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The influence of individual parentage on progeny responses to early developmental temperature
stress was examined in a cross-fertilization experiment using sockeye salmon Oncorhynchus nerka.
Differences in survival, hatch timing and size were examined among five paternally linked and five
maternally linked offspring families (Weaver Creek population, British Columbia, Canada) incubated
at 12, 14 and 16° C from just after fertilization to hatch. Mean embryonic survival was significantly
lower at 14 and 16° C; however, offspring families had substantially different survival responses
across the thermal gradient (crossing reaction norms). Within temperature treatments, substantial
variation in embryonic survival, alevin mass, time-to-hatch and hatch duration were attributable to
family identity; however, most traits were governed by significant temperature—family interactions.
For embryonic survival, large differences between families at 16° C were due to both female and
male spawner influence, whereas inter-family differences were obscured at 14° C (high intra-family
variation), and minimal at 12° C (only maternal influence detected). Despite post-hatch rearing under
a common cool thermal regime, persistent effects of both temperature and parentage were detected
in alevin and 3 week-old fry. Collectively, these findings highlight the crucial role that parental
influences on offspring may have in shaping future selection within salmonid populations exposed
to elevated thermal regimes. An increased understanding of parental and temperature influences and
their persistence in early development will be essential to developing a more comprehensive view
of population spawning success and determining the adaptive capacity of O. nerka populations in
the face of environmental change. © 2011 The Authors
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INTRODUCTION

Stressful temperatures can be a strong evolutionary force, and selection is expected
to favour individuals that are better behaviourally or physiologically adapted. During
development, the eggs of Pacific salmon Oncorhynchus spp. incubate for long dura-
tions in constructed gravel redds where, unable to move, they are passive recipients
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of their thermal environment. Optimal development conditions vary across species
but generally range between 6 and 10° C, with temperatures above that range affect-
ing survival and phenotypic traits that relate to fitness (McCullough et al., 2001).
In the context of climate change, predicted increases in mean temperatures and
the frequency of extreme temperature events in salmonid freshwater habitat (Hague
et al., 2011) may result in incubation environments surpassing thresholds for opti-
mal development. Human development activities around aquatic environments (e.g.
power generation and forestry) also threaten to increase thermal regimes in salmonid
spawning habitat (Angilletta et al., 2008). While exposure to elevated incubation
temperature is known to detrimentally affect the survival and fitness of offspring
in early ontogeny (Combs, 1965; Murray & McPhail, 1988; Blaxter, 1992), little
is known about the degree of variability in progeny temperature responses within
a population.

Parental influences are increasingly recognized as significant drivers of offspring
variation in fish populations (Green, 2008; Marshall et al., 2008), and show the
potential for adaptive significance (Mousseau & Fox, 1998). Individual spawners can
influence the survival and life-history traits of their offspring through both genetic
and non-genetic means. In salmonids, female spawner identity can significantly affect
embryonic survival (Nagler et al., 2000; Huuskonen et al., 2003), larval size (Heath
et al., 1999), larval physiology (Johnston & McLay, 1997; Patterson et al., 2004;
Pakkasmaa et al., 2006) and emergence timing (Rombough, 1985; Beckman et al.,
2008). These differences are most commonly linked to maternal effects on egg size
or egg composition (Kamler, 2005). Variation in offspring growth rate, survival and
other fitness-related traits have also been attributed to paternal influence (Garant
et al., 2002; Morasse et al., 2008; Eilertsen et al., 2009; Nadeau et al., 2009). The
majority of these studies, however, were examined under a single set of environmen-
tal conditions, and less is known about how the expression of maternal and paternal
influences is modified by the environment. For example, despite its controlling effect
on early developmental processes, only a small proportion of studies have examined
family-level offspring variation in response to incubation temperature in fishes (Burt
et al., 2011).

There is evidence to suggest that parentally mediated variation can be more pro-
nounced under harsh environmental conditions (Rossiter, 1998; Rasanen & Kruuk,
2007). In some cases, the effect of variation in egg sizes on offspring success is
only observed if progeny are reared in a stressful or resource-limited environment
(Parichy & Kaplan, 1992; Fox & Mousseau, 1996). Although a large number of
examples come from invertebrate and amphibian studies, Einum & Fleming (1999)
showed that brown trout Salmo trutta L. 1758 juveniles from large eggs experienced
survival and growth advantages only when reared in a poor growth environment.
Similarly, Donelson et al. (2009) demonstrated that parental condition of the tropical
damselfish Acanthochromis polyacanthus (Bleeker 1855) affected juvenile survival
in low, but not high, food environments. Genetically based variation may also be
enhanced in stressful environments (Hoffmann & Parsons, 1991). Genotypes can
vary in their ability to buffer stress during development, which can result in the
expression of variation that is not normally observed under optimal developmen-
tal conditions (Rutherford, 2000). In salmonids, several studies have shown that
as incubation temperatures deviate from optimum, the variation in survivorship of
different offspring families increases (Beacham & Murray, 1985, 1986, 1989). The
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magnitude of this family variation is documented to be highest at extreme or stress-
ful temperatures (Beacham, 1988; Beacham & Murray, 1989; Murray et al., 1990;
Beacham & Varnavskaya, 1991; Janhunen et al., 2010); however, studies that exam-
ine within-population variation at extreme thermal exposures are rare, with no studies
that specifically focus on family-level variation across a gradient of supraoptimal
temperatures.

The combination of environmental and parental influences on offspring survival
and life-history traits is often complex and interactive in nature. Phenotypic plastic-
ity refers to when a given genotype produces different phenotypes under different
environmental conditions; such responses are represented graphically as a reaction
norm (Schlichting & Pigliucci, 1998). Individual families may vary in their levels
of response to the environment, resulting in crossing reaction norms, or genotype
by environment interactions (Hutchings, 2004). In experiments with fishes, genetic
differences in thermal responses are more commonly documented among populations
(Hendry et al., 1998; Haugen & Vollestad, 2000; Hutchings et al., 2007; Jensen et al.,
2008); however, significant variation within populations has been shown by differ-
ent shaped, family-level, thermal reaction norms (Beacham & Murray, 1985, 1988,
1989) and by significant family and genotype by temperature interactions (Heath
et al., 1993; Benoit & Pepin, 1999; Hoie et al., 1999; Purchase et al., 2010). This
family-level variation in environmental sensitivity may be important for salmonids,
considering the potential for selective processes to act on genetic differences in
reaction norms when optimum phenotypic expression shifts in unpredictable envi-
ronments (Hutchings, 2011).

Beyond the thermal ranges for normal early development, it is possible that eggs
may experience both physiological and biochemical changes that could affect devel-
opment and survival at later stages. In incubation temperature experiments where
fishes were reared and examined beyond the onset of exogenous feeding, juvenile
traits such as survival (Gunnes, 1979), vertebrae deformities (Wargelius et al., 2005),
muscle cellularity (Macqueen et al., 2008) and growth (Martell et al., 2005) were
affected by early embryonic thermal exposures. Parental influences have also been
demonstrated to affect variation in post-emergence traits between offspring fami-
lies (Heath et al., 1993; Patterson et al., 2004; Nadeau et al., 2009), although it
is far more common for parent—progeny studies to focus on egg and hatchling
stages. For salmonids, factors affecting post-emergence survival or performance are
probably critical, due to elevated selection pressure in association with increased
competition for food, predator exposure and migration (Groot & Margolis, 1991).
Whereas it is evident that both parentage and the external environment have con-
trolling effects on early development processes, less is known about the persistence
of incubation temperature effects and parental influences in later development stages
(Burt et al., 2011).

The objective of this study was to examine how individual parentage can affect
progeny responses to early developmental temperature stress in sockeye salmon
Oncorhynchus nerka (Walbaum 1792). To this end, independent fertilizations were
performed using gametes from mature O. nerka adults to create maternal and paternal
half-sib families that were exposed to three levels of embryonic temperature stress
and then reared until early fry stage. This study tested the hypothesis that signifi-
cant variation in offspring responses (survival, size and hatch timing) to embryonic
temperature stress could be explained by parental identity. It was predicted (1) that
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parentally mediated variation in offspring survival and development traits would
be greater under conditions of thermal stress, (2) that individual families would
vary in their levels of response to the thermal stress (indicated by crossing survival
reaction norms and a significant family by incubation temperature interaction) and
(3) that offspring survival and size would continue to be under detectable parental
and temperature influence in post-emergence fry stages.

MATERIALS AND METHODS

FISH AND GAMETE COLLECTION

The study population consisted of O. nerka from Weaver Creek (49° 19’ N; 121° 53’ W),
one of the major O. nerka stocks in the lower Fraser River of southern British Columbia,
Canada. On 15-18 September 2008, adult O. nerka were caught by beach seine in the
Harrison River, on Chehalis First Nation’s territory 117 km from the mouth of the Fraser
and 5 km downstream from their spawning grounds (Weaver Creek spawning channel). Upon
capture, fish were immediately transported to the Fisheries and Oceans Canada Cultus Lake
Laboratory (49° 04’ 42" N; 121° 58’ 42” W) where an adipose fin clip was taken to confirm
stock identification (Beacham et al., 2005) and adults were randomly placed in holding tanks
(c. 20 000 1) until the fish reached sexual maturity, confirmed by gentle abdominal pressure
extruding either eggs or sperm.

Gametes were collected from six mature females and six mature males on 10 October
2008. Fish were killed by cerebral concussion and eggs and milt were carefully extracted
into individual dry plastic containers avoiding water and blood contamination. Upon terminal
sampling, postorbital-hypural length (Lpoy) and body mass (wet mass, =10 g) were measured
for each individual spawner. Three ten-egg sub-samples were also taken from each female
to calculate egg wet mass (£ 0-001 g) as well as egg dry mass (£ 0-001 g), obtained after
heating eggs in an oven for 36 h at 60° C. Containers holding gametes were filled with
99-99% pure oxygen and transported in a cooler on ice (c. 4° C) within 2 h to Simon Fraser
University Alcan Aquatic Facilities for fertilizations.

FERTILIZATION PROTOCOL AND INCUBATION DESIGN

Ten offspring families were created by independent fertilizations. The eggs of five females
(numbered 1 to 5) were crossed with the milt from a single male (male A) to create five
paternally linked families (labelled 1A, 2A, 3A, 4A and 5A). Next, the eggs of a single
female (female 6) were crossed using the milt from different males (letters B to F) to create
five maternal half-sib families (labelled 6B, 6C, 6D, 6E and 6F). A full factorial cross design
was not possible due to limitations associated with gamete (egg) quantities and the desire
to replicate families within temperature treatments. For each family cross (n = 10), nine
replicates were created by separate fertilizations to provide three replicate families to be
placed in each of the three incubation temperature treatments. A dry fertilization protocol
was used for all crosses, a technique shown to be effective (>94% embryonic survival) in
other incubation studies using O. nerka from Weaver Creek (Patterson et al., 2004). For each
cross, ¢. 10 g of eggs were combined with 0-15 ml of milt and activated with 15 ml of water.
After 2 min, excess sperm was removed by adding 60 ml of fresh water. Fertilized eggs
were kept in their jars for a minimum of 45 min to allow for water hardening, during which
time they were transported to the University of British Columbia (<1 h transport time) for
incubation at the Forest Sciences Aquatic Laboratory.

Each replicate from each family cross was transferred into a separate netted cylindrical egg
capsule (total n = 90 family replicates) and placed in a flow-through Heath stack fed by recir-
culating dechlorinated city water at one of three incubation temperatures (12, 14 or 16° C).
Each family was represented once in a single tray, in a single Heath stack (three Heath stacks
per temperature treatment). Incubation temperatures were selected based on existing data for
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O. nerka (Beacham & Murray, 1990) to encompass a thermal range that included a treatment
within the species’ upper incubation optima (12° C), a thermally stressful temperature asso-
ciated with an ¢. 50% fertilization-to-hatch mortality (16° C), and an intermediate treatment
(14° C). All egg capsules were initially incubated at 12° C and elevated to treatment tem-
peratures over 3 days by incremental adjustments to multiple small aquarium heaters placed
in the bottom collection and intake basins. This was done to ensure all egg capsules had
equal fertilization capacities, and to avoid high mortality rates associated with sub-optimal
temperature exposure occurring before epiboly (Beacham & Murray, 1987). Also, the timing
for autumn spawning O. nerka generally corresponds to cooler and declining thermal regimes,
with spawning and initial egg incubation unlikely to occur at water temperatures as high as 14
or 16° C (McCullough et al., 2001). Once the desired incubation temperature was obtained,
it was held constant until the families had completed hatching. Recorded actual treatment
means =+ s.p. were 11-8 &+ 0-4, 13-8 &+ 0-4 and 15.7 £ 0-4° C. Dissolved oxygen levels
were maintained above 8-0 mg ml~!, based on periodic checks using an Oxyguard meter
(www.oxyguard.dk), and stacks were covered to reduce light exposure. Water flow through
Heath trays was held constant at ¢.10 1 min~! and temperature was recorded daily with digital
thermometers and hourly by Vemco temperature loggers (www.vemco.com) placed in the top
and bottom of each stack.

Eggs were checked every 3—4 days until hatching began, after which they were checked
daily. Mortalities were recorded and dead eggs were removed and cleared in Stockard’s
solution [5% formalin, 4% glacial acetic acid, 6% glycerin, 85% water]. Dead eggs that
showed the presence of an eyed embryo were classified as surviving to ‘eyed stage’. Within
1 day of each family capsule’s 95% hatch date, five alevins were sampled to obtain both
mass and standard length (L) at hatch. Alevins were subjected to a lethal dose of tricaine
methanesulphonate (MS-222), blotted and weighed (4 0-001 g).

POST-HATCH INCUBATION AND REARING

After families in a temperature treatment reached 95% hatch, the water temperature was
slowly lowered (1° C day™!) to the ambient temperature of the laboratory water supply (10°
C in early December and declining to 5° C by February). All 90 family crosses therefore
experienced identical thermal regimes once hatching was complete and treatment tempera-
tures were lowered. Previous research has shown that increasing or decreasing temperature
transitions during later development stages has little influence on alevin survival rates (Murray
& Beacham, 1986, 1987), suggesting that any observed post-hatch mortality would be a result
of persistent effects from pre-hatch treatment and not a result of the incremental lowering of
temperatures. Alevins were checked every 2 days, and mortalities were recorded.

Upon reaching fry emergence stage, families were transferred from incubation capsules
into 10 1 netted rearing enclosures placed in 1000 1 flow-through troughs. At this stage,
fish had no visible external yolk sac, and in the wild would be ready to emerge from their
incubation gravel, migrate to their nursery lake and begin exogenous feeding. The number
of accumulated thermal units (ATU) obtained at fry transfer was confirmed to be close to
the value that wild fry from Weaver Creek spawning channel emerge (c. 1000 ATUs; R.
Stitt, pers. comm.). Transferred fry were placed in enclosures at equal stocking densities
(30 fish 10 17! enclosure); however, rearing densities were lower (15-28 fry) for several
16° C exposed families that had experienced high mortality during incubation. After a 24 h
adjustment period, fry were fed powdered fishmeal (EWOS Canada Ltd; www.ewos.com) in
two daily installments of ¢. 1% total body mass. Lighting conditions were adjusted regularly
to reflect the natural photoperiod (49° 18’ N). The experiment was concluded after families
completed 3 weeks of exogenous feeding, at which point 10 fish were sampled from each
rearing enclosure for fry mass and fork length (Lg).

DATA ANALYSIS

All replicates (n = 90) of every family were used in the analysis given that all fer-
tilizations yielded viable offspring and no family replicates experienced 100% mortality
during the experiment. Prior to analysis, survival data (% of total eggs that survived) were
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arc-sine square-root transformed to meet the normality (Kolmogorlov—Smirnov test) and
homoscedasticity assumptions of parametric tests. Three periods of survival were examined:
survival to hatch (Sg), alevin survival (Sa: survival hatch to emergence) and fry survival
(Sg: survival post emergence). Family means were used as response variables for alevin mass
at hatch (My), as well as fry mass (Mp) and Lg. Daily information on the number of eggs
hatching was used to calculate the median hatch date (Hsp) and the hatching duration (Hp;
the number of days between 5 and 95% hatch) for each incubation egg capsule. All analy-
ses were performed using mixed-effect ANOVA in SAS 9.1 (SAS Institute; www.sas.com),
which compute F-tests (type III SS) to determine the statistical significance of both fixed and
random variables.

To examine the variables of interest at a whole-model scale, the independent and interacting
effects of temperature and parentage (family identity) on offspring response variables were
analysed using a nested mixed-model ANOVA: yjiy =u+T; + Py + F(P)x) + T Pji +
TF(P)jix + €jix), where y is the offspring response variable (Sy, My, Hso, Hp, Sa, SF,
Mp or Lg), T; is the temperature for treatment j, Py is the parent spawner used to generate
half-sibs (k = female or male parent spawner), F; is the family identity nested within male or
female spawner (I = 1-5 within male or 6—10 within female) and ¢ is the the random error
term. All variable interaction terms are also included in the model. Heath stack effects were
included in the original model, but were found to be non-significant in all analyses, and were
subsequently removed from the current model. For all analyses, 7 and P were considered
fixed effects while all other variables, including family identity, were considered to be random
effects. Differences among temperature treatments were assessed using pair-wise ¢-tests and
a Bonferroni « correction.

To examine among-family variation in offspring traits in isolation from interactions across
treatment temperatures, a simplified nested mixed-model ANOVA was used separately within
the 12, 14 and 16° C treatment groups: yx; = L+ Py + F(P)ik) + €1x), Where variables y, P
and F are defined the same as in the model above. Originally included in this model, the
effect of Heath stack was removed after determining it to be non-significant in the analysis
of each y variable, at each temperature. To compare female v. male spawner influence on
offspring variables (y), paired ¢-tests from the simplified ANOVA model were used to compare
family means and assess whether differences were significant among paternal half-sib families,
among maternal half-sib families or both. Finally, Pearson correlations using family means
were used to examine the relationships between egg and alevin size and offspring survival,
hatching characteristics and offspring survival, as well as egg size and alevin and fry size.
When correlations were significant, their respective r is given. The significance level for all
statistical procedures was set at « = 0-05.

RESULTS

EMBRYONIC SURVIVAL

At the end of the thermal treatment period, both incubation temperature and fam-
ily identity showed significant effects on embryonic survival to hatch [ANOVA,
Fr16=332,n=90, P < 0-001 and Fg 16 = 2-79, n =90, P < 0-05, respectively,
Fig. 1(a)]. Mean = s.D. survival to hatch was high for the 12° C incubation: 95 =+
5%, but decreased significantly at 14° C: 84 £ 19% and 16° C: 60 + 23%, indicat-
ing the higher temperatures were indeed thermally stressful. The relative variation
among family-specific means was also eight times higher at 16° C compared to 12°C
(c.v. 4-8% at 12° C, 22-3% at 14° C and 38-7% at 16° C).

At 16°C, mean progeny survival varied between 31-2 and 92-3%, and differences
in progeny survival were significant among crosses varying in female spawner iden-
tity and among crosses varying in male spawner identity [paired ¢-tests, n = 30,
various pairs with P < 0-01, Fig. 1(a)]. For the 14° C treatment, variation among
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FiG. 1. The effects of incubation temperature treatments and family identity on (a) Oncorhynchus nerka otf-
spring survival to hatch and (b) alevin mass. Graphs on the left, overall incubation temperature effects
(treatment means + s.D., n = 30). Lowercase letters indicate significant differences (P < 0-01). Graphs
to the right, individual family responses. Bar heights represent the family mean and O show the inde-
pendent family replicate values. — _ _, the overall mean within a temperature treatment; M, the influence
of female spawner identity (females 1-5 crossed to male A); H, the influence of male spawner identity
(males B—F crossed to female 6).

families was not significant (ANOVA, n = 30, P > 0-05) due to a higher amount of
variation among family replicates [Fig. 1(a)]. Within the 12° C treatment, variation
due to family identity was significant (ANOVA, Fg 0 = 2-58, n =30, P > 0.-05);
however, significant differences were only found among families of differing female
parentage (paired ¢-tests, n = 30, various pairs with P < 0-01).

To visualize the among-family differences in survival reaction norms over the
incubation thermal gradient, mean survivorship v. temperature data were plotted
(Fig. 2). Although the reaction norms cross (indicating the presence of an interac-
tion between temperature and survival), statistical analysis using the whole-model
ANOVA revealed the interaction between incubation temperature and family identity
to be only marginally significant (ANOVA, Fi 60 = 1-63,n = 90, 0-05 < P < 0-10).
When the analysis was run without nesting maternally linked and paternally linked
families (i.e. considering the 10 families as independent), however, the interaction
term was significant (ANOVA, Fig¢0 = 1:96, n =90, P < 0-05).

HATCHING CHARACTERISTICS AND OFFSPRING SIZE

Development time to Hsg was affected by incubation temperature (ANOVA, F» 16 =
88-9, n =90, P < 0-001), with hatching occurring first within the 16° C families,
followed by 14° C then 12° C families [Fig. 3(a)]. The Hp was also affected by
temperature (ANOVA, F; 16 = 50-47, n =90, P < 0-001), with the hatching pro-
cess taking twice as long at 14° C (mean = 7-2 days), and three times as long at
16° C (mean = 9-1 days), compared to fairly synchronous hatching at 12° C (mean
= 2.9 days) [Fig. 3(b)]. Temperature effects on hatching also included a three times
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FI1G. 2. Reaction norm showing mean Oncorhynchus nerka family survival to hatch at incubation temperatures
12, 14 and 16° C. 8, half-sib families of different female parentage (1A, 2A, 3A, 4A and 5A); O,
half-sib families of different male parentage (6B, 6C, 6D, 6E and 6F).

higher incidence of precocious hatching (eggs hatching prior to the 5% hatch date) at
16° C. A total of 48 eggs hatched precociously among all combined eggs incubated
at 16° C, compared to 11 and 15 precociously hatched eggs in the in 12 and 14° C
treatments, respectively.

The Hsp and Hp were also influenced by family identity (ANOVAs, Fg 16 = 1-95
and 2.96, respectively, n = 90, both P < 0-05) and a temperature-by-family inter-
action (ANOVASs, Fis60 = 88-9 and 50-5, respectively, n = 90, both P < 0-05,
Fig. 3). At 12° C, variation in Hsyp and Hp due to family identity was not signifi-
cant (ANOVAs, n = 30, both P > 0-05); average hatch timing among families was
similar, and most families hatched within 1.0-3-6 days. At 14° C, both Hsp and Hp
varied among families (ANOVAs, Fgog = 189 and 8.05, respectively, n = 30, all
P < 0-05); Hso ranged from 46 to 52 days and Hp from 3 to 10 days. At 16° C, Hs
varied among families (ANOVA, Fg 10 = 3-99, n = 30, P < 0-001) and family vari-
ation in Hp was marginally significant (ANOVA, Fg 9 = 2-22, n = 30, P > 0.-05).
The Hsy at 16° C took 43-51 days and average Hp from 7-3 to 11 days (how-
ever, some egg baskets required up to 14 days to complete hatching). Inter-family
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FiG. 3. Hatch timing characteristics for Oncorhynchus nerka family crosses within temperature treatments:
(a) median hatch (days post-fertilization, d.p.f.) and (b) hatch duration (Hp). +, X, O, ¢, A, the influence
of female spawner identity (females 15 crossed to male A); Y, Z, O, +, %, the influence of male spawner
identity (males B—F crossed to female 6). Note: a hatching duration of ‘0" indicates that all eggs hatched
within 1 day. Overlapping symbols appear as just one symbol.

variation was significant among male half-sib crosses and female half-sib crosses at
14° C (paired t-tests, n = 30, various pairs with P < 0-01). The same was true at
16° C; however, differences among male and female half-sibs were only significant
before Bonferroni corrections (P < 0-05).

Alevin size at hatch was primarily influenced by maternal identity [Fig. 1(b)].
Alevin mass varied only among half-sib families of differing maternity (paired ¢-tests,
n = 30, various pairs with P < 0-01), and was explained by individual differences
in egg dry mass (Pearson’s correlations, n =5, P < 0-05, r = 098 at 12° C, r =
0-93 at 14° C, r = 0-91 at 16° C), although relationships were strongly driven by the
particularly heavy family (4A) that came from large eggs. Conversely, temperature
had a small, albeit significant, effect on alevin mass at hatch (ANOVA, F; 1 =
16-8, n =90, P < 0-001), whereby average alevin mass was slightly lower at 12° C
[Fig. 1(b)]. The family-by-temperature interaction term was not significant (ANOVA,
n =290, P > 0-05).

Neither egg dry mass nor hatching characteristics were correlated to offspring
survival at hatch. Inter-family differences in survivorship observed at 12 and 16°
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C (no differences at 14° C) were not related to egg wet mass, dry mass or alevin
mass (Pearson’s correlations, n = 5, all P > 0-05). Similarly, embryonic survivor-
ship was not related to Hsy or Hp (Pearson’s correlations, n = 10, both P > 0-05).
All these correlations, however, were subject to small sample sizes (using family
means) leaving survival relationships hard to discern.

PERSISTENT TEMPERATURE EFFECTS AND FAMILY
INFLUENCES

After each treatment group achieved hatching, temperatures were lowered to an
identical ambient thermal profile. Post-hatch mortality of alevin and fry was signifi-
cantly affected by pre-hatch temperature treatments (ANOVA, F, 16 = 16-5, n = 90,
P < 0-001). Alevin and fry mortality were significantly lower within the treatment
groups initially at 12° C (mean =+ s.D. alevin = 0-4 + 0-7%, fry = 0%) and 14° C
(alevin = 2.3 &+ 2.7%, fry = 0-1 = 0-4%). Despite removal of the high temperature
stress, mean =+ s.D. alevin and fry mortality (13-7 &= 14-0%. and 1-5 £ 1-9%, respec-
tively) were significantly higher in fish that had experienced the 16° C exposure
(ANOVA, n =90, both P < 0-001, Fig. 4).

Within the 16° C treatment group, alevin mortality (between hatching and emer-
gence) showed significant variation among families (ANOVA, Fg o9 = 8-1, n = 30,
P. < 0-001, Fig. 4) but not post-emergence fry mortality (P > 0-05). In particular,
four families (2A, 4A, 6D and 6E) experienced high post-hatch alevin mortality
ranging between 15-0 and 42-4% (Fig. 4). Similar to embryonic survival, post-hatch
survival of families was not related to any offspring size variables measured (Pear-
son’s correlations, n = 5, P > 0-05).

Temperature effects that had not been present at hatch were apparent after 3 weeks
of exogenous feeding for fry mass and Lr (ANOVAs, F5 16 = 139, n =90, P <
0-001 and F» 16 = 665, n =90, P < 0-001, respectively). Fry initially incubated
at 16° C weighed less and were shorter than fry from the 12 and 14° C treatments
(Fig. 5). Family identity significantly influenced fry mass and Lr (ANOVAs, Fg 16 =
4.0 and 5-1, respectively, n = 90, both P < 0-05); however, temperature-by-family
interactions were also significant (ANOVAs, Figgo = 2-4 and 2.5, respectively,
n =90, both P < 0-05).

Within each treatment group, variation in fry mass and Lp was attributable to
family identity (ANOVAs, 12° C Fgp0 = 7-2 and 8:3; 14° C Fg o9 = 4-3 and 6.7,
16° C Fg20 = 3-3 and 4-8, n = 30, all P < 0-01) and influenced by both female and
male spawner identity (paired ¢-tests, n = 30, various pairs with P < 0-01). Unlike
at hatch, inter-female variation in progeny mass at fry stage was no longer predicted
by initial egg dry mass, although the two families coming from larger eggs tended to
be heavier and longer. Interfamily variation in fry size variables was less pronounced
in the 16° C exposed group (Fig. 5), but this may be due to non-random sampling
of surviving fish in a treatment that experienced high mortality.

DISCUSSION

By examining temperature-induced shifts in survivorship among families of
0. nerka, this study highlights the substantial degree to which individual spawn-
ers can influence their progeny’s response to high temperature exposure during early
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FiG. 4. Mean =+ s.p. survival for Oncorhynchus nerka offspring crosses within temperature treatments at
different life-history stages. (a) The influence of female spawner identity (females 1-5 crossed to the
single male spawner A). (b) The influence of male spawner identity (males B—F crossed to the single
female spawner 6). The x-axis depicts discrete development stages: fertilization (Fe); eyed embryo (Ey);
hatch (Ha); emergence (Em); 3 week-old fry (Fr). The shaded area shows the duration that eggs were
exposed to incubation temperature treatments, after which all offspring experienced identical low ambient
temperatures.

incubation. Based on an optimal range for O. nerka incubation of between 4 and
12-5° C (McCullough et al., 2001), the substantial decreases in survival at 14 and
16° C are an indication that these temperatures were thermally stressful. Consis-
tent with the original prediction, among-family variation in survival to hatch was
much higher at 16° C compared to 12° C. This is consistent with other salmonid
studies which show that interfamily survival variation tends to increase as temper-
atures diverge from incubation thermal optima (Beacham & Murray, 1985, 1989).
Along with among-family variation, within-family variation also increased in the
higher incubation treatments. Higher levels of developmental noise are common
when organisms develop in sub-optimal conditions. That is, genotypic replicates
reared in the same conditions can have different outcomes due to higher rates of
random perturbations in developmental pathways (Willmore & Hallgrimsson, 2005).
Whereas a population effect (decreased overall survival) was observed at both 14 and
16° C, large distinctions between families with overall high v. low survivorship only
occurred in the 16° C treatment. Accordingly, the threshold for observing a clear
genetic basis for selection appears to be greater, the higher the thermal exposure
from the population norm.
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FiG. 5. The effects of incubation temperature treatments and family identity on Oncorhynchus nerka (a) fry
mass and (b) fork length (Lp) after 3 weeks exogenous feeding. Bar charts on left, overall incubation
temperature effects [treatment means =+ s.D. (n = 30)]. Bar charts on right, individual family responses.
Bar heights represent the family mean; O, the independent family replicate values; — — _, the overall
mean within a temperature treatment; M, the influence of female spawner identity (females 1-5 crossed
to male A); B, the influence of male spawner identity (males B—F crossed to female 6).

The observed variation in offspring survivorship was not attributable to any parent-
mediated phenotypic traits, such as initial egg size. This is consistent with results
from some salmonid studies that found egg size did not affect embryonic viability
(Hutchings, 1991; Pitcher & Neff, 2007; Nadeau et al., 2009), and in contrast to oth-
ers that observed both positive (Heath et al., 1999) and negative (Beacham & Murray,
1985) relationships between egg size and survival. Given the effect that physiological
stress in adult spawners can have on gamete quality, this may also influence off-
spring viability (Campbell et al., 1992; Eriksen et al., 2006). Gagliano & McCormick
(2009) observed that the embryonic and post-hatch survival of damselfish Pomacen-
trus amboinensis Bleeker 1868 offspring was linked to their levels of the maternally
derived hormone cortisol, presenting a mechanism by which female spawners can
directly influence the survival potential of their progeny. In relation to this study, fur-
ther analysis revealed no correlation between the stress-related physiological status of
the 10 parent spawners and the variation observed in progeny survival (Burt, 2011).
Although other unmeasured maternal effects such as egg matter composition and
maternal messenger (m)RNA may have influenced progeny viability (Kamler, 2005),
the lack of parentally mediated phenotypic traits to explain survival variability sug-
gests that in conditions of high temperature stress, family survivorship may be more
linked to the genetic influences of parent spawners (Rudolfsen et al., 2005). This is
supported by the finding that incubation at 16° C resulted in a significant variation
among half-sib families sired by different males. Differences in genetic quality due
to particular parental combinations have been observed to affect both early and late
larval survival in whitefish Coregonus alpinus Fatio 1885 (Wedekind et al., 2008)
as well as survival and growth in Chinook salmon Oncorhynchus tshawytscha (Wal-
baum 1792) (Pitcher & Neff, 2007). Stressful incubation temperatures could also
have resulted in the release of cryptic genetic variation, for example in genes linked
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to thermotolerance, that was previously underexpressed in environmentally optimal
conditions (Rutherford & Lindquist, 1998).

The current data showed that individual families had different survival responses
across the incubation thermal gradient, or interacting survival reaction norms, sug-
gesting that there was no clear additive effect of temperature on family. Some families
had a large magnitude of change in survival between 12 and 14° C, others between
14 and 16° C, while two families (1B, 4B) sustained relatively high mean survival
to hatch in all three temperature environments. This is in agreement with a multitude
of studies in developing teleosts which have found several complex phenotypic traits
to be governed by interactions between genotype and incubation temperature (Burt
et al., 2011). Revealing family-level differences in phenotypic plasticity associated
with fitness traits, or in this case survival itself, is important because it conveys
information about the ability of individual genotypes, and therefore populations, to
respond to environmental change (Hard, 1995; Hutchings et al., 2007). Here, the evi-
dence of variation in the plasticity linked to temperature tolerance indicates that there
may be adaptive capacity within O. nerka populations to persist (through incubation
stages) in the event of exposure to high thermal stress.

Offspring families were reared into the exogenous feeding stage to test for the
presence of latent temperature effects and persistent parental influences. Despite
identical thermal conditions after hatch completion, alevin and fry mortality were
significantly higher in fish initially exposed to the 16° C treatment, with almost no
post-hatch mortality occurring in families from the initial 12 and 14° C exposures.
Latent temperature effects on alevin mortality have been observed when salmonid
eggs are transferred from extreme cold to warm (and vice versa) temperatures during
initial incubation (Murray & Beacham, 1986, 1987); however, this is the first study,
as far as is known, which demonstrates that pre-hatch exposure to supraoptimal
temperatures can have latent effects on both alevin survival and post-emergence fry
survival. While the mechanisms of this delayed mortality are unclear, they could be a
result of thermal alterations to genetic or biochemical pathways (e.g. transcriptional
networks, extracellular signalling molecules and expression of stress-sensitive genes)
during the critical embryogenesis stages (Takle et al., 2004; Johnston, 2006).

Latent temperature effects on alevin survival were experienced to varying mag-
nitudes for different offspring families. For example, two of the families (4A, 6D)
with the highest survival to hatch in the 16° C treatment had the highest post-hatch
mortality despite ambient temperature conditions. In general, parental influences are
observed to fade with ontogeny (Mousseau & Fox, 1998), but the current findings
lend weight to those of other studies which demonstrate certain traits and responses
in salmonid offspring can remain under significant parental influence beyond hatch
and into exogenous feeding (stress response, Heath et al., 1993; enzyme activity, Pat-
terson et al., 2004; fry survival, Nadeau et al., 2009). Few studies exist examining
stage-specific, family-dependent, thermally induced mortality (Murray & Beacham,
1986; Beacham & Murray, 1987); however, evidence of these complex mortality
patterns emphasizes the importance of extending the duration of future incubation
studies beyond treatment exposures or hatching stages.

In addition to survival, offspring size characteristics were influenced by both
temperature and parentage. At hatch, alevin mass was mostly influenced by the
maternal effects of egg size, consistent with other studies on O. nerka (Hendry
et al., 1998; Patterson et al., 2004), whereas temperature effects were surprisingly
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minimal. Although a decrease in larval mass at hatch at the higher temperatures
would have been expected (Beacham & Murray, 1989), one explanation for the lack
of temperature effects at hatching could be that treatment groups were at varying
levels of development when families were sampled. For example, the fish at 14 and
16° C had substantially longer hatching durations, and therefore may have had more
opportunity to grow before being sampled for mass.

Interestingly, despite post-hatch rearing at a common temperature, the three treat-
ment groups had significantly different average mass and Ly when measured as 3
week-old fry (12° C >14° C >16° C). In teleosts, a negative effect of increasing
incubation temperature on larval body size has several explanatory hypotheses: tem-
perature acts differentially on growth v. developmental rate, the efficiency of yolk
utilization is reduced at higher temperatures, and vertebrae number is reduced during
development at high temperatures (Kamler, 2008). These effects, however, apply in
the context of continuous high temperature exposure up to a sampling point, and less
so in a context where persistent temperature effects on size or growth are observed
after rearing in controlled post-hatch environments. The latter context is seldom
documented, however, Martell et al. (2005) found that incubation temperatures (4,
6 and 8° C) affected haddock Melanogrammus aeglefinus (L. 1758) growth well
beyond hatch (>35 days), despite rearing at a common post-hatch temperature (6°
C), and attributed these delayed growth effects to alterations in muscle cellularity
that persisted from early thermal exposures (Martell & Kieffer, 2007). Such could
be the case in this experiment; however, the possibility that temperature-related size
differentials were present at hatch (albeit undetected) and became amplified during
yolk absorption and exogenous feeding cannot be ruled out.

Models describing an inverse relationship between time-to-hatch and temperature
are well developed for salmonids (Beacham & Murray, 1990), but variation at the
family level and trends in hatch duration are seldom reported. In the current study,
hatch timing and hatch duration were fairly synchronous among families at 12° C,
whereas the higher incubation temperatures resulted in substantial among-family vari-
ation in both traits (influenced by maternity and paternity). Although no studies exist
on O. nerka, these results support the findings from other Oncorhynchus species that
time to hatch has genetic, maternal (non-genetic) and temperature influenced compo-
nents (Beacham, 1988; Hebert et al., 1998). Family differences in hatching duration
were also apparent, but perhaps more interesting was the effect of temperature (two-
fold increase in Hp at 14° C and three-fold at 16° C). High temperatures can cause
earlier secretion of hatching enzymes, combined with increased embryo mobility that
causes alevins to hatch prematurely (Kamler, 2008). This does not explain, however,
why only some individuals in a family hatched earlier than others, and why hatching
within families incubated at 14 and 16° C was distributed over a greater number
of days (up to 14 days in some families). As far as is known, only one other study
has examined hatching duration in salmonids, and their findings were contradic-
tory in that higher incubation temperatures promoted more synchronous hatching
(Humpesch, 1985). Further studies are required to better understand the influence of
temperature on hatching duration, and to find out if there are fitness consequences
related to hatch timing within an asynchronous distribution.

In summary, the results of this study support a growing literature showing that off-
spring responses to thermal stress in salmonids are influenced by individual parentage
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(Beacham, 1988; Turner et al., 2007; Janhunen et al., 2010). Although quantita-
tive partitioning of variation between additive genetic, maternal and environmental
sources was not possible in the current design, the data revealed that significant differ-
ences in offspring survival, size, hatching timing and hatch duration are attributable
to maternal and paternal identity, and that the expression of these parental influences
was dependent on temperature. Further research, however, is needed to illuminate
the relationship between individual spawner attributes (genetic and non-genetic) and
offspring success in suboptimal environments. Work that focuses on unravelling
the physiological and genetic bases of early development and survival, as well as
experiments that use larger sample sizes of parent spawners (representing a wider
distribution of phenotypes or genotypes), may increase the ability to explain off-
spring differences. Future studies may also want to investigate persistent temperature
and parental influences on offspring traits linked to fitness (e.g. size, swimming
performance and physiology), as post-emergence stages represent another critical
bottleneck for survival in the life history of the genus Oncorhynchus (Groot &
Margolis, 1991).

Climate change and human activities are expected to continue raising the thermal
regimes in freshwater systems, placing pressure on salmonids that use this habitat to
migrate, spawn and rear (Crozier et al., 2008). Further knowledge of how individual
spawners influence early life-history traits and how temperature can modulate these
influences, and the persistence of parental and temperature effects, would be helpful
in improving the ability to predict the immediate and evolutionary responses of O.
nerka populations to high temperature events. The current findings highlight the
crucial role that parental influences on offspring fitness may have in shaping future
selection within salmonid populations exposed to elevated thermal regimes, overall
emphasizing the benefit of maintaining genetic diversity for future conservation.
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