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Abstract

Rapidly warming water temperatures associated with climate change represent a substantial 

disturbance to the habitat of aquatic ectothermic organisms. For salmonid fishes (family 

Salmonidae) , early life history survival and timing of reproduction and development are closely 

tied to temperature, such that altered thermal regimes could alter patterns of survival or shift 

phenology into a mismatch with the environment. Because temperature is the dominant driver of 

developmental rates, empirical statistical models have been developed to predict the timing of 

hatching and fry emergence based on incubation temperature. In this thesis I explored how the 

timing of hatching and emergence may shift in response to warming temperatures and how 

spawning timing across an Alaskan landscape is shaped by incubation temperatures experienced by 

sockeye salmon (Oncorhynchus nerka) embryos and alevin. Additionally, I quantified the relative 

roles of genetics and environmentally induced plasticity on the timing of hatching in two 

populations of sockeye salmon from the Iliamna Lake system, Alaska by rearing them in common 

garden conditions in the laboratory. To meet these goals I reformulated a widely cited 

developmental model to incorporate variability in natural regimes and use it to predict hatching 

timing over the course of the spawning duration for 25 populations of Bristol Bay sockeye salmon. 

Additionally, I hind- and forecasted lake temperature based off historical and predicted air 

temperatures to estimate and predict hatching for a single population. I found that predicted 

hatching timing for wild populations varied between 58 and 260 days, and was largely variable as a 

result of habitat thermal heterogeneity and parental spawn time. I also predicted a three-week 

decrease in hatching timing over the course of the next century for a single beach spawning 

population, which was just beyond historic variability. Counter to expectations, for a subset of 

populations hatching and emergence timing variability exceeded that of spawning timing, 

indicating the relationship between spawning timing and incubation temperature may be weaker
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than expected. The results of the common garden experiment revealed indistinguishable 

differences between populations in hatching timing across five temperature scenarios, but strong 

plasticity as timing differed between 74 and 189 days in the warmest to coolest treatment. 

Furthermore, I detected family-specific differences in hatching timing both within and among 

treatments consistent with heritable developmental rates and gene by environment interactions in 

days to hatch, where the interaction between treatment and family was as high as 10 days 

difference in hatching. Population or family-specific survival in this experiment did not differ in 

response to temperature suggesting a lack of thermal adaptation in this regard during this life stage 

in these populations. Alevin mass and length upon hatching varied little among treatments 

(<10%), but did significantly decrease with cooling temperatures. Taken as a whole this study 

indicates that the effects of climate change during the early life history stages may be buffered by 

phenotypic plasticity and variability in populations and habitats will be important for maintaining 

diversity in the face of climate change.
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Introduction

Sockeye salmon early life history phenology

Climate change and associated rapid regional warming can particularly impact the timing 

of critical life history events (termed ‘phenology’) such that species may not be coordinated in 

their life history with suitable survival conditions (Angilletta et al., 2008). In particular, 

salmonids (Salmonidae) experience a substantial early life history survival bottleneck between 

when fertilized eggs are laid in the gravel and fry emergence (Groot & Margolis, 1991; Quinn, 

2005; Quinn et al., 2012) and developmental rates and survival are closely tied with temperature 

(Beacham & Murray, 1990). Characterization of the potential population-specific impacts of 

temperature change on mortality and phenology are important given observed changes and 

predictions for warming temperatures.

Sockeye salmon (Oncorhynchus nerka) in Bristol Bay are a dynamic species and spawn in 

a variety of environments including small streams, rivers, lake and island shores, and in 

groundwater ponds (Blair & Quinn, 1991; Quinn et al., 2012). As one of the largest fisheries in 

the United States, Bristol Bay sockeye salmon support large commercial and subsistence 

fisheries, while also being an important biological driver in freshwater habitats (Hilborn et al., 

2003; Moore, 2006; Schindler et al., 2010). Spawning habitat variation and life history diversity 

helps stabilize the number of returning adults to watersheds which has beneficial consequences 

for the commercial fishery (Hilborn et al., 2003; Greene et al., 2010, Schindler et al., 2010), but 

this diversity has been largely described in relation to returning adults and later juvenile 

freshwater stages. Hatch and emergence timing in sockeye salmon are thought to reflect both 

parental spawn timing and experienced temperature regimes, where spawning is thought to be 

locally adapted so that progeny hatch and emerge into suitable conditions (Brannon, 1987; 

Hodgson & Quinn, 2002).
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Because early life history development in sockeye salmon is closely tied with experienced 

temperature (Hendry et al., 1998; Whitney et al., 2014), empirical statistical models are powerful 

tools to accurately predict phenology based on temperature (Beacham & Murray, 1990). These 

models can be useful for characterizing phenology for wild populations by incorporating natural 

time of spawn and the concordant incubatory thermal regime (Adkison et al., 2013). For 

example, the widely cited model from Beacham and Murray (1990) can be used to make 

predictions about trends in population specific phenology across landscapes and in relation to 

population spawn time, as well as to characterize how these trends may change in relation to 

predicted temperature changes. Yet, there is uncertainty about whether the model captures natural 

variation in thermal regimes and accounts for population specific genetic differences in 

development.

Sockeye salmon early life history thermal adaptation and plasticity

The fundamental challenge for organisms that are limited in dispersal is to adapt quickly 

enough in situ to avoid extinction (Visser, 2008; Reed et al., 2011; Carlson et al., 2014). 

Phenotypic plasticity and adaptive evolution are two complementary mechanisms that potentially 

allow persistence in the face of environmental change. Plasticity describes the ability of a 

genotype to express multiple phenotypes in different environments, the pattern of expression 

defining the reaction norm (Hutchings, 2011). To the extent that maintenance of plasticity is 

costly, theory predicts that populations in homogenous environments should lose plasticity (i.e., 

canalization of traits) whereas populations in heterogeneous environments remain plastic (Crispo, 

2007; Ghalambor et al., 2007).

Rapid adaptive evolution that may prevent population extinction has increasingly been

explored within the context of climate change (Bell & Gonzalez, 2009; Bell & Gonzalez, 2011;

Bell, 2013; Carlson et al., 2014), yet it remains unclear how the capacity to adapt may differ
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among life stages (e.g., hatching, emergence, etc.) within a species or at population- or family 

specific-levels. One mechanism regulating adaptation in organisms is the ability for plasticity to 

buffer against change or to provide the initial phenotype on which selective forces act 

(Ghalambor et al., 2007; Ghalambor et al., 2015).

The timing of life history events such as hatching, migration, or mating integrates both 

plastic and heritable components (Crozier et al., 2008; Gienapp et al., 2008, Crozier et al., 2011). 

Hatch and emergence timing in sockeye salmon are reflective of both parental spawning timing 

and experienced temperature regimes, where spawning is thought to be locally adapted so that 

progeny hatch and emerge into suitable conditions (Brannon, 1987; Hodgson & Quinn, 2002). 

Given the known relationship between temperature and development at these life stages, rapid 

ecosystem level temperature change is likely to have measurable impacts on physiological 

development and survival during early life stages (Beacham & Murray, 1990; Quinn, 2005). 

Furthermore, because of the diversity of habitat usage in Bristol Bay, the incubatory thermal 

regimes experienced by different populations vary markedly. Variation in incubatory thermal 

regimes is predicted to confer differences in early life stages through the evolutionary processes 

of local adaptation and plasticity.

Research objectives

The overarching goals of this study are twofold. The first (1) is to characterize spatial and 

temporal trends in early life history phenology for Bristol Bay sockeye salmon and how that may 

change under plausible scenarios of warming. The second (2) is to use a common-garden 

approach to rear embryos from two populations that incubate in very different thermal regimes to 

quantify the presence and extent of thermal adaptation and plasticity.

Chapter 1 focused on using a widely cited model (Beacham & Murray, 1990) to predict

hatch timing for a number of different populations in relation to habitat-specific thermal regimes
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and population-specific spawning. Because the model was developed to predict hatch timing 

based on average incubation, which is difficult to estimate for wild populations, I reformulated 

the model to incorporate temperature differently (daily average vs. total incubation average) to 

make it applicable for the type of data readily available for wild populations. With the 

reformulated model I predicted hatching for a number of populations that spawn on a suite of 

thermal regimes. Furthermore, I applied population specific spawning timing into these 

predictions and accounted for three distinct segments of the spawning duration (early, peak, and 

late). For one population with the longest record of temperature data, I used the relationship 

between air temperature recorded by a nearby weather station and lake temperature (in a 

generalized additive model) to hind- and forecast lake temperature regimes between 1950-2099. 

The reformulated hatch model was then used to make predictions about hatching over the same 

period.

Chapter 2 focuses on using embryos from two of the populations studied in Chapter 1 and 

rearing them in a common garden experiment until they hatched. Populations were chosen 

because they spawn close to the same time in the wild, but rear under distinctly different 

temperature regimes—one cold and constant and the other warm and variable. The experiment 

was designed with five treatments, three to represent the variable natural regime of the beach 

spawning population, and two constant to represent the natural regime for the pond spawning 

population. One regime for each population was representative of a climate change scenario 

informed by the model predictions created for Chapter 1. The common garden design allows for 

the quantification of thermal local adaptation and plasticity of the two populations. Additionally, 

it measures the response of each population to climate change in their natal site, but also 

simulated straying by these populations into the other’s spawning site, which is readily possible

given their similar spawn time and proximity on the landscape (<10 km).
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Together, these data provide a baseline for understanding early life history phenology in 

Bristol Bay sockeye salmon, as well as information on how two of these populations might 

respond in early life history phenology and survival to change in future scenarios. Because these 

populations experience such different incubatory regimes, their adaptation and plasticity to 

incubation regimes are predicted to be very different. Additionally, these populations incubate in 

regimes that are towards the polar ends of incubation regimes in Bristol Bay and can be thought 

of representing the two ends of the spectrum of incubation temperatures in Bristol Bay. Taken 

together, these data provide new insights into processes controlling early life history phenology in 

Bristol Bay sockeye salmon.
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Chapter 1: Influences of spawning timing, water temperature, and climatic warming on 
early life history phenology in western Alaska sockeye salmon1 

Abstract
The periods of spawning, hatching, and fry emergence are critical transitions in the life history of

Pacific salmon. Considerable uncertainty exists in how the timing of these events may respond in

the face of warming water temperatures given that populations spawn in a range of thermal

habitats. To explore patterns in early life history phenology, we modified an empirical model to

predict hatching timing and applied it to 25 western Alaska sockeye salmon (Oncorhynchus

nerka) populations across a broad landscape. In a lake-shore spawning population with an

abundance of long-term data, we explored responses to a plausible climate warming scenario

through the year 2099. Given experienced temperature regimes during the period from

fertilization to hatching, we predicted hatching to occur in as quickly as 58 d and as long as 260

d among populations spawning early in warm habitats vs. late in the coldest habitats,

respectively. Climate models predicted warming of ~2.3 °C from 2015 to 2099 over the course

of incubation, translating to decreasing hatching timing by approximately three weeks. This shift

is close to the range of estimated historical hatching timing and thus climatic warming may not

lead to dramatic shifts in hatching. Counter to expectations of synchronization of hatching and

emergence timing among populations using a common rearing environment, we found no

relationship between incubation temperature and spawning date. These results indicate the

importance of considering habitat and spawning timing factors when predicting climate change

impacts on early life history development, and the need for further investigation into the

selective mechanisms underlying temperature regimes and spawning timing.

1Sparks, M.M., Falke, J.A., Westley, P.A.H., Adkison, M.D., Schindler, D.E., and Quinn, T.P. 
2016. Influences of spawning timing, water temperature, and climatic warming on early life 
history phenology in western Alaska sockeye salmon. Formatted for Canadian Journal o f 
Fisheries and Aquatic Sciences.
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Introduction

Climate change and associated rapid regional warming present challenges for population 

persistence (Visser 2008; Carlson et al. 2014). Climate change has been linked to changes in the 

timing of key life history events (broadly referred to as phenology) of many organisms, where 

species have responded in ways that may allow for matching new environmental conditions 

(Charmantier et al. 2008; Visser et al. 2009). Alternatively, alterations in timing of life history 

events may be imperfect (Visser and Both 2005) and a species may experience mismatches 

between its environment and life history (Stenseth and Mysterud 2002; Edwards and Richardson

2004). Mechanisms such as heritable phenotypic plasticity and phenotypic evolution in response 

to natural selection can allow species to adapt to environmental shifts such as those imposed by 

climate warming (Reed et al. 2011). However, mismatches between environment and phenology 

may occur in circumstances where biological responses imperfectly account for environmental 

shifts (Visser and Both 2005; Visser 2008).

For salmonid fishes (Family Salmonidae) the timing of hatching and emergence of young 

fish from gravel nests is thought to reflect locally adapted timing of reproduction (Hodgson and 

Quinn 2002; Lisi et al. 2013) to the prevailing temperature regime under which development 

occurs (Velsen 1980; Beacham and Murray 1990; Groot and Margolis 1991; Quinn

2005). Simply put, the timing of reproduction in salmon populations is expected to occur at a 

time that given the long-term average water temperature, juvenile fish hatch and emerge in 

favorable conditions (Brannon 1987). This is generally thought to explain the strong general 

trends that populations spawning at higher latitudes and elevations (i.e., in relatively cool 

environments) spawn earlier in the season than populations at lower latitudes and elevations (i.e., 

in relatively warm environments; Brannon 1987; Hodgson and Quinn 2002). While later
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spawning in cold environments is predicted to result in later hatching or emergence relative to 

earlier spawning timing, the non-linear compensatory relationship among incubation temperature 

and total days to develop and accumulated thermal units (ATUs) reveals individuals developing 

at colder temperatures require more days but fewer total ATUs to hatch relative to warmer 

temperatures (Brannon 1987; Beacham and Murray 1990). This compensation in development 

serves to compress the emergence period of a population so that the embryos fertilized late in the 

spawning period are not substantially developmentally delayed and may lead to a 

synchronization of emergence timing (Quinn 2005).

Like all Pacific salmon, sockeye salmon (Oncorhynchus nerka) experience the majority 

of lifetime mortality between the period when fertilized ova are laid in the gravel to when fry 

emerge (Groot and Margolis 1991; Quinn 2005). Because the timing of hatching and emergence 

depend largely on adult spawning date, selection on hatching and emergence has the potential to 

influence spawning phenology (Hodgson and Quinn 2002; Lisi et al. 2013). As a result, 

responses to changing water temperatures may be reflected in shifts in time to hatch, or 

alternatively shifts in spawning, or some combination of the two. Given the relationship between 

temperature and development at early life stages, rapid temperature change is likely to have 

marked changes on physiological development for individuals (Sparks et al. In Prep), or on 

phenology across generations (Beacham and Murray 1990; Hendry et al. 1998; Quinn 2005;

Steel et al. 2012; Whitney et al. 2014). Because temperature is the primary determinant of 

metabolism and therefore developmental rate, statistical models have been widely used to predict 

hatching and emergence timing with a high degree of certainty (Beacham and Murray 1990). 

Despite their wide application, existing models are based on constant temperatures during 

development and thus do not represent the variable temperature regimes actually experienced by
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the majority of incubating embryos under natural conditions and may fail to capture the timing of 

emergence in some populations (Steel et al. 2012).

Sockeye salmon in Bristol Bay, Alaska spawn in a variety of environments including 

small streams, glacial rivers, lake island beaches or shorelines, and groundwater dominated 

ponds (Blair and Quinn 1991; Quinn et al. 2001) that vary greatly in thermal regimes (Quinn et 

al. 1999; Lisi et al. 2013). The timing of spawning by Bristol Bay sockeye salmon can be 

thought of within two contexts. The first is that spawning is timed so that early phenology 

matches local optima (e.g., the match-mismatch hypothesis; Cushing 1969) in order for hatching 

and emerging fish to coincide with average long-term ideal conditions (Brannon 1987; Hodgson 

and Quinn 2002; Abrey 2005; Lisi et al. 2013). For example, for populations that spawn in 

different habitat types and thermal regimes but fry enter a shared nursery lake, embryos might 

have similar developmental rates despite adults having different spawn times (earlier in colder 

water and later in warmer water). Whereas spawn timing may vary among lakes due to local 

factors such as spawning migration distance (Young 2004), system-wide hatching timing would 

be more synchronous within lake systems owing to shared selection in mutual nursery 

environments. The second perspective is that sockeye salmon populations in Bristol Bay exhibit 

fine-scale asynchronous population dynamics (Rogers and Schindler 2008), generally attributed 

to adult life history variability (e.g., size and age at maturity). It is possible that at least some of 

the underpinning of the asynchrony observed in the survival of returning adults is due to large 

variation in population-specific early life history phenology at fine scales.

Recent data indicate that Alaska is warming faster than many regions (Stewart et al.

2013) and yet the effects of rapid warming on the embryonic phenology and survival of Bristol 

Bay sockeye salmon are unknown. It is expected that populations will experience different
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degrees of warming in response to a common climate given that dominant freshwater physical 

habitat characteristics (i.e., snowmelt fed vs. spring fed vs. wind mixed lake shore) will result in 

varying degrees of temperature change (King et al. 1999; Griffiths et al. 2014; Jyvasjarvi et al. 

2015; Kurylyk et al. 2015). Therefore, the biological responses to climate warming will be site- 

specific. It is currently unknown how predicted temperature changes and the relative 

incorporation of these changes specific to different freshwater habitat affect embryonic 

development for these populations. The lack of understanding reflects a general trend of less 

study during the egg-fry period of the life history, which makes it difficult to understand the 

potential responses to warming temperatures (Quinn 2005).

The goal of this work is to explore population-specific patterns in sockeye salmon 

hatching and emergence timing across habitats in Bristol Bay, Alaska and potential responses to 

warming conditions. Our specific objectives were to reformulate an existing developmental 

model to better incorporate natural water temperature variability and then apply this model to 

predict i) hatching timing in 25 populations by accounting for daily average temperature instead 

of average temperature over the period of incubation, (ii) use this model to predict hatching 

timing and emergence timing relative to spawn timing for a suite of sockeye salmon populations 

across a variety of habitat types and incubation regimes in Bristol Bay, Alaska, and (iii) predict 

past and future hatching timing for a lake beach spawning population using hind- and forecasted 

lake temperature regimes. Given the weight of evidence consistent with expectations of match 

vs. mismatch dynamics, we expect that hatching variability within a single watershed would be 

less variable than spawning timing in that watershed, supporting timing phenology to match ideal 

local conditions. Additionally, we expected that the current rate of climatic warming would 

result in novel timing of hatching in the lake-spawning populations.
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Methods

Study Sites

Our analysis focuses on sockeye salmon populations in the Kvichak and Wood River 

watersheds in the Bristol Bay region of southwest Alaska; (Fig. 1A). As a region, Bristol Bay 

comprises six major watersheds with variable physiographic, climatic, geologic, and hydrologic 

features. Generally, climate varies from wet, heavily marine-influenced areas near the ocean to 

drier semi-arid portions inland. Fluvial hydrology in the region is influenced by a mix of wet 

precipitation, snowmelt, glacial melt, and groundwater (EPA 2014). The watersheds of focus in 

this study contain a diversity of aquatic habitat types, dominated by large oligotrophic lakes (e.g., 

Iliamna Lake and Lake Clark are the first and fifth largest lakes in Alaska by surface area) fed by 

numerous short creeks and rivers. These habitats are set within complex stream networks 

containing numerous interconnected lakes (Lisi and Schindler 2015).

This study focuses on 25 sockeye salmon populations in the Lake Alegnagik, Lake 

Nerka, Iliamna Lake, and Lake Clark areas (Fig. 1; Table 1), where sites represented a variety of 

spawning habitats including streams, lake beaches, ponds, and rivers. Our sites represented 

incubation regimes that capture the observed range (1.35 to 11.14 °C) of average temperatures 

and thermal variability across observed spawning habitats. Physical properties driving thermal 

regimes at these sites varied and sites represented four general habitat types: 1) snow-water fed 

streams and creeks, 2) a glacial fed river, 3) wind-mixed lake shores, and 4) groundwater-fed 

ponds (Demory et al. 1964; Marriott 1964; Woody 1998; Rich et al. 2009; Lisi et al. 2013). 

Across Bristol Bay, sockeye salmon spawn between mid-July and mid-October, with the 

majority of stocks spawning throughout late-July into early-September (Moore and Schindler
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2010). Among populations, spawning activity typically occurs during a 3-4 week period (Young 

2004) though some populations have a more contracted spawning period (2-3 weeks; Quinn and 

Foote 1994).

To estimate long-term trends in hatching timing given experienced temperatures and to 

explore potential responses to warming, we focused on one population of sockeye salmon that 

spawns along the shoreline of Woody Island in Iliamna Lake (Fig. 1). This population was 

selected because it is representative of island spawning habitat and had the longest associated 

dataset on temperature and spawning timing (Quinn and Foote 1994; Adkison et al. 2013). Peak 

spawning for this population occurs around mid-August and is completed by the end of August 

(Blair and Quinn 1991; Adkison et al. 2013). Spawning occurs in shallow water areas, 0.5-3.5 m 

depth (Blair et al. 1993; Adkison et al. 2013), around islands where females dig redds (nests) in 

shoreline cobble and deposit eggs, which are fertilized by males and then covered. Embryos are 

aerated by waves and wind-driven currents, which also serve to create a relatively warm and 

variable incubation regime relative to other Bristol Bay populations (Olsen 1968; Leonetti 1996; 

Leonetti 1997).

Hatching timing model

We modified an empirical model commonly used to predict early life history phenology 

in Pacific salmon (Beacham and Murray 1990). The general formula of the BC model (termed 

BC model, for the populations in British Columbia from which it was developed) is:

(1)

loge(D) = loge(a) -  loge(T -  b)

where a (6.727) and b (-2.394) are parameters specific to sockeye salmon (Beacham and Murray 

1990), T is the average temperature over the incubation period, and D  is the number of days until
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hatch. The model chosen was among those with a best fit for sockeye salmon (r2=0.979) from a 

suite of candidate models explored (see Table A.2 in Beacham and Murray 1990)

In practice, estimating T  for wild populations is difficult because the length of the 

incubation period is generally not known in natural environments thereby making it unclear how 

the average temperature should be calculated. To circumvent this problem we modified the BC 

model (1) to incorporate daily average temperature in the place of average temperature across the 

entire incubation period (termed the Effective Value model), as follows:

(2)

1
E- = -----------------------------------

1 lo g e (a) - l o g e (T i - b )

in which, as in the BC model, a = 6.727 and b = -2.394 (Beacham and Murray 1990), but E  is 

what we term an effective value (ranges 0-1) which describes the relative daily contribution to 

development, and T is the average daily temperature. As fish accumulate E  over the course of 

the incubation period, according to the new model they will hatch when the sum of the E  = 1. 

This modification of the existing empirical model allows users to predict hatch timing without 

the need to estimate the (potentially unknown) average temperature over the course of incubation 

and appropriately accounts for average daily temperature and each day’s respective contribution 

towards development.

Among-population comparison o f hatching timing

We predicted sockeye salmon hatching timing based on the Effective Value model, 

which incorporated the observed temperature regime and spawning timing for the 25 sites (Table 

1). Thermal regimes at sites were measured using continuous recorders at hourly intervals 

(accuracy ± 0.2 °C) and placed at the mouth of streams in the Wood River system and directly on
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spawning sites in the Kvichak River watershed. Spawning timing at sites located in the Wood 

River district was based on date of peak spawn from Demory et al. (1964), date of peak spawn 

for sites in Iliamna from Marriott (1964), and Lake Clark from Young (2004). Spawn date for the 

groundwater ponds was based on more than 15 years of spawning survey data (T. Quinn, 

unpublished data). Early and late spawning were based on the 10th and 90th percentiles of 

occupancy of site-specific spawning distributions (Table 1). For sites without a peak spawn date, 

peak spawn was assumed to occur midway between early and late spawning.

We used the Effective Value model to estimate hatching timing for embryos from early, 

peak, and late spawners based on observed habitat-specific thermal regimes at the 25 sites. Sites 

were selected on the basis that temperature records covered the dates from spawning to hatching, 

though some sites lacked temperature data during the early period thus precluding hatching 

estimates for early spawning portions of these populations (Table 2). Additionally, temperatures 

less than -0.5 0C were excluded because they exceeded the freezing point when taking into 

account the accuracy of recording devices and small negative values had essentially no impact on 

development.

In general we focus on hatching timing in our analyses because of the unambiguous 

distinction between hatched and un-hatched fish (whereas emergence is far less distinct), as well 

as the fact that un-hatched fish are sessile and unable to mediate changes in temperature by 

moving to alternative areas within a habitat. However, given clear ecological importance of 

emergence timing, we also estimated the emergence timing for peak spawning fish in the 

Aleknagik, Iliamna, and Nerka watersheds using the Effective Model, with a = 7.227 and b = - 

2.560 following Beacham and Murray (1990).
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Within population predictions o f hatching timing

We predicted hatch timing for the Woody Island population based on historic, current, 

and future lake temperature regimes. Daily average lake temperatures were hind- and forecasted 

based on the relationship with air temperature using a generalized additive model (GAM), in 

which lake temperature was predicted using the three-day moving average of daily maximum air 

temperature and day of the year. The data used in this model incorporated day of year 121-340 (1 

May -  6 December) to avoid time periods when the lake was covered by ice and to cover the 

spawning and incubation period of sockeye salmon. Air temperature data were from a local 

weather station (Iliamna Airport; Station ID: GHCND:USW00025506 NOAA 2015; Fig. 1) and 

lake temperature data were recorded during1990-1991 and 2000-2014 at the Woody Island 

spawning site.

We fit models (R package mgcv, Wood 2015) to predict daily lake temperature as a 

function of the 3-, 5-, 7-, and 14-day rolling average of daily maximum air temperature to 

explore potential lag effects. The 3-day moving average of daily maximum air temperature was 

the best predictor of daily lake temperature (GAM; R2adj = 0.814); the other models had poorer 

fits (range R2adj = 0.681-0.765). We subsequently used the best model to predict average daily 

lake temperatures for Woody Island from 1948-2014. Lake temperatures for 2016-2099 were 

forecasted using the same model but based on 0.5 x 0.5 degree resolution daily maximum air 

temperature predictions from the Climate Impact Group at the University of Washington (CIG 

2015). Bias corrections for these projections were based on simple linear regressions between 

downscaled climate model estimates and observed temperatures from the Iliamna Airport 

weather station. The MIROC, ECHAM and CGCM global climate models (IPCC 2007) for 

both the B1 and A1B scenarios were selected to bracket potential outcomes that may represent
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climate changes in the region. These models were identified as among the best for Alaska based 

on the IPCC AR1 assessment (Walsh et al. 2008). Finally, we used the Effective Model to 

predict hatch timing for each year from 1948-2099 based on modeled daily lake temperature 

predictions and using a peak spawn date of August 18 (Adkison et al. 2013). All statistical 

analyses were conducted in Program R (R Core Team 2015).

Results

Habitat-specific patterns in hatching timing relative to incubation regime and spawning timing 

The predicted number of days required to hatch by sockeye salmon varied substantially 

across habitat types (Table 2), reflecting the varying temperature regimes across the landscape 

(mean ± SD = 4.38 °C ± 2.31). On average, the wind mixed, shore-spawning Woody Island 

population experienced the warmest regime (8.62 C°) and fish from this population were 

predicted to hatch between 58 and 122 d following spawning, which corresponded to October 15 

and January 3, for early and late spawners, respectively. The population spawning in a glacial 

river habitat experienced the coldest regime (Tlikakila River) and was predicted to hatch 

between 215 (on May 15, mean 1.5 °C) and 222 d (on May 10, mean 1.35 °C) after spawning 

(late and mid spawners, respectively). On average and across all populations, individuals that 

spawned early, at the peak, and late were predicted to hatch 102.3 (± 25.6 SD), 136.1 (± 32.9 

SD), and 169.2 (± 34.0 SD) d after spawning, respectively.

Variability in hatching and emergence timing

In the Wood River system, the peak spawning timing between the earliest and the latest 

population differed by 16 d, but the standard deviation in mean hatching timing was 10 times 

greater and ranged from September 12 to December 25 (104 d). Similarly, peak spawning in the
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Iliamna Lake system spanned 28 d, but mean hatching timing in the Iliamna Lake watershed 

ranged from October 28 to April 1 (155 d), the following year. Among smaller lake systems 

within the Wood River system, the Aleknagik Lake watersheds were nearly six-and-a-half times 

more variable in hatching (± 29.8 SD) than spawning (± 4.6 SD), and the Nerka Lake watersheds 

were more than five-and-a-half times more variable in hatching (± 32.8 SD) than spawning (±

5.9 SD). Moreover, the Iliamna Lake watershed followed a similar trend, where hatching was 

just over four-and-a-half times more variable (± 42.3 SD) than spawning (± 9.3 SD).

Measured from peak spawning dates, emergence timing in those same watersheds was 

less variable than hatch timing but more so than spawn timing. For example, in the Alegnagik 

and Nerka watersheds, emergence timing was predicted to take place between May 14 and June 

8 (± 10.6 SD) and May 3 and June 15 (± 19.8 SD), respectively. Emergence timing was 

predicted to be the most variable in the Iliamna Lake watershed where fish were estimated to 

emerge from February 21 to June 15 (± 30.0 SD).

Among sites, the interannual variation in temperature regime and predicted hatch timing 

were related to habitat type and interannual thermal variation. For example, peak spawners from 

the Woody Island beach spawning population were predicted to hatch in 61-87 d (October 18 to 

November 13, average 11.2 °C vs. 7.9 °C) over 13 years of record. Alternatively, across four 

years in Whitefish Creek (snow-melt fed stream, though buffered by a pond) hatching timing 

only varied from 112-126 d (November 27 to December 11, 5.0 °C vs. 4.2 °C). Most sites (n = 

21) had three or fewer years of data, which precluded interannual hatching timing comparisons.

Similar to among-habitat hatch timing predictions, we found marked differences within 

populations in predicted hatching timing relative to spawning timing within populations. 

Variation in hatching timing between early, peak, and late spawning fish was related to the
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variation of thermal regime over the course of a single season (Table 2). As a general trend 

across all populations, early spawning fish needed fewer days to hatch than peak or late 

spawning fish as they tended to spawn during warmer periods. Peak spawning fish needed fewer 

days to hatch than late spawning fish, though variability in time to hatching between these 

spawners varied considerably as temperature regimes varied across habitats. In only one 

instance did these trends not hold; in the coldest site, the Tlikakila River, offspring of late 

spawners were predicted to hatch after 215 d (May15) and peak spawners were predicted to 

require 222 d (May 10).

The groundwater-fed Pedro Ponds site in Iliamna Lake of the Kvichak River watershed 

had the least variable incubation regime with an average coefficient of variation (CV) of 0.13 

and predicted days to hatch of 142 (December 21), 144 (January 19), and 159 (February 27) for 

early, peak, and late spawning fish, respectively (Fig. 3). In contrast, the most variable 

incubation regime was found in the glacial Tlikakila River in 2014 with an average CV of 1.38 

(Fig. 3). For the Tlikakila population, the temperature record did not include temperatures early 

enough in the season to estimate hatching for the early spawning portion of the population. For 

populations that included predictions for all spawning portions of the populations, the site with 

the highest average CV for incubation regime temperature (Stovall Creek 2012, CV = 1.19), the 

average predicted days to hatch were 82 (October 30), 130 (December 28), and 246 (May 12) for 

early, peak, and late spawners, respectively.

Climate influences on hatching timing for a beach spawning population

Lake-water temperature predictions based on air-lake model predictions during the 

months of August, September, October (general period of incubation) for Woody Island were 

predicted to warm 4-8 % in the B1 scenario (8.9 °C to 9.3 °C and 9.57 °C, CGCM and MIROC

21



models, respectively) and 2-16 % in the A1B scenario (8.9 °C to 9.1 °C and 10.3 °C, CGCM 

and MIROC models, respectively), from the decade 1950-59 to the decade 2090-99. Assuming a 

constant date of peak spawning (August 18), the number of days needed to hatch for Woody 

Island sockeye salmon was predicted to decrease 17-21 d in the B1 scenario and 17-26 d in the 

A1B scenario (CGCM and MIROC models, respectively) between 1950 and 2099 (Fig. 4). 

Across the modeled future time period, predicted days to hatch ranged from as few as 63 d in the 

year 2090 (October 20, MIROC) to 95 d (Nov 21) in 2030 (mean ± SD = 74.5 ± 4.7).

When averaged by decade, the longest mean days to hatch was experienced in the 1950s 

(mean ± SD = 96.3 ± 8.79) and the decades with the shortest average hatching time were 

predicted to occur in the 2090s (mean ± SD = 65.3 ± 1.4 and 68.1 ± 3.2 for MIROC and CGCM, 

respectively, under the A1B scenario). As a general trend, decades varied throughout the study 

period, but predicted days to hatch decreased over time (Fig. 3).

Discussion

Our analysis of predicted hatching and emergence timing within and among populations 

of western Alaska sockeye salmon revealed substantial variation in early life history phenology. 

First, time to these critical life history transitions differed among spawning habitats with 

estimated hatching occurring over a broad period from October to May the following year. 

Second, analysis of estimated hatch timing relative to adult spawning time within populations 

indicated that the progeny from early spawning fish generally needed far fewer days to hatch 

relative to their peak and late spawning counterparts. The same was true between the progeny of 

peak and late spawning fish but the variability between segments was substantially different 

among different habitats. Third, model predictions of the Woody Island beach spawning
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populations under a scenario of future warming estimate a clear trend toward fewer days needed 

to hatch. However, future predicted days to hatch was predicted to occur only about a week 

earlier than what populations were already estimated to experience historically. Finally, our 

estimates also indicated that variation in hatching timing and emergence timing was greater than 

variation in spawning timing even for populations entering the same nursery lake, which is 

inconsistent with the hypothesis that sockeye salmon spawning timing primarily reflects 

selection for matching suitable hatching or emergence conditions (Hodgson and Quinn 2002; 

Brannon et al. 2004; Lisi et al. 2013).

Our estimates of hatching timing using the reformulated version of the Beacham and 

Murray (1990) model varied substantially across the landscape and differed markedly among 

habitats with varying thermal regimes. At sites with multiple years of data, variability in 

hatching timing was related to interannual variability in regimes under the assumption that 

spawning timing did not change among years. We found the greatest variability in hatching 

timing for peak spawners at the Woody Island site, representative of lake spawning habitats, 

which varied by 29.9% from 61 to 87 days (October 18 to November 13) over 13 years. 

Embryos from this population incubate in the wind-mixed shallows of the island and rapidly 

accumulate substantial development, perhaps in order to hatch quickly enough so alevins can 

move with declining lake level and avoid lethal freezing temperatures (Olsen 1968; Adkison et 

al. 2013). Thus, among all populations in our analysis, the Woody Island population likely 

experiences the thermal regime most sensitive to annual weather conditions. Alternatively, 

estimated hatch timing for peak spawners in Whitefish Creek varied by only 11.1% (range 112

126 days over four years of data), owing to thermal stability of the system. These habitats 

respond to climatic and temperature changes differently (Griffiths et al. 2014; Jyvasjarvi et al.
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2015; Kurylyk et al. 2015), thereby translating into the differences in patterns of hatching timing.

Among other habitat types with less annual data, the Pedro Pond population was the least 

variable regime within a single season and thus was predicted to have the least variablity in hatch 

timing between the early, peak, and late spawning portions of the populations. The most extreme 

system in our study was the Tlikakila River, a glacial fed system that experiences near freezing 

temperatures for much of the incubation period and was thus markedly different in temperature 

regime and hatching predictions relative to other systems. Incubation at this site, due to 

extremely low temperatures, lasted far longer than in other populations, 215 d (1.48 °C) for late 

spawners and 222 d (1.35 °C) for peak spawners. Hatching of Tlikakila embryos was estimated 

to occur during the ascending limb of the spring regime, thus those from late spawners needed 

fewer days to hatch than those from peak spawners, paralleling phenological patterns in spring- 

spawning trout species (Quinn 2005). Despite these cold temperatures, this population is among 

the latest spawning of any in the Lake Clark watershed and the study in general, which has been 

attributed to decreasing turbidity as glacial influence decreases with cooling seasonal 

temperatures (Young and Woody 2007).

Trends for hind- and forecasted predictions for both lake temperature and associated 

hatch timing for the Woody Island population of sockeye salmon suggest that incubation regimes 

will be warmer for future Woody Island sockeye salmon. Assuming a fixed spawn date, hatching 

will occur earlier relative to past generations and yet the degree of the temporal shift is less 

dramatic than may have been expected at the onset of this analysis. Under the fixed spawning 

assumption, fish were predicted to hatch an average of 19.3 to 22 days earlier (scenarios B1 and 

A1B, respectively) in the period 2015 to 2099 relative to 1950 to 2014. A shift of three weeks is 

only a week earlier than the estimates for the warmest years the population has already
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experienced. What is not clear, however, is whether a mismatch may occur between earlier 

hatching fish and environmental conditions in their later life history (e.g., Carter and Schindler 

2012). While the reduction in timing to hatch may not be as dire as some predictions, it is also 

worth noting that the incubation regime for this particular population is predominantly in 

autumn. Among the four seasons and in the Bristol Bay Region, autumn air temperatures have 

changed the least over the last half-century (Stafford et al. 2000). The incubation regime for the 

Woody Island population is also particularly influenced by annual weather patterns, in particular 

wind (Leonetti 1996), and year to year differences in average temperature can be substantial. 

Assuming the Woody Island population has already experienced substantial variability for 

millennia, fish may be adapted to this variability more than fish in a more stable habitat type like 

those of the Pedro Ponds (e.g., groundwater-fed pond).

The Pedro Ponds, which are small, shallow spring-fed ponds connected by a network of 

small creeks, have temperature regimes driven almost entirely by groundwater (Quinn et al. 

2012). In the next century, average maximum air temperature for this region is expected to 

increase by roughly 4°C (CIG 2015). Generally, groundwater temperature is equal to average 

annual air temperature and is shaped by factors such as residence time and aquifer inputs (e.g., 

glacial input vs. snowmelt fed stream; Hayashi and Rosenberry 2002). For the previous half

century, the mean maximum air temperature was approximately the same as the mean water 

temperature experienced by pond fish in our study (5.15 °C vs. 3.23 °C, respectively), and while 

there might be a time lag for the effect of increasing temperatures affecting pond temperatures, it 

would not be unreasonable to imagine increasing temperatures altering groundwater temperature 

markedly in the future. As a result, “stable” habitats which are often considered important 

refuges from warming temperatures may be more strongly influenced than variable habitats such
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as lake-island beaches where populations have a long-term history of variable temperatures, 

though these changes would likely take place over a long timescale. In other words, this result 

then should not take away from the impacts fish in variable habitats might experience at later 

periods in their freshwater development, nor should it be a reason to ignore the impacts these 

temperature changes might have on other populations that incubate during periods where 

temperature changes are expected to be more extreme.

The analysis of hatching and emergence timing in populations in the Wood River and 

Iliamna Lake watersheds (Fig. 2) were chosen to complement a similar analysis from Lisi et al. 

(2013) who reported a positive relationship between mean summer water temperature and day of 

the year of first spawning in the Wood River system. In contrast, we found no evidence that 

populations spawning in systems with cold incubation regimes tend to spawn earlier than those 

populations that spawn in systems with warmer incubation regimes. Nor did we find less 

variance in hatch and emergence timing relative to spawn timing, suggesting that fish do not 

synchronize hatching or emerging to experience shared conditions during later developmental 

stages. Instead, the observed variability in hatching and emergence may be an important 

component of population-specific life history variability exhibited by Bristol Bay sockeye 

salmon in other portions of their life history (Hilborn et al. 2003; Schindler et al. 2010). 

Alternatively, local adaptation to physical factors aside from temeperature, such as the drop in 

lake level affecting the Woody Island beach spawning population, might play a large role in 

observed variability in spawning and hatching timing (Adkison et al. 2013). We estimated a 42 d 

difference between the average minimum and maximum date of emergence for populations 

draining into Lake Aleknagik, which is in line with work by Abrey (2005) who showed through 

examination of otolith microstructure of young of year sockeye salmon in the nearshore areas of
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Lake Aleknagik that emergence dates varied over as much as two months. Schindler et al. (2005) 

showed that the timing of ice breakup in Lake Aleknagik differed by approximately 50 d during 

the period 1962-2002 and could vary by over a month from one year to the next. This finding 

may indicate that the suitable window for emergence is a variable target and could explain the 

maintenance of a diverse suite of population-specific hatch and emergence times. Moreover, our 

analysis is incapable of assessing behavioral factors that may serve to synchronize emergence 

into the shared nursery environments. Despite spawning over a month apart, two populations of 

sockeye salmon in the Tustemena Lake watershed, Alaska, emerged into the shared nursery 

environment within the same week (Woody 1998). It is possible that populations reach the 

threshold level of development for emergence at different times given their experienced 

temperatures and then wait for some other external or internal cue to initiate migration.

Although we found no relationship between spawn timing and incubation temperatures 

we did detect the expected relationship between spawn timing and average summer water 

temperatures reported previously (Lisi et al. 2013). Taken together this suggests that additional, 

non-mutually exclusive factors could also be important in driving early life history timing. First, 

it is possible that selection favoring early spawn timing in cool habitats (and vice versa for 

warmer habitats) may act primarily on the adult side of the life history. Recent work in many of 

the same populations used in our analyses found that different variants of genes encoding for the 

major histocompatibility complex (MHC) in spawning adult sockeye salmon varied across 

habitat types (Larson et al. 2014). These differences suggest variability in MHC structure among 

habitats might be maintained by strong selective pressure on spawning adults (and thus adult 

spawning timing) through fine-scale differences in pathogen communities. Indeed, a more recent 

study found that average water temperature was significantly associated with MHC diversity and
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may perhaps be driven by pathogen-mediated selection, where pathogens were more effective in 

warmer environments (Larson et al. 2016). Second, populations may be adapted to conditions at 

a more local habitat level. For example, redd site selection is determined by a number of 

physiochemical properties (Steen and Quinn 1999; Geist et al. 2002), and it could be that spawn 

timing is timed to meet local factors (e.g., predator avoidance, prey availability, flow conditions) 

not captured in this analysis. Furthermore, emergence from a single redd can vary markedly 

(Mason 1976), which was not accounted for in our analysis. Third, it is possible that the model 

we use for these predictions fails to account for genetic and environmental factors related to 

early life history development, where populations may be locally adapted to prevailing thermal 

regimes (Drinan et al. 2012; Whitney et al. 2013) or even family or individual level differences 

in development (Steel et al. 2012, Sparks et al. In Prep). This is plausible, as at least some 

populations are known to differ in rates of embryonic development (Hendry et al. 1998; Wood 

and Fraser 2015) and these population-level affects are not accounted for in the model.

At the basis of our analysis was the assumption of fixed spawn timing. Evidence 

indicates that spawning timing in Bristol Bay is remarkably consistent among years (Blair et al. 

1993) and recent research suggests spawning timing in natural environments is less variable than 

previously thought (Quinn et al. 2015). These trends regarding spawning timing also match 

similar population specific spawning timing trends for sockeye salmon at the Hansen Creek, 

Woody Island and Pedro Pond sites (T. Quinn, unpublished data). However, similar to other 

phenological trends, spawning timing may change in the future to match environmental 

conditions (Crozier et al. 2011) and remains an important factor to monitor given the potential 

for mismatches between timing and the environment into which young fish will enter.

Our results also indicate the importance of incorporating population specific variability
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into assessments of how phenology might be impacted by factors like climate change. The 

variability exhibited by many of the populations in our study indicate an ample template for 

natural selection to act upon and responses in future generations are likely to the extent that 

spawning timing and developmental rates have heritable components. We observed that the least 

variable populations use habitats considered important cool water refugia from a warming 

climate. Yet in a region where increasing temperatures are unlikely to reach mortality-inducing 

levels, these habitats could be the most impacted relative to embryonic development and 

potential mismatches as they are impacted by larger annual changes in temperatures. Finally, our 

results indicated that the relationship between spawning time and incubation regime temperature 

was less obvious than expected, and that factors beyond compensation for colder environments 

could be driving adult spawn timing in sockeye salmon.
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Table 1. Summary of characteristics for sites in Bristol Bay, Alaska used to predict hatch timing for early, peak, and late spawning 

portions of the populations for different habitat types. Watershed, site name, spawning habitat type, years of available temperature 

data, and peak spawn timing data are shown.

Watershed Site
Spawning

Habitat
Years Spawn Data

Peak Spawn Spawn 

DOY Date

leknagik

Aleknagik

Aleknagik

Aleknagik

Aleknagik

Aleknagik

Aleknagik

Iliamna

ear reek reek

Hansen Creek Creek

Happy Creek Creek

Ice Creek Creek

Mission Creek Creek

Whitefish Creek Creek

Yako Creek Creek

Canyon Creek Creek

2007-2013 

1997-1999 

1997-1999, 2011

2013

1997-1999, 2011

2013

1997-1999 

1997-1999, 2011

2013 

2010-2012 

2014-2015

Marriot 1964 217

Marriot 1964 219

Marriot 1964 219

Marriot 1964 220

Marriot 1964 222

Marriot 1964 230

Marriot 1964 222

Demory et al. 1964 243

8/4

8/6

8/6

8/7

8/9

8/17

8/9

8/30



Iliamna

Iliamna

Iliamna

Iliamna

Iliamna

Iliamna

Iliamna

Iliamna

Iliamna

Lake Clark 

Lake Clark 

Lake Clark

Chinkelyes Creek 

Lonesome Bay Creek 

Mink Creek 

Northeast Eagle Bay Creek 

Northwest Eagle Bay 

Creek

Pedro Ponds

Russian Creek 

Upper Talarik Creek

Woody Island

Kijik Lake Beach 

Little Kijik River 

Tlikakila River

Creek

Creek

Creek

Creek

Creek

Groundwater

pond

Creek

Creek

Beach

Beach

River

River



2014-2015 Demory et al. 1964 249 9/5

2014-2015 Demory et al. 1964 258 9/14

2014-2015 Demory et al. 1964 241 8/28

2014-2015 Demory et al. 1964 233 8/20

2014-2015 Demory et al. 1964 8/30
243

2014-2015 Quinn pers. comm. 230 8/17

2014-2015 Demory et al. 1964 241 8/28

2014-2015 Demory et al. 1964 230 8/17

1990-1992, 2000-
Adkisonetal. 2013 230 8/17

2010

2014-2015 Young 2004 273 9/29

2014-2015 Young 2004 273 9/29

2014-2015 Young 2004 273 9/29



Nerka Fenno Creek Creek

Nerka Lynx Creek Creek

Nerka Pick Creek Creek

Nerka Stovall Creek Creek

Nerka Teal Creek Creek

Table 1 cont.

o



2011-2012 Marriot 1964 220 8/7

2011-2013 Marriot 1964 225 8/12

2011-2012 Marriot 1964 222 8/9

2011-2013 Marriot 1964 232 8/19

2011-2013 Marriot 1964 233 8/20
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Table 2. Watershed, site name, years of data, and average temperature and predicted days to hatch for early, peak, and late spawning 

portions of each population of sockeye salmon in 19 spawning habitats in Bristol Bay, Alaska.

Watershed Site Years Average Temperature C° (SD) Average Days to Hatch (SD)

Early Mid Late Early Mid Late

Aleknagik Bear Creek 2 6.54 (0.27) 5.28 (0.34) 4.56 (0.25) 93 (2.8) 108.5 (4.9) 120 (4.2)

Aleknagik Hansen Creek 4 6.26 (163) 3.53 (123) 1.86 (0.50) 98.5 (16.4) 145 (28.1) 198 (24.0)

Aleknagik Happy Creek 3 6.46 (104) 4.47 (116) 3.99 (136) 94.7 (10.1) 124 (22.9) 135 (32.4)

Aleknagik Ice Creek 4 8.35 (0.86) 6.01 (106) 3.03 (133) 77.8 (6.2) 100.5 (13.4) 159.8 (32.5)

Aleknagik Mission Creek 2 2.81 (0.05) 2.48 (0.16) 2.19 (0.07) 160 (14) 171 (5.7) 182 (2.8)

Aleknagik Whitefish

Creek

4 9.43 (118) 4.66 (0.42) 3.03 (0.28) 70.8 (6.7) 118.5 (7.0) 154 (7.9)

Aleknagik Yako Creek 1 5.10 3.59 3.02 111 139.0 154

Iliamna Canyon Creek 1 3.88 3.73 2.68 133 136 164

Iliamna Chinkeleyes

Creek

1 5.67 3.68 2.08 103 137 186

Iliamna Lonesome Bay 1 3.78 1.82 1.59 135 198 209



Table 2 cont.

Iliamna Mink Creek 1 5.39 3.23

Iliamna Northeast 

Eagle Bay 

Creek

1 4.97 3.49

Iliamna Northwest 

Eagle Bay 

Creek

1 6.17 2.29

Iliamna Pedro Ponds 1 3.46 3.38

Iliamna Russian Creek 1 8.55 5.67

Iliamna Upper Talarik 

Creek

1 9.99 4.74

Iliamna Woody Island 13 10.04 (1.22) 9.37

Lake Clark Kijik Lake 

Beach

1 5.47 4.19



1.67

1.49

2.84

3.97

2.27

2.26

113

97

142

76

67

107

141

178

144

103

117

148

204

214

159

131

179

179

(1.14) 6.45 (1.17) 67.4 (6.8) 71.4 (7.2) 95.7 (13.2)

3.51 106 126 141



Table 2 cont.

Lake Clark Little Kijik 

River

1 4.44 3.13 2.64 122 151 165

Lake Clark Tlikakila

River

1 * 1.35 1.48 * 222 215

Nerka Fenno Creek 1 6.55 4.27 2.66 93 125 165

Nerka Lynx Creek 2 11.14 (0.42) 8.23 (147) 4.61 (111) 61.5 (2.1) 79 (113) 120.5 (19.1)

Nerka Pick Creek 1 5.10 4.05 2.48 111 129 171

Nerka Stovall Creek 2 7.83 (0.60) 4.10 (0.82) 0.99 (0.29) 81.5 (4.9) 129.5 (16.3) 246 (19.8)

Nerka Teal Creek 1 3.87 2.74 2.14 133 162 184

3  *Temperature data were not adequate for this site to estimate early hatching.



Figure 1. Study area location in Bristol Bay, Alaska, U.S.A. (A). Insets represent locations of 

study sites (Table 1) in the Wood River (B) and Kvichak River (C) watersheds for which we 

predicted sockeye salmon hatch timing. Lotic and lentic habitats are indicated by red lines and 

black circles, respectively. The location of the Iliamna Village weather station is shown in panel 

C (triangle).
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Figure 2. Spawn timing (day of year, DOY) for peak spawning sockeye salmon as a function of average temperature until hatching 

(left panel) and average temperature until emergence (right panel) experienced in habitats in the Lake Aleknagik, Lake Nerka, and 

Iliamna Lake watersheds of Bristol Bay, Alaska.
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Figure 3. Average temperature regimes for four representative sockeye salmon spawning habitat types in Bristol Bay, Alaska. Mean 

daily temperature (lines) and corresponding spawn and hatch timing (E = early spawners, P = peak spawners, L = late spawners) as a 

function of day of year are shown. Grey bands represent maximum and minimum observed daily temperature. Woody Island is a wind- 

mixed beach spawning habitat and represents a warm and variable habitat type (1990-1991, 1999-2009), Hansen Creek is a snowmelt- 

fed creek and represents a cold and variable habitat type (1998-1999, 2007-2009, 2011-2012), Big Pond is a groundwater-fed pond and 

represents a cold and stable habitat type (2013-2014), and the Tlikakila River is a glacial fed river representing a cold and variable 

regime, but with an alternative regime shape (2014-2015). The temperature record in the Tlikakila River precluded estimates for the 

early spawning portion of the population.



Figure 4. Boxplots of predicted days to hatch (measured from peak spawning date of August 18th) 

by decade for Woody Island beach spawning sockeye salmon population between 1950 and 2099. 

The B1 and A1B emission scenarios and the CGCM, MIROC, and ECHAM global climate models 

within these scenarios were used to create lake temperature estimates from which to predict hatch 

timing starting in 2016. Within boxes, dark bars represent the median, solid lines the 25% and 75% 

quantiles, whiskers the 5th and 95th percentiles, and dots are outliers. Predictions were from a 

hatching timing model and based on modeled daily lake temperature. See text for details.
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Chapter 2: Common garden experiment reveals heritable phenotypic plasticity but not 

thermal local adaptation in Alaskan sockeye salmon embryonic life history 1

Abstract

A key unresolved question in fisheries conservation is how presumably coldwater

adapted populations may respond and potentially adapt in situ to rapidly warming water

temperatures. Here we test for the presence of thermal local adaptation and heritable phenotypic

plasticity in early life history phenology (i.e., hatch timing), survival to hatch, and body size at

hatching in two populations of sockeye salmon (Oncorhynchus nerka) that incubate in

contrasting natural thermal regimes. Using a split half-sibling design, we exposed embryos of 10

families from each population to a suite of constant and variable temperature regimes spanning a

range of observed and predicted plausible scenarios of warming in this century. Surprisingly, the

two populations displayed virtually identical developmental rates, hatching within one day of

each other on average, and did not differ in survival across temperature treatments. We detected

high plasticity to temperature resulting in embryos developing 2.5 times longer (189 days) in the

coolest regime compared to the warmest regime (74 days). Additionally, we observed significant

variation among half-sibling families both within and among temperature regimes. Body size and

body mass were largely insensitive to temperature and were primarily determined by population

and family-level effects, though larvae (alevins) were approximately 6.5% smaller in the coolest

treatment compared to the warmest treatment. Overall our results indicate a lack of direct

thermal local adaptation and strong plasticity in two contrasting populations of salmon, yet also

suggest that family-specific heritable plasticity could facilitate adaptive change.

1Sparks MM, Westley PAH, Falke JA, Quinn TP (2016) Common garden tests reveal heritable 
phenotypic plasticity but not thermal local adaptation in Alaskan sockeye salmon embryonic life 
history. Formatted for Global Change Biology.
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Introduction

In many organisms, the timing of breeding and early life history development is closely 

tied to temperature, and thus changes in temperature can have profound biological consequences 

(Haugen & V0llestad, 2000; Stillwell & Fox, 2005). The phenology, or timing, of life history 

events such as hatching, migration, or breeding is shaped by both environmentally-induced 

phenotypic plasticity and heritable components (Crozier et al., 2008; Gienapp et al., 2008; Reed 

et al., 2011; Gienapp et al., 2013). Additionally, theory predicts that plasticity will be greater in 

more variable habitats and may be lost in homogenous habitats (Hutchings, 2011, Oomen & 

Hutchings, 2016). Experiments quantifying local adaptation and plasticity are far ranging in 

organisms (e.g., Aday et al., 2003; Walsh et al., 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), but studies to explore potential responses by presumed locally adapted 

populations to a warming climate are relatively rare (though see Drinan et al., 2012; Whitney et 

al., 2013; Whitney et al., 2014).

For salmonid fishes (i.e., salmon and trout) the incubation period, from fertilization to 

hatching and emergence, is directly related to the ambient temperature regime (Beacham & 

Murray, 1990; Haugen & V0llestad, 2000; Quinn, 2005). Similarly, incubatory habitat 

temperature regimes are associated with the timing of reproduction such that populations in cold 

environments tend to spawn earlier in the season than populations in warmer environments 

(Brannon, 1987; Hodgson & Quinn, 2002). As with all salmonids, sockeye salmon 

(Oncorhynchus nerka), experience the majority of lifetime mortality between the period when 

eggs are fertilized and buried in the gravel to when the fry emerge (Quinn, 2005). This period is

50



therefore subject to high opportunity for selection on early life history traits and adult spawn 

timing. Given the controlling relationship between temperature and embryonic development, 

rapid ecosystem-level temperature change is likely to have marked impacts on physiological 

rates and survival during early life in salmonids (Beacham & Murray, 1990; Hendry et al., 1998; 

Steel et al., 2012; Whitney et al., 2013; Whitney et al., 2014). Rates of salmonid embryonic 

development reflect both local adaptation and plasticity (Hendry et al., 1998; Drinan et al., 2012; 

Wood & Fraser, 2015). This insight is primarily the result of previous studies that have exposed 

embryos to constant temperature regimes rather than the seasonally fluctuating temperatures that 

are experienced in nature. Additionally, many of the regimes explored in previous studies 

surpass or are close to thermal maxima of the species of interest and may not be realized under 

even the most dramatic scenarios of climate change (e.g., Whitney et al., 2013; Whitney et al., 

2014). Consequently, it is difficult to generalize the results of constant temperature regime 

studies to wild systems.

Multiple large lake systems of Bristol Bay, Alaska support the world’s most abundant 

wild sockeye salmon populations, with up to 60 million fish returning in some years (Clark et al., 

2006). All populations of salmon enter freshwater in only a few weeks, but spawn over the 

course of multiple months (Lisi et al., 2013). Sockeye salmon spawn in a variety of habitats 

differing in thermal regimes including small streams, rivers, lake and island shores, and 

groundwater ponds (Blair & Quinn, 1991; Quinn et al., 2001). Mirroring patterns observed 

across the range of sockeye salmon (Hodgson & Quinn, 2002), spawning tends to occur earlier in 

cold habitats and later in the season in warmer habitats (Lisi et al., 2013). Spawning timing is 

thought to reflect local adaptation to the prevailing thermal regime such that fish hatch and 

emerge in suitable conditions (Brannon, 1987). Habitats that occur close on the landscape may
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differ in their associated thermal regimes and their sensitivity to climate warming given site- 

specific characteristics such as the extent of snow-melt vs. rainwater contribution (Lisi & 

Schindler, 2015). Given site-specific responses to warming, it is likely that populations may 

experience abrupt change (or lack of change) in their incubation environment. Consequently, 

fine-scale local adaptation of populations that rear in different thermal regimes is likely (Quinn et 

al., 1995; Quinn et al., 2001). However, studies on transplanted populations indicate that adult 

breeding timing is the primary trait to evolve in response to selection to thermal regimes rather 

than embryonic incubation rate (e.g., Chinook salmon introduced to New Zealand: Kinnison et 

al., 1998; Quinn et al., 2000; 2011). Here we test for thermal local adaptation in developmental 

rates and survival in two populations that spawn at the same time but incubate in markedly 

different thermal regimes, where one uses a cool and constant groundwater system and the other 

a warm and variable surface water system.

The overarching goal of this study was to explore the role of genetically-controlled local 

adaptation and environmental plasticity on developmental rates and morphology and assess 

potential responses to water temperatures predicted under experienced temperature regimes and 

plausible scenarios of global change. Using a common garden experimental approach, our 

specific objectives were to 1) quantify population- and family-level heritable differences in 

developmental rates (i.e., hatching time) within and among temperature regimes, 2) test for the 

presence of local adaptation to incubation temperature by comparing embryo survival between 

natal and foreign temperature regimes, 3) quantify population- and family-specific responses in 

alevin size (length and mass) across temperature treatments. We expected that populations and 

families would have the highest survival in natal temperatures regimes and lower survival in 

regimes of the other population, consistent with thermal local adaptation. Furthermore, we
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expected population and family specific differences in time to hatch indicative of heritable 

developmental rates. Additionally, we expected to observe greater plasticity in hatch timing and 

larval morphology (length and mass) from the population that spawns in a variable thermal 

habitat. Finally, we expected that larvae would be smaller at warmer temperatures owing to 

reduced yolk conversion efficiency (Atkinson, 1994, Atkinson & Sibly, 1997).

Methods

Study populations and experimental animals

This study focuses on two populations of sockeye salmon (Table 1) that both spawn early 

to mid-August, but in starkly contrasting thermal regimes. The Woody Island population spawns 

along beaches in the wind-driven surface waters of Iliamna Lake (Olsen, 1964; Leonetti 1997), 

resulting in a thermal regime that begins warm during the spawning season but then declines 

rapidly as the lake cools and (in most years) freezes during the incubation period (Adkison et al., 

2013; Sparks et al., In Prep). In contrast, the Pedro Bay Ponds population spawns approximately 

8.5 km away (straight line distance) and incubates in a near-constant temperature groundwater 

pond complex (~4 °C over the incubation period), adjacent but connected by small streams to the 

main lake. Fish were taken from ‘Big Pond’ in the pond complex, but referred to as Pedro Ponds 

hereafter for simplicity, which is ~3550 m2 with a relatively uniform depth (~1.0 m) and 

dominated (53%) by fine substrate ~1 mm over a cobble bed, and is generally similar to and 

representative of the Pedro Bay Ponds system (Quinn et al.,1999; Quinn et al., 2012).

Despite temporal overlap in spawning time and geographical proximity, the two 

populations are largely reproductively isolated owing to natal homing behavior (Blair & Quinn, 

1991; Quinn et al., 1999). This spatial isolation coupled with presumed differences in selection
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pressures on the spawning grounds likely explains observed genetic and phenotypic differences 

between these populations (Blair et al., 1993; Gomez-Uchida et al., 2011).

On August 12, 2015, gametes from 10 females and 20 males each from the Woody Island 

and Pedro Bay Ponds populations were stripped and fertilized in the field (Table 1). Our 

experimental design of mating two males with a single female emulates the breeding system of 

sockeye salmon, where multiple males frequently mate with a single female (Esteve, 2005), and 

also helps minimize chances of fertilization failures. Fertilized ova were disinfected with a 

100:1 ovadine solution, and allowed to water harden for 60 minutes before being individually 

bagged and put on ice (to maintain ~10 °C), and flown directly to the University of Alaska 

Fairbanks.

Thermal laboratory experiments

Within 12-h of fertilization, the 10 families from each population (termed P1-P10, W1- 

W10) 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 7.62 cm diameter x 6.35 cm tall PVC 

containers with screened bottoms. The four replicated containers were then placed in haphazard 

locations, one each into four trays at different levels of the incubator to control for any subtle 

variation in temperature as water flowed from top to bottom of the apparatus. All lights in the 

room were kept off and embryos were only viewed under red lights. Apparatuses were held in 

temperature controlled rooms slightly above (~2 °C) the warmest treatment temperature.
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We exposed developing embryos to five temperature treatments (summarized in Table 2, 

Fig. 1) that reflected conditions that the two populations would have experienced in their natal 

sites (home conditions), if individuals had strayed among sites (foreign conditions, Sheridan, 

1962) and might experience under a scenario of climate warming. Specifically, the following 

five treatments were: 1) the daily long-term averages (hereafter termed AVG) of observed data 

(1990-1992, 2000-2010) experienced by the Woody Island population, 2) the 2004 temperature 

regime, which was the coldest experienced by the Woody Island population over the same period 

(Cold), 3) the average temperature (constant 4 °C) experienced by the Pedro Ponds population 

(4), 4) a regime representative of downscaled climate change predictions for the 0.5 by 0.5 km 

grid centered around the Woody Island region of Iliamna Lake generated using the MIROC 

global climate model (A1B emissions scenario) (MIROC; Sparks et al., In Prep), and 5) a 

constant climate change scenario for the Pedro Ponds population that predicts water temperature 

in the Ponds will approximately double to a constant 8 °C (8) based on projections from the 

MIROC model (Table 2, Fig. 1) (Sparks et al., In Prep).

Temperatures were recorded by HOBO TidBit recorders (15 minute 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 AVG, Cold, and MIROC treatments were 

adjusted each day at 09:00 h as needed to match the relative average daily temperature for each 

treatment.

Dead embryos were removed from all treatments the first day after transportation (these 

were considered transportation mortalities), after which all mortalities were recorded for 

analysis. Thereafter, dead embryos from treatments were removed on a weekly basis to avoid

Temperature treatments
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issues related to algal or bacterial build up, except during periods of known developmental 

sensitivity during the 80-100 ATUs (accumulated thermal units, sum of daily average 

temperature) stage (Quinn, 2005).

Hatching larvae, termed alevins, were removed from the treatment and sacrificed in an 

overdose of 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. Photographing and 

weighing of alevins continued until 150 individuals per family per treatment were sampled. 

Photographs were analyzed using ImageJ software (https://imagej.nih.gov/ij/) to quantify mid

eye to hypural length (mm).

Data Analysis

We fit a linear mixed effects model (Bolker et al., 2009) to quantify the contribution of 

population and family-level effects on time until hatching following the general form:

(Eq 1)

yi = a  + Tj + Pk + Ll + am(k) + Tj,m(k) + Si

where y  was the number of days until a given embryo (i) hatched, 1 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 l (tray 1-4). Random effects included am(k) as the random 

intercept for family m (nested within population k) and was included to quantify how the 

treatment effect differs among families, and Tj,m(k) was a random treatment effect for family m 

(nested within population k) and was included to represent how a given treatment affects the

56

https://imagej.nih.gov/ij/


response among families and populations, representing a G x E response (genetic x 

environmental response, a differential heritable plastic response among families or populations). 

This model was similarly used to analyze differences in alevin mass and length among 

populations, families, and temperature treatments. All three models were fit assuming 

independent Gaussian distributions for the residuals and for each of the random effects. 

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 and determined the most 

parsimonious models, given the data, based on BIC (stats package, R Core Team, 2015). We 

consider models whose BIC exceeds that of the best model (lowest BIC) by more than 4 to have 

substantially lower evidence and thus limit interpretation accordingly (Burnham & Anderson, 

2002). All analyses were done in Program R (R Core Team, 2015) and mixed models were 

analyzed in the package lme4 (Bates et al., 2015).

Results

Population andfamily-specific hatch timing

Developmental rates as inferred by the amount of time needed to hatch was 

predominantly a function of temperature and did not vary between the populations. All 

populations and families developed fastest in the warmest treatment (MIROC mean 10.14 °C, 

Table 3), and developed slower as temperature decreased. Mean days to hatch across all 

populations was 74 days (SD=3.87) in the warmest treatment (MIROC) and 189 days (SD=5.45) 

in the coldest treatment (4) (Fig. 2). The number of days needed to hatch in the warmest

57



treatment (MIROC) was 8 days less than the next warmest treatment (AVG) and was 115 less 

than the coolest temperature treatment (4). A model including fixed effects for treatment and 

tray level in the incubator, and a random treatment effect for family nested within population, 

had the strongest support (Table 2.A.1).

Families differed in developmental rates both within (Fig. 2) and among (Fig. 3) 

treatments. We detected evidence suggestive of a G x E in developmental rates based on the 

inclusion of the random treatment effect in the best model (Table 2.A.1). However, the influence 

of this effect was an order of magnitude less than that of the temperature effect, in which 

standard deviations ranged from 1.5 to 3.3 days among families within treatments (Fig. 3, Fig.

4). We also detected evidence that increasing thermal regime variability may be related to 

hatching variability across families (Table 3, see random effects), as the random effect variance 

generally increased with the variability of temperature treatments. Despite its inclusion in the top 

model, incubator level effect varied by <1 day.

Population andfamily-specific survival

Survival did not vary among temperature treatments, but did differ markedly among 

families and populations. The top ranked model included only treatment as both a fixed effect 

and a random effect, with population and family as the primary drivers of survival (Table 2.A.2, 

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 

substantially, ranging from 0.02 -0.96 with a mean of 0.53, but was largely consistent within a 

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
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Island families, the W2 family experienced the highest survival (0.85, SD=0.09) and the W6 and 

W8 families experienced the lowest survival at (0.02, SD=0.03 and 0.02, respectively).

Responses in alevin mass and length

Differences in alevin mass were largely a function of population (Woody Island eggs 

were consistently larger across families, Table 1, Fig. 5) and secondarily influenced by a family 

effect, and varied little among temperature treatments. The best supported model for alevin mass 

included treatment as the fixed effect and family and treatment as the random effect (Table 

2.A.3), though the next best supported model’s ABIC was <4 and included the fixed population 

term, indicating some support for including that term. Across all treatments and families, weight 

averaged 0.108 g, and the random variation attributed to population (SD=0.015) was an order of 

magnitude greater than random variation among families (SD=0.006) and fixed treatment 

(average effect -0.001 g), indicating that differences in alevin weight were largely attributable to 

populations but not treatment effects (Table 6, Fig. 5). The MIROC treatment had the strongest, 

albeit very small, effect on mass across treatments (-0.003).

Like mass, differences in alevin body length were similarly influenced by population 

(egg weight), but also impacted at similar levels by population and treatment and 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 2.A.4). The global average length was 19.2 mm with the 

random effects of population (SD=0.46) and family (SD=0.36). Treatment effect ranged from - 

0.5 to 0.08, where the trend was for colder treatments to have shorter lengths (Table 7, Fig. 5).

On average, body length was 6.5% less in the warmest MIROC treatment compared to the
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coolest treatment (4 °C). Finally, the tray effect ranged from 0.03 to 0.15, where fish tended to 

be longer in lower (slightly warmer) trays.

Discussion

This study revealed an unexpected lack of thermal local adaptation and prevalence of 

phenotypic plasticity in the embryonic development of two populations of Alaskan sockeye 

salmon in the face of warming water temperatures. Counter to expectations, we found no 

evidence that populations spawning at the same time in very different temperature regimes 

exhibit population-specific developmental rates nor differential survival across temperatures that 

would have been indicative of thermal local adaptation. Rather, we observed marked plasticity in 

developmental rates at the population level, and observed differences in hatch timing across half

sibling families within and among temperature treatments. Furthermore, the findings in this study 

were contrary to the common relationship between decreasing body size and warming water 

temperatures. Fish in our study tended to be larger in warmer temperatures, though these 

differences were small. Taken as a whole this study indicates that phenotypic plasticity in 

developmental rates may buffer these populations and families in the face of warming 

temperature while also serving as a heritable template on which selection may act in the face of 

warming.

Given that the Woody Island and Pedro Ponds populations spawn at overlapping times 

but under very different regimes they were predicted to hatch at markedly different times. The 

Woody Island population was predicted to hatch after 68 days under average local conditions and 

Pedro Ponds population predicted to hatch after 140 days under its average local conditions 

(Chapter 1). Therefore, we expected to see population-specific differences in developmental
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rates when reared in common garden conditions. Moreover, we expected that population-level 

plastic responses would be associated with the degree of heterogeneity of the natal incubation 

temperature regime (i.e., higher plasticity in the Woody Island population) (Hutchings, 2011). 

Counter to expectations, we found no support that populations differed in the timing to hatch 

within treatments and across treatments. Similarly, other studies (Beacham & Murray, 1988; 

1989; Haugen & V0llestad, 2000; Whitney et al., 2014; Wood & Fraser, 2015) that focused on 

population-level differences found a similar lack of genetic differences in hatch timing in 

regimes representing natural conditions (but see Jensen et al., 2008). As the temperature regimes 

used in our study emphasized plausible natural regimes and variability, treatments may have not 

been stressful enough to reveal cryptic population variation (genetic potential only expressed 

under abnormal conditions) (Gibson & Dworkin, 2004; Schlichting, 2008). Alternatively, it is 

possible that by using the early spawning fish of each population in our experiments we missed 

some of the within population variation, where later spawning fish may be expected to 

compensate with greater developmental rates (Hendry et al., 1998). Moreover, if we had used 

populations that differ in spawn timing related to incubation thermal regime (e.g., had included a 

late spawning population from a glacial system, Sparks et al., In Prep) we may have observed a 

different outcome.

In contrast to the limited population-level differences, we detected family-level 

differences within temperature treatments consistent with a heritable component to 

developmental rates and differences among temperatures regimes suggestive of gene by 

environment interactions (G x E). These findings reinforce other studies that found G x E 

interactions between hatch timing and incubation regime at the family level (Burt et al., 2012; 

Steel et al., 2012). Furthermore, we provided evidence that incorporating both the mean and
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variability of the incubation regime is important for understanding how sockeye salmon may 

respond to change in water temperature (Fig. 2).

To the extent that the populations might have been locally adapted to their thermal 

environments, we predicted that survival would be highest in the natal regimes vs. regimes of the 

other population. Counter to this expectation, population-specific survival did not change 

relative to experienced temperature regime, indicating that these populations, if they are 

thermally locally adapted, may realize this adaptation at life-stages beyond what was measured 

in this experiment (Table 4). Furthermore, these populations enter a mutual nursery lake after 

emergence, meaning they could be adapted to the shared environment instead of their different 

spawning grounds. Populations and families did survive at different levels, with fish in the Pedro 

Ponds population having higher overall survival than those in the Woody Island population. 

However, there was substantial variation around survival in populations, which was largely 

driven by differential survival in families. Families consistently survived at similar levels across 

treatments, but varied substantially from family to family within the populations (Table 5). These 

results mostly contradict findings from similar experiments, though in populations or species 

without shared nursery environments, in which populations exhibited local adaptation in survival 

(Haugen, 2000; Drinan et al., 2012; Whitney et al., 2013). Another explanation might be that by 

chance the populations do well in the other’s environment and that comparisons among other 

sockeye salmon populations in Bristol Bay would have led to different results (Kawecki & Ebert, 

2004). The lack of survival differences relative to other studies may also relate to the 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 (Haugen, 2000; Burt et al., 2012; Drinan et 

al., 2012; Whitney et al., 2013), and climate change scenarios for similar work were quite

62



extreme (Whitney et al., 2013; Whitney et al., 2014). Many of these same studies (Drinan et al., 

2012, Whitney et al., 2013; Whitney et al., 2014) had similar variations in treatment temperature 

(about 6°C ), but found local adaptation in survival.

Alevin mass varied by population, family and treatment and was substantially different 

among populations and closely related to egg size (Table 1). While the treatment effects were 

significant (fish were smaller in the coldest treatments), treatment effects were an order of 

magnitude less (< 0.003) than the population effect, which may be a marginal difference relative 

to biological needs (Fig. 5). These results were similar to other studies that found differences in 

alevin mass were largely driven by family or population, as opposed to treatment (Hendry et al., 

1998; Burt et al., 2012; Whitney et al., 2014). Differences in egg size and resulting alevin mass 

are reflective of patterns observed in Woody Island and Pedro Ponds, where population egg size 

was positively associated with substrate size and variation in egg size within a population was 

related to female body length (Quinn et al., 1995).

Similar to alevin mass, alevin length varied largely as a factor of population, family and 

treatment. The random effects of population and family were similar (SD=0.46 and 0.36, 

respectively) and all were < 0.5 mm (Table 7, Fig. 5). The differences among treatments resulted 

in a <7 % decrease in length from the warmest to coolest treatment. As a general trend, alevin 

length was shortest in the coolest treatments (Fig. 5). These findings were inconsistent with 

other studies (Hendry et al., 1998; Haugen & V0llestad, 2000; Burt et al., 2012; Drinan et al., 

2012), in which fish were shorter in warmer treatments. A potential explanation of this observed 

difference could be that the warmest temperatures in this study were generally much cooler than 

the warmest temperatures in other studies, which in some cases were far beyond what fish would 

have experienced in the wild. Instead, this experiment’s warmest treatments were closer to
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thermal optima for sockeye salmon than many of the other similar prior studies. Again, like 

mass, differences in alevin length in this experiment were largely related to egg size and 

associated spawning substrate used by the populations (Quinn et al., 1995).

This study challenges the predictive utility of a widely used empirical model in 

salmonids, including sockeye salmon (Beacham & Murray, 1990). Because we included multiple 

temperature regimes in this experiment, we were able to confirm the non-linear relationship 

between hatch timing and temperature found by other studies (Beacham & Murray, 1990), which 

would have not been as pronounced and missed if fewer treatments, or treatments of less 

temperature contrast, were used. We found that the Beacham and Murray model consistently 

underestimated the number of days to hatch and fared increasingly worse between the warmest 

treatment (MIROC = 9 days difference between observed and predicted timing) and coolest 

treatment (8 = 29 days). Our results indicated that while the Beacham and Murray model may be 

a useful general tool, it did not capture population- or family-specific differences for our Bristol 

Bay study populations. The model from Beacham and Murray (1990) was developed using 

British Columbia populations and thus may fail to capture regional differences in hatching 

timing. Curiously, the same researchers varied the timing of temperature delivery to chum (O. 

keta) and Chinook salmon (O. tshawytscha) and found that the average temperature largely 

determined hatch timing, as opposed to the thermal regime’s shape (warm leading to cool vs cool 

leading to warm), thus reinforcing our similar findings (Murray & Beacham, 1987). We refit 

the model using average population response for each treatment and a least-squares regression 

for the 10 data points and predicted as much as 40 days difference between the predictions of the 

two models in regimes that might be expected in natural settings (Fig. 6). These results indicate 

that care should be taken to incorporate incubation regime variability and regional differences in
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populations to account when using models to predict hatching timing in specific populations.

Because the climate change treatments in this experiment were informed by real 

predictions of temperature change specific to the study populations, we can make some informed 

inferences about the impacts of climate change to our populations. In particular, survival was 

not reduced as a direct effect of the warmest treatments, even for the Pedro Bay Ponds 

population, which experiences a very cold natal incubation regime. While survival during this 

narrow time period may not be impacted as a result of temperature per se, changing temperatures 

could create a mismatch between the recipient nursery environment and timing of development 

(Visser & Both, 2005; Visser, 2008). That being said, a dire mismatch seems unlikely for the 

Woody Island population as the future warming scenario (MIROC) changed hatch timing by 

only 8 days from the observed average temperature regime (AVG) over the last decade-and-a- 

half. This is well within the range of predicted hatch timing over the last half-century (Sparks et 

al., In Prep). For the Pedro Ponds population, the climate change regime doubled the 

temperature in the ponds from 4 to 8 °C and imparted an 89 day difference from the natal 

incubation regime. Although shallow groundwater temperatures are highly correlated with mean 

annual air temperature for a given region (Hayashi & Rosenberry, 2002), specific climate 

change impacts in the Pedro Ponds should be viewed with caution as the groundwater-surface 

water dynamics have not been studied. Additionally, mismatch dynamics are dependent on rates 

of change in both development and the recipient nursery environment for young fish. If the lake 

is increasingly hospitable early in the season then earlier hatching and emergence may not 

impact survival. Finally, because treatment had very little effect on alevin mass and minimal 

effect on length, and given the small magnitude of the effect of temperature on body size and 

substantial time for compensatory growth, it seems unlikely that temperature would reduce the
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fitness of sockeye salmon populations through alterations in alevin body size.

The results of this study are indicative of a lack of local thermal adaptation between 

populations with regards to developmental rates and survival, but rather a propensity for 

phenotypic shifts in relation to climate scenarios. For example, the Pedro Pond population 

exhibited a decrease of 89 days needed to hatch between the natal regime and the climate change 

scenario for that regime (4 and 8, respectively), without a significant shift in survival.

Considered together, these patterns suggest that plasticity may sufficiently buffer populations to 

cope with predicted 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 transgenerational response to selection in nature. In other words, these 

genetic differences that are exposed under variable temperature regimes provide a wider template 

for adaptation to occur. Our results reinforce the strength of temperature as a driver of 

embryonic development, 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 (Schindler et al., 2005; Rich et al., 2009; Tillotson & 

Quinn, 2016). Despite this uncertainity, what is clear is that maintenance of these plastic and 

genetic responses through continued diversity across families and populations will be important 

to allow for climate change related adaptation.
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Table 1. Number of families, average male and female length (SD), and egg weight (SD) specific

to the two experimental populations of Bristol Bay, Alaska sockeye salmon used in this study.

Population Families (n) Male Length 
(mm)

Female Length 
(mm) Egg Weight (g)

Woody Island 
Pedro Ponds

10
10

443.1 (29.5)
453.1 (26.6)

436.1 (22.3) 
465.4 (16.6)

0.138 (0.013) 
0.113 (0.009)
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Table 2. Summary environmental characteristics for five experimental temperature treatments. 

Mean temperature, coefficient of variation, median and predicted days to hatch1, conductivity, 

dissolved oxygen, and flow are shown. Average temperature and coefficient of variation were 

measured to the treatment-specific median day to hatch.

Treatment
Mean 

Temp °C
CV

Median 

Days to 

Hatch

Predicted 

Days to 

Hatch

Conductivity

(uS)

DO

(mg/l)

Flow

(l/s)

MIROC 10.14 0.20 74 65 42.8 9.36 0.14

AVG 9.10 0.28 82 68 18.9 9.66 0.17

8 7.26 0.02 100 87 19.0 10.27 0.23

Cold 5.42 0.58 118 97 36.1 10.54 0.14

4 2.83 0.03 189 160 14.5 11.34 0.22

Predictions were made using a model from Beacham and Murray (1990)
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Table 3. Parameter estimates for the best supported (ABIC) linear mixed effects model predicting

days to hatch for two populations of sockeye salmon from Bristol Bay, Alaska.

Random effects Name Variance Std.Dev.

Family within Population

Treatment4 4.93 2.22

Treatment8 2.15 1.47

TreatmentAVG 4.94 2.22

TreatmentCold 10.71 3.27

TreatmentMIROC 3.31 1.82

Population Treatment4 0.00 0.00

Treatment8 0.01 0.07

TreatmentAVG 0.04 0.19

TreatmentCold 2.33 1.53

TreatmentMIROC 0.02 0.16

Residual 9.90 3.15

Fixed effects: Estimate S td .E rro r t value

(Intercept) 189.4 0.5 369.9

TreatmentMIROC -115.3 0.4 -257.5

TreatmentAVG -106.4 0.5 -197.8

Treatment8 -88.5 0.4 -246.8

TreatmentCold -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

77



Table 4. Parameter estimates for best supported (ABIC) generalized linear mixed effects model

predicting survival for two populations of sockeye salmon from Bristol Bay, Alaska.

Random effects: Name Variance Std.Dev.

Groups Family:Population (Intercept) 3.00 1.73

Treatment8 0.59 0.77

TreatmentAVG 0.78 0.89

TreatmentCold 0.77 0.88

TreatmentMIROC 0.98 0.99

Population (Intercept) 1.30 1.14

Treatment8 0.12 0.34

TreatmentAVG 0.12 0.34

TreatmentCold 0.09 0.30

TreatmentMIROC 0.04 0.21

Fixed effects: Estimate Std. E rror z value Pr(>|z|)

(Intercept) 0.30 0.77 0.39 0.70

Treatment8 -0.39 0.26 -1.47 0.14

TreatmentAVG -0.32 0.28 -1.11 0.27

TreatmentCold -0.40 0.26 -1.51 0.13

TreatmentMIROC -0.42 0.25 -1.69 0.09
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Table 5. Mean survival proportion 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 4 8 AVG Cold MIROC

P1 0.76 0.04) 0.65 0.08) 0.67 (0.08) 0.70 (0.05) 0.67 (0.03)

P2 0.78 0.04) 0.68 0.09) 0.73 (0.08) 0.67 (0.06) 0.71 (0.08)

P3 0.79 0.07) 0.69 (0.05) 0.67 (0.03) 0.69 (0.08) 0.72 (0.05)

P4 0.75 0.04) 0.73 0.01) 0.73 (0.04) 0.78 (0.06) 0.80 (0.03)

P5 0.92 0.03) 0.97 0.03) 0.96 (0.03) 0.99 (0.01) 0.99 (0.02)

P6 0.75 0.06) 0.83 0.04) 0.73 (0.26) 0.84 (0.03) 0.83 (0.04)

P7 0.80 0.07) 0.79 0.04) 0.74 (0.11) 0.78 (0.06) 0.82 (0.02)

P8 0.65 0.02) 0.54 0.04) 0.55 (0.05) 0.57 (0.03) 0.62 (0.05)

P9 0.06 0.04) 0.06 0.02) 0.06 (0.02) 0.05 (0.01) 0.07 (0.02)

P10 0.76 0.09) 0.81 0.04) 0.88 (0.01) 0.83 (0.03) 0.87 (0.03)

W1 0.07 0.03) 0.89 (0.08) 0.91 (0.02) 0.93 (0.05) 0.96 (0.02)

W2 0.74 0.07) 0.81 0.03) 0.87 (0.11) 0.95 (0.04) 0.88 (0.03)

W3 0.72 (0.08) 0.78 0.04) 0.86 (0.04) 0.86 (0.02) 0.78 (0.02)

W4 0.23 0.06) 0.23 0.02) 0.33 (0.05) 0.33 (0.04) 0.33 (0.08)

W5 0.09 0.02) 0.13 0.04) 0.08 (0.02) 0.10 (0.04) 0.09 (0.04)

W6 0.02 0.04) 0.04 0.03) 0.01 (0.02) 0.01 (0.01) 0.02 (0.03)

W7 0.40 0.24) 0.31 (0.05) 0.39 (0.11) 0.26 (0.06) 0.28 (0.04)

W8 0.02 0.00) 0.03 0.02) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01)

W9 0.06 (0.05) 0.13 0.04) 0.12 (0.07) 0.10 (0.01) 0.09 (0.03)

W10 0.29 (0.05) 0.37 (0.05) 0.40 (0.04) 0.37 (0.06) 0.39 (0.04)
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Table 6. Parameter estimates for the best supported (ABIC) linear mixed effects model predicting

alevin mass (g) for two populations of sockeye salmon from Bristol Bay, Alaska.

Random

effects: Name Variance Std.Dev.

Groups
Family:P opul ati on 

(Intercept) 0.000042 0.006518

TreatmentAVG 0.000001 0.000914

Treatment8 0.000005 0.002295

TreatmentCold 0.000001 0.001138

Treatment4 0.000001 0.000773

Population (Intercept) 0.000233 0.015270

TreatmentAVG 0.000000 0.000040

Treatment8 0.000001 0.001078

TreatmentCold 0.000000 0.000067

Treatment4 0.000000 0.000458

Residual 0.000028 0.005258

Fixed effects: Estimate Std. E rror t value

(Intercept) 0.1083 0.0109 9.94

TreatmentAVG -0.0001 0.0003 -0.207

Treatment8 -0.0022 0.0009 -2.285

TreatmentCold -0.0011 0.0003 -3.538

Treatment4 -0.0031 0.0004 -7.52
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Table 7. Parameter estimates for the best supported (ABIC) linear mixed effects model predicting

alevin length (mm) for two populations of sockeye salmon from Bristol Bay, Alaska.

Random effects: Name Variance Std. Dev.

Groups Family:Population (Intercept) 0.133 0.364176

TreatmentAVG 0.046 0.21496

Treatment8 0.048 0.218618

TreatmentCold 0.027 0.16323

Treatment4 0.072 0.267832

Population (Intercept) 0.216 0.464931

TreatmentAVG 0.008 0.092155

Treatment8 0.000 0.006141

TreatmentCold 0.000 0.002617

Treatment4 0.000 0.004031

Residual 0.234 0.483448

Fixed effects: Estimate Std. E rror t value

(Intercept) 19.20424 0.33917 56.62

TreatmentAVG 0.07633 0.08435 0.9

Treatment8 0.04731 0.05425 0.87

TreatmentCold -0.18932 0.04159 -4.55

Treatment4 -0.51482 0.06592 -7.81

Tray2 0.03591 0.01484 2.42

Tray3 0.09423 0.01475 6.39

Tray4 0.15408 0.01514 10.18
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Fig. 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 end after 

all fish in treatment hatched. See text for details regarding treatments.
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Fig. 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. 

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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Family

Fig. 3. Box plots of days to hatch by families 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 temperatures and 

families are arranged in order of median hatch date from the MIROC treatment. 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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Fig. 4. Family-specific reaction norms for median days to hatch for two populations of sockeye salmon from Bristol Bay, Alaska. 

Treatments are arranged in order of warmest to coolest mean temperature.
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Fig. 5. Alevin length (mm) and mass (g) as a function of population and treatment. Treatments are arranged from warmest to coolest. 

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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Temperature (°C)

Fig. 6. Comparison of model predictions of days to hatch (D) as a function of mean temperature (T) based on a widely cited model 

loge(D) = loge(a) — loge(T — b) (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). Black points represent each 

population’s average days to hatch in each of the five treatments.
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Appendix 2.A

Table 2.A.I. Model selection metrics for linear mixed effects models (see text) of embryonic developmental rates (modeled as days to

hatch) for two populations of sockeye salmon from Bristol Bay, Alaska exposed to five temperature regimes (see text).

Model BIC ABIC

Days.to.Hatch ~ Treatment + Tray + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + Tray + (Treatment| Population/Family)

Days.to.Hatch ~ Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Population + Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Treatment + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + (Treatment| Population/Family)

Days.to.Hatch ~ Treatment + (1|Population/Family) + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Population + (1|Population/Family)

Days.to.Hatch ~ Tray + (1|Population/Family)

Days.to.Hatch ~ Population + Tray + (1|Population/Family)

82850 0

82857.4 7.45

82869 18.99

82876.8 26.81

83038.8 188.76

83046.3 196.27

83057.8 207.79

83065.6 215.64

164234 81383.6

164247 81397.4

164256 81405.7
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Table 2.A.2. Model selection metrics for generalized linear mixed effects models (see text) of alevin survival for two populations of

sockeye salmon from Bristol Bay, Alaska.

Model BIC ABIC

Days.to.Hatch ~ Treatment + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + (Treatment| Population/Family)

Days.to.Hatch ~ Treatment + Tray + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + Tray + (Treatment| Population/Family)

Days.to.Hatch ~ Treatment + (1|Population/Family) + (Treatment| Population/Family)

Days.to.Hatch ~ Population + Treatment + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Population + Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) 

Days.to.Hatch ~ Population + (1|Population/Family)

Days.to.Hatch ~ Tray + (1|Population/Family)

Days.to.Hatch ~ Population + Tray + (1|Population/Family)

26440 0

26449.6 9.6

26450 9.97

26459.7 19.66

26460.6 20.59

26470.2 30.19

26470.6 30.56

26480.3 40.25

26624 183.95

26627.7 187.68

26634.1 194.04
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Table 2.A.3. Model selection metrics for linear mixed effects models (see text) of alevin mass for two populations of sockeye salmon

from Bristol Bay, Alaska.

Model BIC ABIC

weight ~ Treatment + (Treatment| Population/Family) -78086 0

weight ~ Population + Treatment + (Treatment| Population/Family) -78083 3.4

weight ~ Treatment + (1|Population/Family) + (Treatment| Population/Family) -78068 18.47

weight ~ Treatment + Tray + (Treatment| Population/Family) -77936 150.58

weight ~ Population + Treatment + Tray + (Treatment| Population/Family) -77932 154.04

weight ~ Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) -77917 169.05

weight ~ Population + Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family) -77914 172.51

weight ~ Population + (1|Population/Family) -77751 335.35

weight ~ Tray + (1|Population/Family) -77600 486.52

weight ~ Population + Tray + (1|Population/Family) -77599 487.22

weight ~ Population + Treatment + (1|Population/Family) + (Treatment| Population/Family) 83065.6 161152
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Table 2.A.4. Model selection metrics for linear mixed effects models (see text) of alevin length for two populations of sockeye salmon 

from Bristol Bay, Alaska.

Model BIC ABIC

length ~ Treatment + Tray + (Treatment| Population/Family)

length ~ Population + Treatment + Tray + (Treatment| Population/Family)

length ~ Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family)

length ~ Population + Treatment + Tray + (1|Population/Family) + (Treatment| Population/Family)

length ~ Treatment + (Treatment| Population/Family)

length ~ Population + Treatment + (Treatment| Population/Family)

length ~ Treatment + (1|Population/Family) + (Treatment| Population/Family)

length ~ Population + Treatment + (1|Population/Family) + (Treatment| Population/Family)

length ~ Tray + (1|Population/Family)

length ~ Population + Tray + (1 |Population/Family)

length ~ Population + (1|Population/Family)

12458.7 0

12463.6 4.89

12476.8 18.11

12481.7 23

12558.3 99.59

12563.2 104.48

12576.4 117.71

12581.3 122.61

13946.2 1487.46

13948.4 1489.73

14019.3 1560.57
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Conclusions

This work explored Bristol Bay sockeye salmon early life history by estimating and 

predicting phenology for multiple populations and testing for local adaptation and plasticity in 

two representative populations in a common garden experiment. In the first chapter, which 

focused predominantly on landscape and temporal trends in hatching timing, I found that hatch 

timing varied considerably across and within habitats. In particular, spawning in Bristol Bay 

generally occurs over the course of four months (Young, 2004; Moore & Schindler, 2010) but 

estimated hatching timing spread over eight months. The differences in phenology were 

functions of habitat specific thermal regimes (i.e., warm sites such as lake shores vs. cold sites 

like glacial rivers) and parental spawning timing within a population. Populations are generally 

thought to spawn at a time that optimizes juvenile life history, but in a subset of populations I 

found that spawning timing did not appear to be related to average incubation or average 

emergence temperature. Furthermore, the variation in hatching and emergence timing was far 

greater than that of spawning, which is contrary to the hypothesis that populations with shared 

juvenile nurseries should be synchronous in hatching timing (Brannon, 1987; Hodgson & Quinn, 

2002)

In the first chapter I also hind- and forecasted lake temperature for a beach spawning 

population and estimated and predicted time to hatching. For this particular population, days to 

hatch decreased in future scenarios in conjunction with warming temperatures, but the predicted 

shift in phenology was < 7 d fewer relative to estimates of days to hatch in the warmest observed 

temperatures. Additionally, estimated days to hatch for this population varied substantially 

historically in relation to interannual weather trends, which is the dominant force behind 

incubatory temperature regimes at the site (Leonetti, 1997). As a population though, incubation 

generally occurs in the fall, the season that has experienced the least amount of change in the
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prior half-century and is predicted to change the least in the next century (Stewart et al., 2013). 

Alternatively, my estimates from the landscape analysis suggest that many of these populations 

may incubate into the winter and spring, the period expected to have the largest change, and these 

populations or other life stages could experience substantial phenological change or mismatches 

with their recipient environments as a result of these changes (Carter & Schindler, 2012).

Work from the second chapter indicated a number of salient findings regarding thermal 

local adaptation and plasticity. In particular, populations in our study were predicted to be locally 

adapted to natal thermal regimes and their plasticity related to natal thermal regime variability 

(Hutchings, 2011). Populations and families were not locally adapted in survival and exhibited 

similar survival throughout treatments. Furthermore, plasticity at the population level was similar 

among the two populations and time to hatch varied 115 d between the warmest and coolest 

treatments. Within families, average days to hatch varied by as much as 11 days in a single 

treatment and responses varied by family and treatment indicating important genetic by 

environmental interactions. Additionally, I found that families and populations exhibited greater 

variability in hatching in treatments with the most variable incubation regimes. I also measured 

alevin size at hatch in terms of mass and length, the results of which indicated small but 

significant phenotypic shifts towards smaller fish in cooler treatments. Survival in this experiment 

was predicted to be locally adapted, yet my results suggested survival varied only as a function of 

family and population and was unrelated to treatment. Finally, the data for hatching from this 

experiment were used to refit he model used in the first chapter (Beacham & Murray, 1990), the 

results of which showed development was much slower for a given temperature for the 

populations in this study and could differ by as much as 30 days in cooler regimes (< 4 °C).

These differences imply substantial genetic differences in how these populations incorporate 

temperature into embryonic development than those in British Columbia from which the model

94



was developed (Beacham & Murray, 1990).

Taken together, the populations in this experiment appear to be substantially plastic in 

many of the measured traits revealing a capacity to adapt their phenotypes even in scenarios of 

climate change. Two of the five treatments were designed to be representative of climate change 

scenarios and responses in mortality revealed that fish, even ones from very cool natal 

environments, were not detrimentally affected by climate warming scenarios. The plasticity 

revealed in this experiment, especially the genetic differences found among families, represents 

not only a buffer against predicted changing temperatures but also implies that the underlying 

genetic differences in families’ plastic responses can act as a template for adaptive evolution.

The estimates of patterns of early life history phenology from the first chapter are 

indicative of substantial variability across habitats and prior work in many of these same 

populations shows the importance of life history variability buffering against change (Hilborn et 

al., 2003; Schindler et al., 2010). While parental breeding date is the primary way for dealing 

with changing thermal incubatory regimes (Hodgson & Quinn, 2002), this study indicated there 

may be a broader window of acceptable lake entry dates by fry than originally thought. Similarly, 

results from chapter two provide evidence that at least some of these populations have ample 

capacity to deal with change predicted for their habitats within the studied life histories. Still, 

these results are only evidence for a small portion of sockeye salmon lifecycle, which spans many 

environments and years (Quinn, 2005). The rate of temperature change observed and predicted 

for the region used by Bristol Bay sockeye salmon (Stewart et al., 2013) far outpaces global 

averages and it remains unclear how populations might respond across their life history. The best 

evidence from this work and others suggests maintaining diversity in habitat and life history in 

these populations will be an important management tool moving forward (Hilborn et al., 2003; 

Schindler et al., 2010).
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