a recent study of brown trout
(Salmo trutta) found no thermal local adaptation during juvenile
development, but correlative evidence for a relationship to a precipi-
tation gradient across Norway (Bzerum, Vgllestad, Kiffney, Rémy, &
Haugen, 2016). The authors inferred that physical factors impacted
by climate change like streamflow instead of temperature may be
important selective agents for consideration. This inference is further
backed up by recent work (Siepielski et al., 2017) that suggests the
strongest forces of selection across species and biomes was local
and regional precipitation and transpiration rather than global climate
forces.

Alevin mass and length varied by population, family, and treat-
ment and differed between populations as a function of egg size
(Table 1). Egg size did not seem to have an appreciable effect on
timing to hatch, consistent with previous results (Beacham & Murray,
1989), and the difference between populations (Woody Island eggs
being larger) was consistent with past studies (Blair et al., 1993;
Quinn et al., 1995). While the treatment effects were significant (fish
were smaller in the coldest treatments), treatment effects were an
order of magnitude less (<0.003 for mass) than the population effect,
which may be a marginal phenotypic difference of little biological
significance (Figure 5). These results were similar to other studies
that found differences in alevin mass were largely driven by family
or population, as opposed to temperature treatment (Burt et al.,
2012; Hendry et al., 1998; Whitney et al., 2014). Our findings were
inconsistent with other studies (Burt et al., 2012; Drinan et al.,
2012; Haugen & Vgllestad, 2000; Hendry et al., 1998), in which fish
were shorter in warmer treatments. A potential explanation of this
observed difference could be that the warmest temperatures in our
study were generally much cooler than the warmest temperatures in
other studies, which in some cases were beyond what fish would
have experienced in the wild. Instead, our experiment’s warmest
treatments were based on best predictions of climatic warming,
which were closer to thermal optima for sockeye salmon (Beau-
champ, 2009) than prior studies. Rearing experiments at abnormally
high temperatures may reveal cryptic plasticity (Gibson & Dworkin,
2004) but may not be as useful in determining actual responses to
expected temperature change.

There is increasing interest in understanding the role of the tim-
ing of temperature delivery to developing embryos beyond consider-
ation of average temperatures (Dammerman et al., 2016; Fuhrman
et al., 2017; Steel et al., 2012; Tillotson, 2015). In a series of com-
mon garden experiments, Murray and Beacham (1987) found that
chum (O. keta) and Chinook salmon (O. tshawytscha) development
was mediated by the average temperature more than the thermal
regime’s shape (warm leading to cool vs. cool leading to warm). In
contrast, recent common garden experimental evidence with Chi-
nook salmon suggests that varying thermal regime delivery (i.e., same
average temperature over the course of development, but highly
fluctuating temperatures on the day or week scale), resulted in fish
in the most variable regimes accumulating significantly more thermal
units (TUs) before emerging, as well as more fish emerging partially
developed (yolk-sac visible) (Fuhrman et al., 2017; Steel et al., 2012;

Tillotson, 2015). In a similar common garden study with lake stur-
geon (Acipenser fulvescens), Dammerman et al. (2016) found that
embryos reared at warmer and more variable temperatures were 6—
10 times more variable in developmental traits. While our study was
not designed to explicitly test how regimes with the same average
but different variability may affect days needed to hatch, we did find
a strong positive relationship (r = .86) between thermal regime and
hatch timing variability. In fact, the time between 10% and 90%
hatching was 1.6 to 2.3 times larger in the most variable treatment
(WI_Cold, CV = 0.69, days = 16) than in the least variable treat-
ments (PP_AVG and PP_MIROC, CV = 0.3 and 0.2, days = 10 and
7). The only instance where this trend did not hold was in the inter-
mediate variability treatment (WI_MIROC, CV=0.29), which needed
8 days for the middle 80% of fish to hatch. A likely explanation for
this anomaly is that WI_MIROC was a more thermally variable treat-
ment but incubation was much shorter relative to other treatments.
In other words, as incubation time grew increasingly longer in the
less variable treatments, the variation around mean incubation time
is expected to increase. As such, even though the thermal regime in
MIROC was more variable, mean incubation time was much shorter,
which likely decreased variation in hatching relative to the longer,
less thermally variable treatments, PP_AVG and PP_MIROC.

Similar to the findings of Steel et al. (2012), our results reveal
shortcomings in the utility of a widely used empirical model in sal-
monids, including sockeye salmon, to predict the timing of hatching
or emergence given temperature (Beacham & Murray, 1990).
Because we included temperature regimes ranging from an average
of 2.8 to 10.14°C, we were able to confirm the nonlinear relation-
ship between hatch timing and temperature found by other studies
(Beacham & Murray, 1990). Our results indicated that the Beacham
and Murray model, developed using British Columbian populations,
is a useful general tool but it should be applied with caution, espe-
cially to more northerly populations. We refit the hatch model using
the average population response for each treatment and predicted
as much as 40 days difference (at very cold temperatures) between
the predictions of the two models in regimes that might be expected
in natural settings (Figure 6). These results indicate that regional dif-
ferences of populations should be taken into account when using
models to predict time to hatch.

Because our climate change treatments were informed by appro-
priate downscaled projections of temperature change specific to
study populations, we were able to make informed inferences about
the potential impacts of climate change to our populations. In partic-
ular, survival was not reduced as a direct effect of the warmest
treatments, even for the Pedro Ponds population, which experiences
a very cold and stable natal incubation regime. While survival during
this narrow time period may not be impacted as a result of tempera-
ture per se, changing temperatures could create a mismatch between
the recipient nursery environment and timing of development
(Abrey, 2005; Schindler, Rogers, Scheuerell, & Abrey, 2005; Visser,
2008; Visser & Both, 2005). That being said, a dire mismatch seems
unlikely for the Woody Island population as the future warming sce-
nario (WI_MIROC) changed hatch timing by only 8 days from the
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observed average temperature regime (WI_AVG) over the last dec-
ade-and-a-half. This is well within the range of predicted hatch tim-
ing over the last half-century (Sparks, 2016) and mismatch dynamics
are dependent on rates of change in both development and the
recipient nursery environment for young fish. If the lake is increas-
ingly hospitable early in the season then earlier hatching and emer-
gence may not impact survival. Indeed the trend over the past
decades has been for ice to leave the lake earlier and the tempera-
tures to be warmer, facilitating growth of juvenile sockeye salmon
(Rich, Quinn, Scheuerell, & Schindler, 2009; Tillotson & Quinn,
2016). For the Pedro Ponds population, the climate change regime
was expected to double the temperature in the ponds from approxi-
mately 4 to 8°C (PP_AVG to PP_MIROC) and imparted an 89-day
difference from the experienced natal incubation regime. This would
be a significant shift in the embryonic phenology for this population
and could lead to mismatches with the recipient lake environment.
This potential for mismatch though should be taken with caution
because, although shallow groundwater temperatures are highly corre-
lated with mean annual air temperature for a given region (Hayashi &
Rosenberry, 2002), specific climate change impacts in the Pedro Ponds
are highly uncertain as the groundwater-surface water dynamics are
not known. Finally, given the small magnitude of the effect of temper-
ature on body size and substantial time for compensatory growth, it
seems unlikely that temperature would reduce the fitness of sockeye
salmon populations through alterations in alevin body size.

The results of this study indicated a lack of thermal local adaptation
between populations in developmental rates and embryonic survival,
and strong evidence for heritable plastic phenotypic shifts among fami-
lies in relation to climate scenarios. For example, the Pedro Pond popu-
lation hatched nearly 3 months earlier between the natal regime and
the climate change scenario for that environment, without a significant
shift in survival. Considered together, these patterns suggest that plas-
ticity may sufficiently buffer populations to cope with realistic pre-
dicted water temperature changes at least during this narrow phase of
the life history. Furthermore, because of the genetic underpinnings of
plasticity revealed among families, there is potential for a transgenera-
tional response to selection in nature (Ghalambor, McKay, Carroll, &
Reznick, 2007; Hutchings, 2011; Reed et al., 2011). Our results rein-
force the strength of temperature as a driver of embryonic develop-
ment, but it remains unclear how the responses observed here may
propagate through other stages of the life history as juvenile growth
and survival is primarily governed by temperature and intraspecific
competition (Rich et al,, 2009; Schindler et al., 2005; Tillotson &
Quinn, 2016). Despite this uncertainty, what is clear is that mainte-
nance of these heritable plastic responses by maintaining diversity
across families and populations will be important for adaption to warm-

ing or more variable water temperatures caused by climate change.
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