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With global temperatures projected to surpass the limits of thermal tolerance
for many species, evaluating the heritable variation underlying thermal toler-
ance is critical for understanding the potential for adaptation to climate
change. We examined the evolutionary potential of thermal tolerance within
a population of chinook salmon (Oncorhynchus tshawytscha) by conducting a
full-factorial breeding design and measuring the thermal performance of car-
diac function and the critical thermal maximum (CT,,,y) of offspring from
each family. Additive genetic variation in offspring phenotype was mostly neg-
ligible, although these direct genetic effects explained 53% of the variation in
resting heart rate ( fi;). Conversely, maternal effects had a significant influence
on resting fiy, scope for fiy, cardiac arrhythmia temperature and CTyax. These
maternal effects were associated with egg size, as indicated by strong relation-
ships between the mean egg diameter of mothers and offspring thermal
tolerance. Because egg size can be highly heritable in chinook salmon, our find-
ing indicates that the maternal effects of egg size constitute an indirect genetic
effect contributing to thermal tolerance. Such indirect genetic effects could
accelerate evolutionary responses to the selection imposed by rising tempera-
tures and could contribute to the population-specific thermal tolerance that
has recently been uncovered among Pacific salmon populations.

1. Introduction

Climate change is projected to have widespread impacts on biodiversity [1],
with rising temperatures being of particular concern owing to the pervasive
effects of temperature on organisms [2]. Macrophysiological studies have pro-
jected that, in the absence of adaptive responses, temperatures will surpass
the limits of thermal tolerance for many species and consequently drive extinc-
tion or extirpation [3,4]. Indeed, there is growing evidence that evolutionary
adaptations to climate change will be key for the long-term viability of popu-
lations [5]. The evolutionary potential of populations to adapt to change
depends on the amount of existing genetic variation for environmental toler-
ance as well as the extent to which it is heritable and can thus respond to
natural selection [6]. A powerful means of describing evolutionary potential
is using quantitative genetic breeding designs to partition phenotypic variation
into additive (i.e. heritable) and non-additive genetic effects [7]. However, using
only these direct estimates of heritability can underestimate evolutionary poten-
tial owing to the presence of indirect genetic effects [8]. Indirect genetic effects
occur when a trait is influenced by heritable traits expressed in the environment
(i.e. in an interacting individual). Because the genes influencing the focal trait
are expressed in other individuals, these effects act indirectly and provide heri-
table variation on which selection can act [9]. Indirect genetic effects are largely
attributed to heritable maternal effects [10,11], which usually occur as a result of
egg provisioning. In fishes, for example, maternal effects are known to contrib-
ute to a wide range of traits among offspring, including larval survival [12],
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stress response [13] and metabolic enzyme activity [14],
suggesting indirect genetic effects may be important to the
evolutionary dynamics of populations.

In aquatic ectotherms such as fish, upper temperature toler-
ance has traditionally been measured using the critical thermal
maximum (CTy,y), defined as the temperature at which an indi-
vidual loses equilibrium and a righting response [15]. While
CTax represents a functional collapse of the animal, its ecologi-
cal relevance is questionable, because organ systems key to
fitness-promoting activities (e.g. predator avoidance, growth)
likely decline before CTp,ax is reached [16]. In its place, the
oxygen- and capacity-limited thermal tolerance framework
offers a functional understanding of how temperature limits
organisms in the wild. It attributes the limits of thermal toler-
ance to the loss of aerobic scope (i.e. the difference between
minimum and maximum oxygen consumption rates) [17]. As
temperature rises above an animal’s optimal temperature for
aerobic scope (Top), the maximum capacity of the cardio-
respiratory system to deliver oxygen to tissues cannot keep
pace with increased oxygen demands, primarily owing to limit-
ations on the ability to increase heart rate beyond a maximum
level [18]. Aerobic scope is thereby reduced until an upper
critical temperature (Ty) is reached, above which an animal’s
capacity for aerobic activity cannot exceed routine rates.
Because of the lack of oxygen available for aerobic metabolism
above routine needs, such loss of scope reduces the capacity for
growth, reproduction and aerobic swimming, which can lead to
reduced survival [19,20].

Pacific salmon (Oncorhynchus spp.) provide an excellent
system for understanding the effects of climate change on
fishes; their anadromous life history exposes them to pressures
found in both freshwater and marine environments, whereas
their ecological, economic and cultural value make their
long-term viability a chief concern among stakeholders. Anom-
alously high river temperatures have recently been identified
as a significant cause of mortality in Pacific salmon populations
at both the juvenile [21] and adult stage [22]. Indeed, a collapse
of aerobic scope has been empirically linked to high mortality
during spawning migrations of sockeye (Oncorhynchus nerka)
salmon [20]. A clear, population-specific correspondence
between adult Tope and the modal temperature historically
experienced during spawning migrations suggests that natural
selection imposed by river conditions has shaped thermal
adaptation in salmon [23,24]; however, the heritability of ther-
mal tolerance and its evolutionary potential to respond to
rising temperatures remain largely unknown.

The aim of this study was to evaluate the evolutionary
potential of oxygen-limited thermal tolerance within a coastal
population of chinook salmon (Oncorhynchus tshawytscha). To
do so, we measured the thermal performance of juvenile car-
diac function within a quantitative genetic breeding design,
and partitioned the phenotypic variation into additive genetic,
non-additive genetic and maternal effects. Because the thermal
tolerance of Pacific salmon populations appears to be adapted
to local river temperatures [23,24], we predicted that we would
detect additive genetic variation for thermal tolerance.

2. Material and methods

The study population consisted of wild chinook salmon from the
Big Qualicum River, British Columbia, Canada. This population
is augmented by a hatchery release programme. Such programmes
can increase the standing genetic variation within populations that

might have low genetic diversity owing to a large decline in abun-
dance from historic levels [25]. On 8 October 2011, adult fish
completing their spawning migration were collected using diver-
sion channels located at the Fisheries and Oceans Canada
salmon hatchery on the Big Qualicum River. Only unmarked,
non-hatchery raised fish were selected for the study. Prior to
gamete collection, each spawner was euthanized by cerebral con-
cussion and measured for post-orbital hypural body length
(£0.1cm). Egg and milt samples from five females and five
males were collected and transported on ice to Yellow Island
Aquaculture Ltd on Quadra Island, BC, where mean egg diameter
was measured using 30 eggs from each female (+0.01 mm).

(a) Breeding design and offspring rearing

Gametes were crossed in a full-factorial breeding design (North
Carolina II cross) [7] in which all possible crosses were conducted
between five males and five females, producing 25 unique
families. Fertilized eggs were incubated in a Heath stack, with
all families exposed to the same thermal conditions throughout
development (see the electronic supplementary material for
more details). After entry into the exogenous feeding stage,
hatched offspring were tagged using visible implant elastomers
(Northwest Marine Technology, Shaw Island, WA, USA) and
transported to the University of British Columbia in Vancouver.
There, the fish were kept for the remainder of the experiment in a
10001 tank that averaged 9.3 + 0.7°C.

(b) Cardiac performance measurements

We used the response of maximum heart rate ( fi;) to warming [26]
to evaluate the genetic architecture underlying the thermal per-
formance of cardiac function. These measurements generate two
transition temperatures—the Arrhenius break temperature (Tap)
and the arrhythmic temperature (T,,,) of maximum fiy (fiimax)—
that provide functional indications of corresponding transition
temperatures associated with a limitation in aerobic scope at and
above Ty (figure 1). Increasing routine fyy until fiimayx is reached
is the primary way in which fish supply the increased oxygen
demands that occur during acute warming [18,27]. Thus, when
increases in fyymax With increasing temperature start to become lim-
ited (i.e. at Tap), there should be a corresponding limitation in
aerobic scope that ultimately sets T,p. Similarly, the temperature
at which fimax becomes arrhythmic should signal an approaching
T.it, as aerobic capacity above this temperature would be highly
reduced with an arrhythmic heartbeat.

At their acclimation temperature of 10°C, individuals were
anaesthetized in MS-222 (Sigma-Aldrich, St Louis, MO, USA) and
measured for their resting fi in recirculating holding troughs (see
[26] for apparatus details). fiimax Was pharmacologically induced
and measured at every +1°C temperature increment until the heart-
beat became arrhythmic (see the electronic supplementary material
for detailed methodology). A total of 228 trials were conducted
using 8—10 individuals from each of the 25 families. The pharmaco-
logical stimulation occasionally had incomplete or unexpected
effects on individuals, such as cardiac arrhythmias occurring
soon after stimulation. In such cases, individuals were removed
from the study (32 fish were removed).

(c) Thermal tolerance measurements

We measured the CTy,.y of offspring from each family to deter-
mine the genetic and maternal effects underlying CT,,,« and to
assess whether these effects are similar to those underlying cardiac
performance. Fish were kept in a 50 1 tank at 10°C for 1 h, and then
temperature was continuously increased until an associated loss of
directed locomotor capacity and equilibrium was observed (see the
electronic supplementary material for detailed methodology).
A total of 173 individuals were sampled, using 6-10 offspring
from each full-sib family.
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Figure 1. The relationship between aerobic scope (black line), maximum heart rate (fymax; grey line), and temperature in Pacific salmon (Oncorhynchus spp.).
Shown are the optimum temperature (T,,) and upper critical temperature (Tcy;;) for aerobic scope, as well as the Arrhenius break temperature (Tyg) and arrhythmic
temperature (T,) 0f fymax. The solid vertical line represents Ty, and the dashed lines indicate the optimum temperature range in which aerobic scope is >90% of
that at Toye. Also shown are the temperature sensitivities (Qyo) of aerobic scope (black) and fymay (grey). A Q1o > 2 represents an exponential increase with temp-
erature. When fyym,x becomes limited with increasing temperature (i.e. at Tg), there is a corresponding limitation in aerobic scope that ultimately sets Top. Similarly,
when high temperatures induce cardiac arrhythmia (T,,), the capacity for aerobic activity is highly reduced, thus corresponding with T [16,26].

(d) Statistical analyses

We calculated the Tap Of fimax using the program presented in [28].
This program fits two-segmented straight lines, which allowed us
to identify the point at which temperature-induced increases in
frimax shift to a lower exponent. When data could not be adequately
fitted by the program to reflect this change, they were manually
fitted with two lines using SiGmMaPLOT (Systat Software, San Jose,
CA, USA) by comparing the residuals of all possible groupings
of frimax at high versus low temperatures. The point of intersection
was calculated for the two lines of best fit to estimate the lowest
Arrhenius break point, Tap. The temperature sensitivity (Qs)
of frmax Was also calculated between each temperature incre-
ment using the formula (famax n1/fimaxn)  (10/ Ty — Ty),
whereby fiimax » is the maximum heart rate at temperature step n
and T, is the temperature at step 7.

We tested for potential rearing location effects on offspring
cardiac performance and thermal tolerance by using a two-
way ANOVA with tray position (five levels) and cell location
(16 levels) as fixed factors. We then partitioned the variation
in offspring resting fi;, highest frimax reached (fripear), scope for fi
(= fripeak — resting fr1), Tap, Tar, thermal window between Tap
and T, (Twin), and CTpay into additive genetic, non-additive
genetic and maternal effects using a two-way restricted maxi-
mum-likelihood-based ANOVA with sire and dam identity and
their interaction as random factors. Additive genetic, non-additive
genetic and maternal effects were calculated following Lynch &
Walsh [7] (see the electronic supplementary material for calcu-
lations). We also examined adult phenotypic correlates (female
body length and mean egg diameter, male body length) of offspring
performance by using linear regression with multiple Y-values for
every X-value [29]. All statistical analyses were performed using

SPSS 20 (IBM, Armonk, NY, USA). All means are reported +1 s.d.

3. Results

Upon entry into the juvenile stage of their life cycle, offspring
survival across all families averaged 90 + 15%. Offspring
body mass averaged 0.59 + 0.32 g at this time and increased
to 3.6 £+ 1.1 g during the measurements of cardiac performance

and thermal tolerance. A two-way ANOVA revealed no signifi-
cant effect of tray position or cell location on offspring cardiac
performance and thermal tolerance (0.858 > p > 0.078 across
all measures).

In general, fy increased with temperature from a resting
fi of 71.1+94beatsmin~' to the fipeax of 1633 +
25.8 beats min !, with fripeak Occurring at 21.2 + 2.4°C (elec-
tronic supplementary material, figure S1). Tap averaged
15.0 £ 1.1°C among all individuals, which corresponded
with the incremental Q9 decreasing from 2.5+ 0.2 at
10.0°C to 1.9 + 0.3 at Tag (electronic supplementary material,
figure S2). T, averaged 22.4 + 2.5°C and was lower than
CTrax, which averaged 26.5 + 1.0°C. Thus, the fiypeak of the
average fish occurred 1.2°C before T,,, and 5.3°C before the
loss of their righting response.

Larger offspring generally had enhanced cardiac capacity,
with body mass being significantly and positively correla-
ted with T,,, (Pearson’s r = 0.225, p = 0.002), Ty, (r = 0.253,
p <0.001), frpeax (r=0.177, p=10.013) and scope for fy
(r=10.147, P =0.041). In the sire and dam ANOVA, body
mass significantly covaried with resting fy (p=0.007),
Tar (P=0.015) and Tyin (p=0.001), and was thus
included in these models.

Residual, unexplained variation comprised most of
the phenotypic variance for each trait; however, additive gen-
etic, non-additive genetic or maternal effects were detected
in each of the traits measured (table 1). Dam effects signifi-
cantly contributed to resting fiy, scope for fiy, Tarr, Twin and
CTmax. Conversely, sire effects significantly contributed to
only resting fiy. Using the sire variance component, additive
genetic variance for resting fi; was estimated to be 9.7 x 10°
(=4 x [2.4 x 10°]), representing 53% (=[9.7 x 107]/[1.4 x
10™]) of the total phenotypic variance. The dam- and sire-
based variation in each of the analysed traits is shown in
table 1 and the electronic supplementary material, figure S3.

Regression analyses revealed further evidence of maternal
influence on offspring phenotype, with mean egg diameter
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Table 1. The sire and dam effects contributing to cardiac performance and thermal tolerance in Big Qualicum River chinook salmon (Oncorhynchus tshawytscha). - |}
The results of the two-way ANOVA are summarized for resting heart rate (fy), highest fy (fypea), Scope for £y, Arrhenius break temperature (Tyg), arrhythmic

temperature (T,), thermal window (T,;;) and critical thermal maximum (CT,y,,). Shown are the variance components of each source (o), as well as the
contributions to phenotypic variance (% phenotypic var) of maternal, additive genetic, and non-additive genetic effects. Significant values (p << 0.05) are

italicized.
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being strongly associated with scope for fi; (+* = 0.88, F; 5 =
20.3, p=0.019) and CTp., (r* = 0.85, F;5=19.2, p = 0.022),
and marginally non-significantly with Tag (r* = 0.76, Fi3=
9.20, p = 0.054), fripeak (r*=10.70, F13=6.39, p=0.082), Tar:
(r*=059, F;3=4.37, P=0.130) and T, (** =051, F153=
3.14, p = 0.177; figure 2). Using mass residuals of the cardiac
performance traits resulted in these relationships being
weaker yet still positive (data not shown), indicating
that the effects of egg size were partially, but not wholly

. ”rﬁdt'efnbdl” e, 77 .
additive 0
non-additive 0

mediated by offspring body size. Conversely, no significant
relationships were found across all measures for both dam
body length (0.858 >p >0.179) and sire body length
(0.766 > p > 0.357).

There were strong phenotypic correlations between Tag,
Tarr and fripeak (Tarr and Tap: ¥ = 0511, d.f. =192, p < 0.001;
Tare and frpeaw: ¥ =10.789, d.f. =192, p <0.001; Tap and
frpear: 7=10.569, d.f. =192, p <0.001), whereas resting fi
was significantly correlated with fripeax (¥ = 0.266, d.f. =192,
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Figure 2. Relationships between dam mean egg diameter and offspring (a) scope for heart rate (fy); (b) highest fy (fypea); (c) Arrhenius break temperature (Tyg);
(d) arrhythmic temperature (T,); (e) thermal window (T,); and (f) critical thermal maximum (CT,,,,) in Big Qualicum River chinook salmon (Oncorhynchus

tshawytscha). The error bars are +1 s.d. of the family mean.

p <0.001) and T, (r=0.147, d.f. =192, p=0.040). Using
Spearman’s rank-order correlations (rs) to correlate families’
performance in the CTy,.x and fy experiments (ranked
from high to low for each trait), we found highly negative
correlations between CT. and T, (rs= —0.541, d.f. =23,
p=0.005), Tap (rs= —0.622, d.f.=23, p=0.001), frpeax
(re=—0563, d.f.=23, p=0.003) and scope for fy
(re= —0.643, d.f. =23, p=0.001). Indeed, the offspring of
dam 1 reached the highest T, yet the lowest CT,, value
(electronic supplementary material, figure S2d e).

4. Discussion

Describing the genetic and environmental underpinnings of
thermal tolerance is key to our understanding of how popu-
lations might respond to climate change [30]. The findings
presented here comprise one of the first quantitative esti-
mates of the genetic variation underlying thermal tolerance
in a wild fish population, and the first to do so using direct
measures of oxygen-limited thermal tolerance. Within a

coastal population of chinook salmon, we found strong
maternal effects underlying thermal tolerance and cardiac
performance. These results help elucidate the adaptive mech-
anisms available to fish populations that are faced with rising
temperatures.

Maternal effects have been found to be key determinants
of phenotypic variation among offspring in a wide range of
traits and taxa, and are thus increasingly recognized as
having an important role in the evolutionary dynamics of
populations [10,11]. For example, a study of 17 life-history
and fitness-related traits among wild chinook salmon popu-
lations found that maternal effects contribute more to
phenotypic divergence between populations than do additive
genetic effects [31]. In our study, we detected a maternal
influence on offspring thermal tolerance that far exceeded
the direct influence of parental genes, with females with
larger eggs having more thermally tolerant offspring. When
maternal effects are themselves heritable, populations can
still respond to natural selection via indirect genetic effects
[9]. Indeed, in a captive population of chinook salmon, a
mother—daughter regression revealed egg mass to be highly
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heritable, indicative of a genetic basis for egg provisioning [32].
Although heritability is population- and environment-specific,
within-population variation in egg size is common in demersal
egg-laying species such as salmon [33] and has been found to
be similarly heritable in other species of Pacific salmonids
[34,35]. If female salmon inherit the ability to provision
eggs, then these maternal effects would increase the ‘total
heritability” of thermal tolerance and could accelerate any evol-
utionary response to the selection imposed by rising
temperatures. Furthermore, this indirect genetic effect could
contribute to the population-specific thermal tolerance uncov-
ered across a number of Pacific salmon populations [23,24,36].
While the correspondence between thermal tolerance and
environmental conditions suggests local adaptation brought
about by selection on additive genetic effects, our study
suggests that an indirect genetic effect—mediated by egg
size—could instead underlie the variation. Indeed, across
many sockeye salmon populations, egg size is population-
specific and positively correlated with natural incubation
temperatures [37] and juvenile thermal tolerance [36].

Heart rate varies considerably both within and between
fish species, with resting fi; being primarily determined by
metabolic rate and haemodynamic requirements, and fimax
being limited by mechanistic constraints such as pacemaker
potential, excitation—contraction properties and myocardium
structure [38]. Ultimately, resting fiy and fimax are ‘set’ by a
balance between these mechanistic constraints and the evol-
utionary pressures created by haemodynamic and oxygen
requirements. We found that additive genetic effects account
for a significant amount of intraspecific variation in resting
fr, but not fimax in juvenile chinook salmon. These differ-
ences could be owing to stronger selective pressures on
maximum rates of oxygen uptake than on resting rates.
Indeed, the upper limit for fy; is about 120 beats min '
across many species of adult ectothermic vertebrates [39],
suggesting selection has increased maximum cardiac capacity
as much as possible given common mechanistic constraints.
We measured fimax using pharmacological stimulation and
acute increases in temperature, whereas resting fiy was measured
in anaesthetized fish at their acclimation temperature. Whether
the high levels of genetic variation for resting fiy still exist in
high temperatures—when aerobic scope is reduced—should
be investigated; indeed, individuals that can maintain a greater
scope for aerobic performance by having lower resting oxygen
demands might be selected for as temperatures rise, thereby
allowing evolutionary adjustments of thermal tolerance.

The loss of righting response used to estimate CT,,y could
be caused by any effect of temperature that impairs neuronal or
skeletal muscle function. A switch from aerobic to anaerobic
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