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Abstract
Climate change is leading to altered temperature regimes which are impacting aquatic 
life, particularly for ectothermic fish. The impacts of environmental stress can be 
translated across generations through maternally derived glucocorticoids, leading 
to altered offspring phenotypes. Although these maternal stress effects are often 
considered negative, recent studies suggest this maternal stress signal may prepare 
offspring for a similarly stressful environment (environmental match). We applied 
the environmental match hypothesis to examine whether a prenatal stress signal can 
dampen the effects of elevated water temperatures on body size, condition, and sur-
vival during early development in Chinook salmon Oncorhynchus tshawytscha from 
Lake Ontario, Canada. We exposed fertilized eggs to prenatal exogenous egg corti-
sol (1,000 ng/ml cortisol or 0 ng/ml control) and then reared these dosed groups at 
temperatures indicative of current (+0°C) and future (+3°C) temperature conditions. 
Offspring reared in elevated temperatures were smaller and had a lower survival 
at the hatchling developmental stage. Overall, we found that our exogenous corti-
sol dose did not dampen effects of elevated rearing temperatures (environmental 
match) on body size or early survival. Instead, our eyed stage survival indicates that 
our prenatal cortisol dose may be detrimental, as cortisol-dosed offspring raised in 
elevated temperatures had lower survival than cortisol-dosed and control reared in 
current temperatures. Our results suggest that a maternal stress signal may not be 
able to ameliorate the effects of thermal stress during early development. However, 
we highlight the importance of interpreting the fitness impacts of maternal stress 
within an environmentally relevant context.
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1  | INTRODUC TION

Climate change is altering habitats across the globe, introducing envi-
ronmental stressors such as elevated mean temperatures (Stocker et 
al., 2013), increased frequency of extreme weather events (e.g., floods, 
droughts; Easterling et al., 2000; Fischer & Knutti, 2015), and novel 
competitor and predator interactions (e.g., via species range expan-
sions toward the poles; Parmesan & Yohe, 2003). Climate change is oc-
curring at an accelerated rate (Loarie et al., 2009) and is consequently 
affecting the capacity of organisms to respond adaptively (Palmer et 
al., 2017; Woodward et al., 2016). Organisms may respond to environ-
mental stressors through phenotypic changes in their growth, mor-
phology, reproduction, and survival (Barton, 2002), which can include 
rapid-acting mechanisms within and across generations such as pheno-
typically flexible responses, phenotypic plasticity, and contemporary 
evolution (Hendry, Farrugia, & Kinnison, 2008; Sih, Ferrari, & Harris, 
2011). Climate change is expected to have strong direct and indirect ef-
fects on aquatic systems, with alterations in the hydrological cycle (e.g., 
changes in precipitation) leading to extremes in water availability (i.e., 
floods and droughts), increases in air temperature leading to increased 
water temperatures, and increased CO2 leading to increasing water 
acidity (Bates, Kundzewicz, Wu, & Palutikof, 2008). Notably, increasing 
temperatures alone are expected to greatly impact ectothermic organ-
isms such as invertebrates and fishes, and oftentimes are considered 
to be negative (Ficke, Myrick, & Hansen, 2007; Stoks, Geerts, & De 
Meester, 2014). Indeed, warming waters generate offspring pheno-
typic traits such as smaller body size (Kuehne, Olden, & Duda, 2012; 
Whitney, Hinch, Patterson, & a., 2014), faster growth (Beacham & 
Murray, 1990), and increased metabolism (Enders & Boisclair, 2016). 
In turn, offspring performance and life history traits can also be af-
fected, including lower thermal tolerance (Chen et al., 2013), earlier 
development (Fuhrman, Larsen, Steel, Young, & Beckman, 2018), al-
tered migration timing (Crozier, 2015), and modified reproduction 
(Pankhurst & Munday, 2011), ultimately resulting in changes to fitness 
(e.g., survival; Martins et al., 2012; Whitney, Hinch, & Patterson, 2013). 
Examining the underlying phenotypic plasticity mediating these ef-
fects is important to determine how we expect species to fare under 
future climate scenarios (Hoffmann & Sgró, 2011; Merilä & Hendry, 
2014). Yet, we still know fairly little about the mechanism(s) inducing 
plasticity (Monaghan, 2008), and whether temperature effects can be 
further altered by additional environmental modulators (i.e., maternal 
effects; Galloway, 2005).

Some potent modulators of adaptive phenotypic responses in off-
spring include maternal effects (Green, 2008; Meylan, Miles, & Clobert, 
2012) or epigenetic programming (Bonduriansky, Crean, & Day, 2012). 
Maternal effects have long been recognized for the role in the fine-
scale tuning of adaptive responses to larger environmental stressors 
(Räsänen & Kruuk, 2007). For example, maternal exposure to environ-
mental stressors translates information to developing offspring about 
the relative quality of their future environment (Sheriff et al., 2017). 
Maternally derived hormones have recently been acknowledged as a 
possible mechanism by which information about environmental quality 
can be translated to offspring via the mother (Meylan et al., 2012). In 

particular, maternally derived glucocorticoid (GC) hormones have been 
proposed as preparative mediators of offspring phenotype and per-
formance in relation to the predicted quality of the offspring's future 
environment (Love, Chin, Wynne-Edwards, & Williams, 2005; Sheriff 
& Love, 2013). Glucocorticoids are strong candidates for this medi-
atory effect since they are involved in energy management and the 
stress response in vertebrates (Barton, 2002; Moore & Jessop, 2003; 
Romero, 2004). As such, environmental stressors can elevate mater-
nal baseline GCs (Love, McGowan, & Sheriff, 2013; Wendelaar Bonga, 
1997), and maternally derived GCs can be transferred to developing 
offspring in utero (Matthews, 2002) or via the lipid content of eggs 
in oviparous species (Love et al., 2009; Sopinka, Capelle, Semeniuk, & 
Love, 2017) providing a reliable signal of current and potentially future 
environmental quality for offspring (Love et al., 2013). Recent stud-
ies suggest that when the maternal environment is indicative of the 
offspring environment (environmental match hypothesis; Sheriff et 
al., 2017; Sheriff & Love, 2013), maternal stress may elicit predictive 
adaptive responses (PARs) in offspring (Bateson, Gluckman, & Hanson, 
2014), generating offspring phenotypes that may be better prepared 
for harsher environments (Bian et al., 2015; Gagliano & McCormick, 
2009; Love et al., 2013; Love & Williams, 2008). From a climate change 
perspective, where the projected global mean surface temperatures 
are expected to increase 0.3–0.7°C by 2035 (Stocker et al., 2013) 
and where harsher events such as extreme water flow (i.e., flood and 
droughts) are expected to be more frequent (Woodward et al., 2016), 
females may be exposed to multiple environmental stressors during re-
production. Thus, maternally derived GCs may be involved in modulat-
ing the responses of ectothermic offspring to multiple environmental 
stressors due to climate change, by better-preparing offspring for man-
aging harsher environmental conditions such as elevated temperatures 
during development (Sopinka et al., 2017).

Here, we apply the concept of environmental matching (Sheriff & 
Love, 2013) to examine whether exposure to maternally derived GCs 
can generate phenotypes that better buffer the negative phenotypic 
effects of developing in elevated water temperatures using Chinook 
salmon Oncorhynchus tshawytscha (Figure 1). Pacific salmon are an 

F I G U R E  1   Picture of Chinook salmon (Oncorhynchus 
tshawytscha) hatchlings. Photo Credit: T. Warriner
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important study species for these questions since they are ecto-
thermic and are sensitive to changes in environmental temperatures 
(McCullough et al., 2009); are susceptible to additional stressors during 
migration (i.e., increase circulating plasma GCs) when they return to 
terminally spawn (Cook et al., 2014; McConnachie et al., 2012); and 
mothers and offspring overlap spatially in their spawning and devel-
oping environment, respectively, meaning that an honest signal about 
environmental quality passed from mother to eggs may be valuable 
for salmon offspring. Importantly, climate change has been implicated 
for declines in Chinook salmon populations across the west coast of 
North America, through direct and indirect effects of water tempera-
ture increases and droughts (Isaak, Wollrab, Horan, & Chandler, 2012; 
Mantua, Tohver, & Hamlet, 2010). Determining whether offspring are 
better prepared for warmer waters after having received a hormonal 
maternal signal about increased environmental stress is an important 
component for quantifying the adaptive capacity of Chinook salmon 
to climate change. To investigate how the effects of elevated tempera-
tures and maternally derived GCs interact to affect Chinook offspring 
phenotype and performance, we exposed eggs to exogenous cortisol 
or a control solution immediately postfertilization and then split these 
eggs within females and raised the offspring in one of two temperature 
regimes: current (+0°C) and elevated (+3°C: as predicted in next cen-
tury by current climate models, Vliet, Franssen, et al., 2013). In accor-
dance with previous research (e.g., Daufresne, Lengfellner, & Sommer, 
2009; Whitney et al., 2014), we predicted that individuals raised in 
elevated temperatures would have both lower survival and body size 
than those raised in current temperatures. However, since preparatory 
responses following exposure to a maternal stress signal may dampen 
the effects of an environmental stressor (i.e., environmental matching 
hypothesis; Sheriff et al., 2017), we predicted that prenatal exposure 
to exogenous cortisol would help to buffer these negative impacts, re-
sulting in relative increases in survival and body size at emergence (fry 
stage) for fish raised under elevated water temperatures.

2  | METHODS

2.1 | Fish Origin

All work described here was approved and completed under 
University of Windsor Animal Use Project Proposals (AUPPs: # 
14-25 & #15-15). Our study species was Chinook salmon from 
the Credit River (43°34′40.0″N 79°42′06.3″W), which drains into 
Lake Ontario, Canada. Chinook salmon were purposely introduced 
to Lake Ontario starting in 1967 and they continue to be stocked 
for recreational fishing purposes (OMNRF, 2015). Spawning in this 
Great Lake's population takes place in the early fall, where eggs in-
cubate under gravel in these natal streams until hatching in February 
and emergence in March, with juveniles migrating out into the lake in 
summer (Johnson, 2014). Tributaries that flow into the Great Lakes 
are expected to increase in water temperature (Chu, 2015; Vliet, 
Franssen, et al., 2013), and therefore investigating this population's 
responses to these environmental changes may provide information 

relevant to the future status of Great Lakes fisheries under climate 
change. We collected eggs and milt from fifteen adult females and 
nine males on October 4, 2016, from the Credit River. We meas-
ured female body mass (mean ± SE, range: 7.89 ± 0.41, 5.5–11.7 kg), 
fork length (85.6 ± 0.89, 80.0–93.0 cm), and ovarian mass (ovarian 
mass = pre–post stripping mass: 0.98 kg, ±0.10, 0.55–2.00 kg). Eggs 
and milt were collected by applying pressure to the abdomen, and 
the gametes were transported on ice in coolers to the University of 
Windsor's Aquatic Facility.

2.2 | Egg cortisol exposure and incubation 
temperatures

At the aquatic facility, we filled individual containers with 90 g of 
eggs (~300 eggs) from each of the 15 females and added ~0.5 ml 
(4 drops) of pooled milt from the nine males. After gently swilling 
the egg–milt solution we added 60 ml of river water to activate the 
sperm (Lehnert, Helou, Pitcher, Heath, & Heath, 2018). After 2 min 
(when sperm should no longer be motile), we added river water 
mixed to 1,000 ng/ml concentration of cortisol (H4001; Sigma-
Aldrich Canada Co) dissolved in 90% ethanol (HPLC grade; Sigma-
Aldrich Canada Co) or 0 ng/ml control solution (ethanol and water 
only) for a 2-hr incubation. These concentrations and exposure 
times were chosen as they have been shown in previous published 
studies to result in biologically relevant elevations of cortisol in the 
eggs (i.e., within 2 SD of control: Burton, Hoogenboom, Armstrong, 
Groothuis, & Metcalfe, 2011; Capelle, Semeniuk, Sopinka, Heath, 
& Love, 2017; Sopinka et al., 2017; Sopinka, Hinch, Healy, Raby, & 
Patterson, 2016). After the 2-hr exposure, we rinsed the eggs using 
dechlorinated water, and removed three eggs from each cortisol 
replicate to verify the effectiveness of the cortisol manipulation. 
The remaining eggs were transferred to 4-inch × 3-inch incubation 
cells (each tray divided into 16 cells using metal dividers) within a 
vertical egg-incubation stack that followed one of two tempera-
ture treatments. Eggs were incubated either at ambient water 
temperatures indicative of the “current” water temperature sce-
nario or under the predicted “future climate change” scenario (i.e., 
elevated by 3°C based on predicted water temperature increases; 
Figure 2). The current temperature regime mirrored average 
water temperature seasonal patterns (2010–2014) recorded by a 
weather station close to the Credit River salmon spawning grounds 
as part of the Provincial Water Quality Monitoring Network (Site 
06007605002; Government of Ontario). For the “future climate 
change” temperature regime, water temperatures were elevated 
by 3°C based on climate projections for the region (Vliet, Franssen, 
et al., 2013). This experimental design resulted in four treatment 
groups: current temperature—control, current temperature—cor-
tisol-dosed, elevated temperature—control, and elevated tem-
perature—cortisol-dosed. To control for maternal effects, each 
female's eggs were split across all four treatment combinations, 
where each treatment (egg cortisol treatment + temperature) had 
two replicate containers resulting in eight containers per female. 
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Eggs from each container were then split across two replicate cells 
within each incubation stack, resulting in 16 incubation cells per 
female. This design allows for the control of container and posi-
tion effects of rearing. Embryos were reared under 12:12 hr light: 
dark cycles. Daily water changes were completed, temperature 
was measured every 60 min (HOBO® Water Temperature Pro 
v2 Data Logger; Onset) and dissolved oxygen (LabQuest 2: opti-
cal DO probe; Vernier) daily. Dissolved oxygen was consistently 
above 10 mg/L throughout incubation period.

2.3 | Fertilization success, morphology, and survival

Offspring development and mortality were assessed every two 
days. We removed and stored dead eggs in Stockard's solution (5% 
formaldehyde, 4% glacial acetic acid, 6% glycerin, 85% water) to 
determine fertilization success and at which developmental stage 
death occurred. Due to the effects of water temperature on devel-
opment in this ectothermic species, offspring raised in the two tem-
perature regimes reached development stages at distinct calendar 
days (Figure 2). We therefore equalized fish developmental stages 
based on Accumulated Thermal Units (ATUs), which is the sum of 
average daily temperatures, and is highly correlated to fish growth 
and development (Chezik, Lester, & Venturelli, 2014; Neuheimer 
& Taggart, 2007). Once offspring reached their emergence stage 
(complete absorption of the yolk sac: 835/830 ATUs on December 

23, 2016/February 16, 2017, for elevated and current tempera-
ture, respectively), five offspring from each cell were haphazardly 
chosen and removed from the incubation stack, their body mass 
measured (±0.01 g), and an image taken for morphological analy-
sis using ImageJ (https ://imagej.nih.gov/ij/). From these images, we 
measured standard length (SL), forked tail length (FL), gape (GAPE: 
operculum flap to tip of nose), eye diameter (EYE), body depth one 
(BD1: perpendicular to standard length starting from dorsal fin) and 
body depth two (BD2: from dorsal fin to deepest part of the belly), 
caudal peduncle width (PED), and caudal fin width (FIN) to 0.01 mm 
(Figure 3).

2.4 | Egg cortisol assay

To verify the success of the cortisol manipulation, we measured 
cortisol concentrations in both unfertilized and 2-hr post-treatment 
eggs. Briefly, we sampled three eggs from each treatment (unferti-
lized, control-dosed, and cortisol-dosed) for each of the 15 females 
(N = 45). We weighed, and blended eggs in 1.2 ml assay buffer, and 
then extracted the cortisol according to protocol as detailed in 
Capelle et al. (2017). Samples were stored in –80°C freezer until 
use in assay. Egg samples were run in triplicate using ELISA Cayman 
Cortisol kits in 1:57 dilution and were read at 412 nm on a plate 
reader. Intra- and interassay (i.e., plate) coefficients of variation were 
8.1% and 20.4%, respectively.

F I G U R E  2   Recorded average daily 
temperature for each temperature regime 
in the rearing experimental design. 
Line and letter color represent rearing 
temperature regime: current—blue and 
elevated—red. Vertical lines represent 
sampling timepoints: solid—both current 
and elevated groups; dashed—elevated, 
dotted—current

F I G U R E  3   Morphological measurements of emerged juvenile Chinook salmon taken from photographs analyzed using ImageJ. 
Measurements include standard length (SL: gray), forked length (FL: gray and black), gape (GAPE), eye diameter (EYE: light gray), body depths 
1 and 2 (BD1 & BD2), caudal peduncle width (PED), and caudal fin width (FIN)

SL FL

FIN

EYE

GAPE

PED

BD1 BD2

https://imagej.nih.gov/ij/
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2.5 | Statistical analysis

We completed statistical analyses in R version 3.5.1 (R Core Team, 
2018). We assessed model assumptions by graphical inspection: 
residuals versus fitted values were plotted to verify homogeneity, 
and the quantile–quantile plots of the residuals to verify normal-
ity. Since egg cortisol concentrations did not meet the normality 
assumption, we transformed egg cortisol concentrations data 
using Box-Cox power transformation, λ = 0.242 (MASS package, 
Venables & Ripley, 2003). The effect of cortisol treatments on egg 
cortisol concentrations was analyzed using linear mixed model 
(LMM) with maternal identity as a random factor. We used the 
buildBinary function in fullfact package (Houde & Pitcher, 2016) to 
build the fertilization success and survival models, where each in-
dividual was assigned 1 when fertilized and 0 when unfertilized for 
fertilization success, or 1 when alive and 0 when dead for survival. 
Both models were tested using a binomial distribution general-
ized linear mixed model with maternal identity and incubation-cell 
placement nested within incubation-tray identity in the stack as 
random factors. The fertilization-success model tested the cor-
tisol treatment, temperature, and their interaction. The survival 
model included cortisol treatment, temperature, developmental 
stage, and all two-way interactions.

The nine morphological measurements were incorporated into 
a principal components analysis (PCA; see Table 1 for means). We 
removed individuals with incomplete measurements due to image 
quality (nremoved = 94; Nanalyzed = 1,006). Two components were sig-
nificant under the Kaiser criterion (eigenvalue > 1) with Varimax 
orthogonal rotation. Loadings above 0.55 were considered signifi-
cant—criteria were chosen to reduce significant loadings between 
components (Table 2). PC1 explained 32.7% of the variance in the 
model with positive significant loadings for mass, SL, FL, GAPE, and 
EYE explaining structural size. PC2 explained 30.6% of the variance 
with positive significant loadings for mass, BD1, and BD2 describing 
body condition. Cortisol treatment and rearing temperature effects 
on these two morphological components were determined using 
LMM with maternal identity, and cell placement nested in tray place-
ment in the incubation stacks as random factors. The full model in-
cluded fixed effects of cortisol treatment and rearing temperatures, 
as well as their interaction.

For all models, we tested fixed effects using likelihood ratios 
(LRT) by fitting full models for fertilization success and survival 
with maximum likelihood estimation (Zuur, Ieno, Walker, Saveliev, & 
Smith, 2009). If all interactions were nonsignificant (p > .05), inter-
actions were removed from the model and main effects were tested 
sequentially and compared using LRT with maximum likelihood (ML) 
estimation. When a significant interaction was present (p ≤ .05), 
all interactions were retained and refitted using restricted maxi-
mum likelihood estimation (REML), and pairwise comparisons using 
Tukey's HSD in emmeans package (Lenth, Singmann, Love, Buerkner, 
& Herve, 2018). If no significant interactions were present, but a 
main effect was, the model was refitted using REML and tested using 
Tukey's HSD pairwise comparisons.

3  | RESULTS

3.1 | Egg cortisol

Cortisol concentrations were significantly higher in the cortisol-
treated than control-treated eggs (LMM: t = 6.9, p < .001, ncort = 15, 
ncontrol = 15; Figure 4). The cortisol treatment mean (mean ± SD, 
range; 75.2 ± 42.4, 26.6–194.1 ng/g) was within two standard de-
viation of the control-treated eggs (22.8 ± 25.4, 2.9–81.9 ng/g) 
confirming a biologically relevant cortisol elevation (i.e., within 1–2 
SD and thus not a pharmacological treatment; Burton et al., 2011; 
Sopinka et al., 2016). The prefertilized nonmanipulated eggs were 
within one standard deviation of both cortisol-dosed and control 
eggs (43.8 ± 42.6, 1.9–151.5 ng/g).

3.2 | Fertilization success and survival

There was no interactive effect of temperature and cortisol ex-
posure on fertilization success (LRT: χ2 = 0.094, p = .76). Upon 
removing the interaction, neither temperature (χ2 = 0.39, p = .53) 
nor cortisol treatment (χ2 = 0.16, p = .69) was significant. Similarly, 
there was no temperature by cortisol treatment interaction on 
survival (χ2 = 1.69, p = .19), meaning cortisol-dosed offspring did 
not have a higher survival than control offspring within tempera-
tures. However, there was a significant temperature by stage 
interaction on survival (LRT: χ2 = 10.51, p = .0052; Figure 5). At 
eyed stage, cortisol-dosed offspring raised in elevated tempera-
tures had a lower survival rate than those incubated in current 
temperatures (Tukey's HSD: current—cortisol-dosed & control vs. 
Elevated—cortisol-dosed: p < .001). Control offspring reared at 
elevated temperatures had a marginally lower survival than cur-
rent—control reared offspring, and no statistical difference than 
current-cortisol offspring (Tukey's HSD: current—control, cur-
rent—cortisol-dosed vs. elevated—control: p = .055, p = .10). At 
the hatch stage, offspring raised in elevated temperatures had 
a lower survival rate than those raised in current temperatures 
(Tukey's HSD: all combinations of current—cortisol-dosed and 
control vs. elevated—cortisol-dosed and control: p < .05). At the 
fry stage, there were no statistical differences between fish raised 
in elevated versus current temperatures (Tukey's HSD: all combi-
nations of current—cortisol-dosed and control vs. elevated—corti-
sol-dosed and control: p > .10). The cortisol treatment and stage 
interaction had a marginal effect on survival (χ2 = 4.66, p = .097), 
however the specifics of this effect were not detected in post hoc 
analysis.

3.3 | Structural size and body condition

There was no temperature by cortisol treatment interaction on fry 
structural size (i.e., morphology PC1, χ2 = 2.00, p = .16), with a strong 
temperature effect on structural size (χ2 = 8.76, p = .003; Figure 6a), 
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where fry raised in elevated temperatures were significantly smaller 
than those in current temperatures. Cortisol treatment marginally 
affected fry body size (χ2 = 3.72, p = .054), where cortisol-dosed 
fry were larger than control-dosed. There was no interaction be-
tween temperature and cortisol treatment on body condition (PC2, 
χ2 = 0.13, p = .72), and following the removal of the interaction there 
were no temperature or cortisol effects on body condition (tempera-
ture: χ2 = 0.003, p = .99; cortisol: χ2 = 0.33, p = .57; Figure 6b).

4  | DISCUSSION

Elevated temperatures during early development can have diverse 
“negative” phenotypic, performance, and fitness-related effects on 

aquatic organisms. Based on predictions from the environmental 
matching hypothesis, we aimed to test whether prenatal exposure 
to elevated egg cortisol buffers these temperature effects. Our re-
sults confirm the effects of warmer water temperatures, but suggest 
that exposure to elevated egg cortisol does little to ameliorate these 
impacts contrary to predictions of the environmental match hypoth-
esis (Sheriff & Love, 2013).

4.1 | Early survival in warming waters

Warmer temperatures, but not early cortisol exposure, affected 
offspring survival with fish raised in elevated temperatures having 
lower survival at the eyed and hatchling stages. Elevated incuba-
tion temperatures above species' preferred temperature range re-
sult in lower survival in juvenile salmonids, regardless of whether 
the elevation follows a stable temperature increase (Tang, Bryant, & 
Brannon, 1987; Whitney et al., 2013) or an oscillating temperature 
regime (Geist et al., 2006; Taranger & Hansen, 1993). Since salmon 
are ectothermic, offspring are sensitive to temperature increases, 
especially during early development (Beacham & Murray, 1990; Tang 
et al., 1987) when offspring respond strongly to environmental cues 
(Monaghan, 2008). This associated decline in embryo survival has 
been attributed to temperature-dependent increases in yolk coagu-
lation (McCollough, 1999) and increases in developmental deformi-
ties (Cingi, Keinänen, & Vuorinen, 2010; Fraser, Hansen, Fleming, & 
Fjelldal, 2015).

Contrary to our prediction, exposure to elevated egg cortisol 
(mimicking maternal stress) did not dampen the negative effect of el-
evated incubation temperatures on offspring survival, and in one in-
stance (i.e., eyed stage) may have resulted in lower survival. Previous 
studies have found a diversity of effects of maternal stress on off-
spring survival in fish (Sopinka et al., 2017). In Atlantic salmon (Salmo 

Trait

Current temperature Elevated temperature

Control Cortisol-dosed Control Cortisol-dosed

Mass (g) 0.446 ± 0.003 0.443 ± 0.003 0.431 ± 0.004 0.434 ± 0.004

Standard length 
(mm)

33.8 ± 0.07 33.7 ± 0.07 33.2 ± 0.07 33.3 ± 0.07

Fork length (mm) 37.7 ± 0.08 37.6 ± 0.08 37.1 ± 0.08 37.1 ± 0.08

Gape (mm) 8.11 ± 0.02 8.12 ± 0.02 8.01 ± 0.02 8.05 ± 0.02

Eye width (mm) 2.20 ± 0.01 2.21 ± 0.01 2.17 ± 0.01 2.19 ± 0.01

Body depth 1 
(mm)

6.26 ± 0.03 6.24 ± 0.03 6.18 ± 0.03 6.10 ± 0.04

Body depth 2 
(mm)

7.76 ± 0.04 7.74 ± 0.04 7.87 ± 0.05 7.79 ± 0.05

Caudal peduncle 
(mm)

2.35 ± 0.01 2.33 ± 0.01 2.18 ± 0.01 2.21 ± 0.01

Caudal fin (mm) 7.46 ± 0.04 7.39 ± 0.04 7.35 ± 0.04 7.40 ± 0.04

Number of 
samples

238 273 253 242

TA B L E  1   Morphological traits 
(mean ± SE) of Chinook salmon fry across 
prenatal cortisol and water temperature 
treatments

TA B L E  2   Principal component loadings for the morphology 
PCA. Loadings were considered significant >0.55

Trait PC1 Structural size
PC2 Body 
condition

Mass 0.55 0.61

Standard length 0.74 0.49

Fork length 0.76 0.51

Gape 0.71 0.22

Eye width 0.71 −0.14

Body depth 1 0.21 0.87

Body depth 2 0 0.86

Caudal peduncle 0.54 0.22

Caudal fin 0.40 0.53

Percent variance 
explained

32.7% 30.6%

Eigenvalue 4.5 1.2

Significant Loadings (>0.55) are in bold.
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salar) where mothers received cortisol injections and eggs were 
incubated under mild hyperthermia (+2°C), there were no effects 
on offspring survival (Eriksen, Bakken, Espmark, Braastad, & Salte, 
2006; Eriksen, Espmark, Braastad, Salte, & Bakken, 2007). However, 
although under benign environments some studies have reported 
either lower (Oncorhynchus mykiss: Li, Bureau, King, & Leatherland, 
2010) and even higher (O. tshawytscha: Capelle et al., 2017) early 
survival for offspring exposed to elevated egg cortisol, the majority 
of studies have reported no effect across a diversity of fish species 
(Danio rerio: Nesan & Vijayan, 2016; Salmo trutta: Sloman, 2010; 
O. kisutch, O. keta, O. nerka: Sopinka et al., 2016; Sopinka, Hinch, 
Healy, Harrison, & Patterson, 2015; O. kisutch: Stratholt, Donaldson, 
& Liley, 1997). Considering these contrasting results both within and 

across fish species, it may not be surprising that exposure to elevated 
egg cortisol was incapable of ameliorating survival of elevated water 
temperatures. However, studies should continue to explore the role 
of maternally derived cortisol, as the dose used in this study may 
not have matched the severity of environmental stressor (i.e., dose 
not representative of maternal environmental stress). Future stud-
ies could work to determine the exact cortisol dose that matches a 
given environmental stressor by taking a dose-response approach. 
Additionally, it is possible that the prenatal cortisol dose used in this 
study may have downstream (indirect) impacts on survival at later 
developmental stages through changes in performance (e.g., mor-
phology, physiology, and behavior), especially when under the ef-
fects of a stressful environment. These effects largely remain to be 
studied in fish within a “stressful” environmental context (although 
see Capelle, 2017).

Survival from egg to exogenously feeding fry represents an im-
portant bottleneck that limits offspring migration success to the lake 
or ocean (Groot & Margolis, 1991). Thus, elevated temperatures in 
the freshwater riverine stage may have long-lasting effects on pop-
ulation demography. In our study, effects of temperature on survival 
were significant during early stages of development—the eyed and 

F I G U R E  4   Cortisol concentrations in the prefertilized eggs and 
in manipulated eggs after the 2-hr cortisol treatment incubation: 
control 0 ng/ml or cortisol-dosed 1,000 ng/ml. Cortisol-dosed eggs 
had significantly higher cortisol levels than control-treated eggs

a

b

F I G U R E  5   Percent survival across developmental stages. Error 
bars denote SE. At hatch, elevated-reared fish had lower survival 
than current temperature fish and at eyed, cortisol-dosed fish 
reared in elevated temperatures had significantly lower survival 
than cortisol-dosed fish reared in current temperatures

F I G U R E  6   Morphology PCA scores for (a) PC1—structural 
size and (b) PC2—body condition. (a) Offspring raised in elevated 
temperatures were structurally smaller than those raised in current. 
(b) No differences in body condition across the treatment groups. 
Error bars denote SE

Current control

a a

b

b

Current cor�sol dosed

Elevated control

Elevated cor�sol dosed

(a)

(b)
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hatching stage. As such, if managers were only able to examine sur-
vival at the fry stage, temperature effects would not be detected, 
meaning that conservation measures could be delayed while pop-
ulations are still declining. Therefore, quantifying relative survival 
across freshwater life stages to determine which are at higher risk of 
mortality due to stressors such as temperature is important, espe-
cially since many Chinook salmon populations in their native range 
are in decline (Kope et al., 2016).

4.2 | Temperature and prenatal cortisol effects on 
fry structural size and body condition

Morphology, and in particular, body size, impacts juvenile per-
formance metrics such as foraging (Johnsson, 1993), or predator 
avoidance (Tucker, Hipfner, & Trudel, 2016) that ultimately con-
tribute to variation in fitness. We found that fry raised in elevated 
temperatures were smaller than under current water conditions, 
with no apparent temperature effects on body condition. Previous 
studies indicate that elevated water temperatures generate smaller 
body size in fish larva and fry (Beacham & Murray, 1990; Murray & 
Mcphail, 1988; Whitney et al., 2014), presumably via the higher met-
abolic costs of living in warmer waters (Kingsolver & Huey, 2008; 
Sheridan & Bickford, 2011) since fish may allocate less energy for 
growth and nonmaintenance activities to compensate for the ther-
mal stress. Interestingly, biothermal modeling in ectotherms has pre-
dicted selection for smaller body size, and maturation at a younger 
age (and smaller body size: Daufresne et al., 2009). As such, smaller 
body size per se may not in itself be inherently negative, especially 
when body condition was unaffected, suggesting smaller fish are 
not energetically limited. Additionally, changes in phenotype do not 
necessarily translate into changes in performance, and most impor-
tantly, fitness.

We did not detect any significant effects of exposure to el-
evated prenatal cortisol on either structural size (PC1) or body 
condition (PC2) within elevated rearing temperatures. Thus, our 
results do not support predictions from the environmental match-
ing hypothesis that early developmental exposure to elevated cor-
tisol better match offspring to warmer waters through changes 
in body size or condition (again, assuming as outlined above that 
smaller body size is a “negative” trait response to elevated water 
temperature). As with our observed effects for survival, elevated 
temperatures may have an overwhelming impact (and possibly 
even adaptive) as an environmental effect on growth and develop-
ment compared to our modulatory maternal effect, prenatal egg 
cortisol. The marginal effect of prenatal cortisol on overall body 
condition (regardless of temperature treatment) suggests that pre-
natal cortisol still has the potential to enact phenotypic change. 
Previous work has shown that exposure to elevated prenatal cor-
tisol often results in decreased body size in benign environments 
(Sopinka et al., 2017), but few studies have examined the inter-
active effects of prenatal cortisol and stressful environments on 
body size. Atlantic salmon fry whose mothers were exposed to 

cortisol close to spawning had smaller body length and body mass 
than control fry when incubated in (+2°C) elevated temperatures 
at fry stage (Eriksen et al., 2006). Likewise, Chinook salmon ex-
posed to a similar dose of egg cortisol (1,000 ng/ml) as the current 
study and raised in lower quality water conditions were smaller 
(Capelle, 2017). However, under a lower dose of egg cortisol 
(300 ng/ml) and under the same low-quality water conditions fish 
were larger than higher dose fish suggesting a match between 
the degree of the prenatal signal and the relative quality of the 
postnatal environment (Capelle, 2017). These complex results 
highlight the importance of following offspring phenotype across 
life stages, as maternal stress may induce delayed effects on phe-
notype and performance. Importantly, it must be emphasized that 
despite having lower survival, smaller offspring living in stressful 
environments may benefit via less caloric intake needed (Gillooly, 
Brown, & West, 2001), or better escape performance (Chin et al., 
2009).

4.3 | Early life in stressful environments

Wild fish populations are globally in decline (Dulvy, Jennings, Rogers, 
& Maxwell, 2006), and a number of salmonid species, including 
Chinook, are currently at population extinction risk, presumably due 
to the direct and indirect effects of climate change (Crozier, 2015). 
Early development in juvenile salmon occurs in a dynamic environ-
ment; streams and rivers can change considerably in temperatures 
both daily and seasonally (Caissie, 2006). Due to this fluctuating 
tendency and higher surface area to volume, streams and rivers are 
more likely to be affected by climate change through temperature in-
creases and extreme changes in flow (Hill, Hawkins, & Jin, 2014; van 
Vliet, Ludwig, & Kabat, 2013). Since environmental variation during 
development plays a large role in generating variability in offspring 
phenotypes through developmental plasticity and flexibility, it is im-
portant to determine whether juvenile salmon have the capacity to 
respond to the rapid rate of climate change in their environments. In 
our study, we examined the role of a stress-induced maternal effect, 
egg cortisol, as a potential modulator of offspring phenotype and 
performance in response to elevated water temperatures induced 
by anthropogenic change. More broadly, we were also able to inves-
tigate predictions of the environmental matching framework to test 
whether maternal signals may modulate offspring responses adap-
tively in response to future stressful environments. Although we did 
not find support that elevated egg cortisol led to altered offspring 
phenotypes or survival during early freshwater stages, it is still pos-
sible that exposure to maternal stress modulates phenotypes or 
performance at later important developmental stages. Further work 
examining a range of cortisol doses on offspring phenotype and per-
formance under matched environmental conditions is warranted. 
Additionally, interpreting the fitness impacts of maternal stress 
within an environmental context continues to be highly important 
for determining how maternal effects may assist species' responses 
to rapid environmental changes.



2474  |     WARRINER Et Al.

ACKNOWLEDG MENTS
The authors would like to thank the OMNRF and the Pitcher lab-
oratory for field assistance. K. Janisse, C. Harris, N. Sopinka, P. 
Capelle, for their assistance with fish husbandry, and experimen-
tal preparation. C. Frank for ImageJ measurements. The Love and 
Semeniuk laboratory members. OPL and CADS are supported by 
Natural Sciences and Engineering Research Council (NSERC). OPL 
is supported by Canadian Research Chair. TRW was supported by a 
NSERC Canadian Graduate Scholarship.

CONFLIC T OF INTERE S T
Authors have no conflicts of interest.

AUTHOR CONTRIBUTIONS
TRW, CAD, and OPL conceived ideas, and designed methodology; 
TEP provided rearing facilities; all authors contributed to data collec-
tion; TRW, CAD, and OPL ran analyses and led writing of the manu-
script with input from all authors.

DATA AVAIL ABILIT Y S TATEMENT
Data have been archived in the Dryad repository https ://doi.
org/10.5061/dryad.2rbnz s7j7.

ORCID
Theresa R. Warriner  https://orcid.org/0000-0001-6316-6348 
Christina A. D. Semeniuk  https://orcid.
org/0000-0001-5115-9853 
Trevor E. Pitcher  https://orcid.org/0000-0002-2773-8123 
Oliver P. Love  https://orcid.org/0000-0001-8235-6411 

R E FE R E N C E S
Barton, B. A. (2002). Stress in fishes: A diversity of responses with par-

ticular reference to changes in circulating corticosteroids. Integrative 
and Comparative Biology, 42(3), 517–525. https ://doi.org/10.1093/
icb/42.3.517

Bates, B. C., Kundzewicz, Z. W., Wu, S., & Palutikof, J. P. (2008). IPCC: 
Climate change and water. Geneva.

Bateson, P., Gluckman, P., & Hanson, M. (2014). The biology of devel-
opmental plasticity and the Predictive Adaptive Response hypoth-
esis. The Journal of Physiology, 592(11), 2357–2368. https ://doi.
org/10.1113/jphys iol.2014.271460

Beacham, T. D., & Murray, C. B. (1990). Temperature, egg size, and develop-
ment of embryos and alevins of five species of Pacific salmon: A com-
parative analysis. Transactions of the American Fisheries Society, 119(6), 
927–945. https ://doi.org/10.1577/1548-8659(1990)199<0927:TE-
SAD O>2.3.CO;2

Bian, J. H., Du, S. Y., Wu, Y., Cao, Y. F., Nie, X. H., He, H., & You, Z. B. 
(2015). Maternal effects and population regulation: Maternal den-
sity-induced reproduction suppression impairs offspring capac-
ity in response to immediate environment in root voles Microtus 
oeconomus. Journal of Animal Ecology, 84(2), 326–336. https ://doi.
org/10.1111/1365-2656.12307 

Bonduriansky, R., Crean, A. J., & Day, T. (2012). The implications 
of nongenetic inheritance for evolution in changing environ-
ments. Evolutionary Applications, 5(2), 192–201. https ://doi.
org/10.1111/j.1752-4571.2011.00213.x

Burton, T., Hoogenboom, M. O., Armstrong, J. D., Groothuis, T. G. 
G., & Metcalfe, N. B. (2011). Egg hormones in a highly fecund 

vertebrate: Do they influence social structure in competitive 
conditions? Functional Ecology, 25(6), 1379–1388. https ://doi.
org/10.1111/j.1365-2435.2011.01897.x

Caissie, D. (2006). The thermal regime of rivers: A re-
view. Freshwater Biology, 51(8), 1389–1406. https ://doi.
org/10.1111/j.1365-2427.2006.01597.x

Capelle, P. M. (2017). Interactive effects of pre and post natal stressors on 
Chinook salmon performance and fitness. University of Windsor.

Capelle, P. M., Semeniuk, C. A. D., Sopinka, N. M., Heath, J. W., & Love, 
O. P. (2017). Prenatal stress exposure generates higher early survival 
and smaller size without impacting developmental rate in a Pacific 
salmon. Journal of Experimental Zoology Part A: Ecological Genetics and 
Physiology, 325(10), 641–650. https ://doi.org/10.1002/jez.2058

Chen, Z., Anttila, K., Wu, J., Whitney, C., Hinch, S., & Farrell, A. 
(2013). Optimum and maximum temperature of sockeye salmon 
(Oncorhynchus nerka) populations hatched at different tempera-
tures. Canadian Journal of Zoology, 91(March), 265–274. https ://doi.
org/10.1139/cjz-2012-0300

Chezik, K. A., Lester, N. P., & Venturelli, P. A. (2014). Fish growth and 
degree-days I: Selecting a base temperature for a within-population 
study. Canadian Journal of Fisheries and Aquatic Sciences, 71(1), 47–55. 
https ://doi.org/10.1139/cjfas-2013-0295

Chu, C. (2015). Climate Change vulnerability assessment for Inland Aquatic 
Ecosystems in the Great Lakes Basin, Ontario. Peterborough, Ontario.

Cingi, S., Keinänen, M., & Vuorinen, P. J. (2010). Elevated water tempera-
ture impairs fertilization and embryonic development of whitefish 
Coregonus lavaretus. Journal of Fish Biology, 76(3), 502–521. https ://
doi.org/10.1111/j.1095-8649.2009.02502.x

Cook, K. V., Crossin, G. T., Patterson, D. A., Hinch, S. G., Gilmour, K. 
M., & Cooke, S. J. (2014). The stress response predicts migration 
failure but not migration rate in a semelparous fish. General and 
Comparative Endocrinology, 202, 44–49. https ://doi.org/10.1016/j.
ygcen.2014.04.008

Crozier, L. G. (2015). Impacts of Climate Change on Salmon of the Pacific 
Northwest. Seattle.

Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming 
benefits the small in aquatic ecosystems. Proceedings of the National 
Academy of Sciences of the USA, 106(31), 12788–12793. https ://doi.
org/10.1073/pnas.09020 80106 

Dulvy, N. K., Jennings, S., Rogers, S. I., & Maxwell, D. L. (2006). Threat 
and decline in fishes: An indicator of marine biodiversity. Canadian 
Journal of Fisheries and Aquatic Sciences, 63(6), 1267–1275. https ://
doi.org/10.1139/f06-035

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. 
R., & Mearns, L. O. (2000). Climate extremes: Observations, mod-
eling, and impacts. Science, 289(5487), 2068–2074. https ://doi.
org/10.1126/scien ce.289.5487.2068

Enders, E. C., & Boisclair, D. (2016). Effects of environmental fluctua-
tions on fish metabolism: Atlantic salmon Salmo salar as a case study. 
Journal of Fish Biology, 88(1), 344–358. https ://doi.org/10.1111/
jfb.12786 

Eriksen, M. S., Bakken, M., Espmark, Å., Braastad, B. O., & Salte, R. 
(2006). Prespawning stress in farmed Atlantic salmon Salmo salar: 
Maternal cortisol exposure and hyperthermia during embryonic 
development affect offspring survival, growth and incidence of 
malformations. Journal of Fish Biology, 69(1), 114–129. https ://doi.
org/10.1111/j.1095-8649.2006.01071.x

Eriksen, M. S., Espmark, Å., Braastad, B. O., Salte, R., & Bakken, M. 
(2007). Long-term effects of maternal cortisol exposure and 
mild hyperthermia during embryogeny on survival, growth 
and morphological anomalies in farmed Atlantic salmon Salmo 
salar offspring. Journal of Fish Biology, 70, 462–473. https ://doi.
org/10.1111/j.1095-8649.2007.01317.x

Ficke, A. D., Myrick, C. A., & Hansen, L. J. (2007). Potential impacts 
of global climate change on freshwater fisheries. Reviews in Fish 

https://doi.org/10.5061/dryad.2rbnzs7j7
https://doi.org/10.5061/dryad.2rbnzs7j7
https://orcid.org/0000-0001-6316-6348
https://orcid.org/0000-0001-6316-6348
https://orcid.org/0000-0001-5115-9853
https://orcid.org/0000-0001-5115-9853
https://orcid.org/0000-0001-5115-9853
https://orcid.org/0000-0002-2773-8123
https://orcid.org/0000-0002-2773-8123
https://orcid.org/0000-0001-8235-6411
https://orcid.org/0000-0001-8235-6411
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1577/1548-8659(1990)199%3C0927:TESADO%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)199%3C0927:TESADO%3E2.3.CO;2
https://doi.org/10.1111/1365-2656.12307
https://doi.org/10.1111/1365-2656.12307
https://doi.org/10.1111/j.1752-4571.2011.00213.x
https://doi.org/10.1111/j.1752-4571.2011.00213.x
https://doi.org/10.1111/j.1365-2435.2011.01897.x
https://doi.org/10.1111/j.1365-2435.2011.01897.x
https://doi.org/10.1111/j.1365-2427.2006.01597.x
https://doi.org/10.1111/j.1365-2427.2006.01597.x
https://doi.org/10.1002/jez.2058
https://doi.org/10.1139/cjz-2012-0300
https://doi.org/10.1139/cjz-2012-0300
https://doi.org/10.1139/cjfas-2013-0295
https://doi.org/10.1111/j.1095-8649.2009.02502.x
https://doi.org/10.1111/j.1095-8649.2009.02502.x
https://doi.org/10.1016/j.ygcen.2014.04.008
https://doi.org/10.1016/j.ygcen.2014.04.008
https://doi.org/10.1073/pnas.0902080106
https://doi.org/10.1073/pnas.0902080106
https://doi.org/10.1139/f06-035
https://doi.org/10.1139/f06-035
https://doi.org/10.1126/science.289.5487.2068
https://doi.org/10.1126/science.289.5487.2068
https://doi.org/10.1111/jfb.12786
https://doi.org/10.1111/jfb.12786
https://doi.org/10.1111/j.1095-8649.2006.01071.x
https://doi.org/10.1111/j.1095-8649.2006.01071.x
https://doi.org/10.1111/j.1095-8649.2007.01317.x
https://doi.org/10.1111/j.1095-8649.2007.01317.x


     |  2475WARRINER Et Al.

Biology and Fisheries, 17(4), 581–613. https ://doi.org/10.1007/
s11160-007-9059-5

Fischer, E. M., & Knutti, R. (2015). Anthropogenic contribution to global 
occurrence of heavy-precipitation and high-temperature extremes. 
Nature Climate Change, 5(6), 560–564. https ://doi.org/10.1038/nclim 
ate2617

Fraser, T. W. K., Hansen, T., Fleming, M. S., & Fjelldal, P. G. (2015). The 
prevalence of vertebral deformities is increased with higher egg in-
cubation temperatures and triploidy in Atlantic salmon Salmo salar 
L. Journal of Fish Diseases, 38(1), 75–89. https ://doi.org/10.1111/
jfd.12206 

Fuhrman, A. E., Larsen, D. A., Steel, E. A., Young, G., & Beckman, B. R. 
(2018). Chinook salmon emergence phenotypes: Describing the re-
lationships between temperature, emergence timing and condition 
factor in a reaction norm framework. Ecology of Freshwater Fish, 27(1), 
350–362. https ://doi.org/10.1111/eff.12351 

Gagliano, M., & McCormick, M. I. (2009). Hormonally mediated ma-
ternal effects shape offspring survival potential in stressful en-
vironments. Oecologia, 160, 657–665. https ://doi.org/10.1007/
s00442-009-1335-8

Galloway, L. F. (2005). Maternal effects provide phenotypic adaptation 
to local environmental conditions. New Phytologist, 166(1), 93–100. 
https ://doi.org/10.1111/j.1469-8137.2004.01314.x

Geist, D. R., Abernethy, C. S., Hand, K. D., Cullinan, V. I., Chandler, J. 
A., & Groves, P. A. (2006). Survival, development, and growth of 
Fall Chinook salmon embryos, alevins, and fry exposed to variable 
thermal and dissolved oxygen regimes. Transactions of the American 
Fisheries Society, 135(6), 1462–1477. https ://doi.org/10.1577/
T05-294.1

Gillooly, J. F., Brown, J. H., & West, G. B. (2001). Effect of size and tem-
perature on metabolic rate. Science, 293(September), 2248–2252. 
https ://doi.org/10.1126/scien ce.1061967

Green, B. S. (2008). Maternal effects in fish populations. In D. W. 
Sims (Ed.), Advances in marine biology (1st ed., Vol. 54, pp. 1–105). 
Cambridge, UK: Academic Press.

Groot, C., & Margolis, L. (1991). Pacific salmon life histories. Vancouver, 
Canada: UBC Press.

Hendry, A. P., Farrugia, T. J., & Kinnison, M. T. (2008). Human in-
fluences on rates of phenotypic change in wild animal pop-
ulations. Molecular Ecology, 17(1), 20–29. https ://doi.
org/10.1111/j.1365-294X.2007.03428.x

Hill, R., Hawkins, C., & Jin, J. (2014). Predicting thermal vulnerability 
of stream and river ecosystems to climate change. Climatic Change, 
125(3–4), 399–412. https ://doi.org/10.1007/s10584-014-1174-4

Hoffmann, A. A., & Sgró, C. M. (2011). Climate change and evolutionary 
adaptation. Nature, 470(7335), 479–485. https ://doi.org/10.1038/
natur e09670

Houde, A. L. S., & Pitcher, T. E. (2016). fullfact: An R package for the anal-
ysis of genetic and maternal variance components from full factorial 
mating designs. Ecology and Evolution, 6(6), 1656–1665. https ://doi.
org/10.1002/ece3.1943

Isaak, D. J., Wollrab, S., Horan, D., & Chandler, G. (2012). Climate change 
effects on stream and river temperatures across the northwest 
U.S. from 1980–2009 and implications for salmonid fishes. Climatic 
Change, 113, 499–524. https ://doi.org/10.1007/s10584-011-0326-z

Johnson, J. H. (2014). Habitat use by subyearling Chinook and Coho 
salmon in Lake Ontario tributaries. Journal of Great Lakes Research, 
40(1), 149–154. https ://doi.org/10.1016/j.jglr.2013.12.006

Johnsson, J. I. (1993). Big and brave: Size selection affects foraging 
under risk of predation in juvenile rainbow trout, Oncorhynchus 
mykiss. Animal Behaviour, 45, 1219–1225. https ://doi.org/10.1006/
anbe.1993.1143

Kingsolver, J. G., & Huey, R. B. (2008). Size, temperature, and fitness: 
Three rules. Evolutionary Ecology Research, 10(2), 251–268. https ://
doi.org/10.1111/j.1525-142X.2006.00090.x

Kope, R., O'Farrell, M., Foster, C., Kormos, B., LaVoyy, L., Milward, D., 
… Kleinschmidt, K. (2016). Review of 2015 Ocean Salmon Fisheries: 
Stock Assessment and Fishery Evaluation Document for the Pacific Coast 
Salmon Fishery Management Plan (Vol. 1384). Portland.

Kuehne, L. M., Olden, J. D., & Duda, J. J. (2012). Cost of living for ju-
venile Chinook salmon (Oncorhynchus tshawytscha) in an increasing 
warming and invaded world. Canadian Journal of Fisheries and Aquatic 
Science, 69, 1621–1630. https ://doi.org/10.1139/f2012-094

Lehnert, S. J., Helou, L., Pitcher, T. E., Heath, J. W., & Heath, D. D. (2018). 
Sperm competition, but not major histocompatibility divergence, 
drives differential fertilization success between alternative repro-
ductive tactics in Chinook salmon. Journal of Evolutionary Biology, 
31(1), 88–97. https ://doi.org/10.1111/jeb.13199 

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2018). 
Package “emmeans”. 34(1), 126.

Li, M., Bureau, D. P., King, W. A., & Leatherland, J. F. (2010). The actions 
of in ovo cortisol on egg fertility, embryo development and the ex-
pression of growth-related genes in rainbow trout embryos, and 
the growth performance of juveniles. Molecular Reproduction and 
Development, 77(10), 922–931. https ://doi.org/10.1002/mrd.21239 

Loarie, S. R., Duffy, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, 
D. D. (2009). The velocity of climate change. Nature, 462(7276), 
1052–1055. https ://doi.org/10.1038/natur e08649

Love, O. P., Chin, E. H., Wynne-Edwards, K. E., & Williams, T. D. (2005). 
Stress hormones: A link between maternal condition and sex-biased 
reproductive investment. The American Naturalist, 166(6), 751–766. 
https ://doi.org/10.1086/497440

Love, O. P., Gilchrist, H. G., Bêty, J., Wynne-Edwards, K. E., Berzins, L., 
& Williams, T. D. (2009). Using life-histories to predict and interpret 
variability in yolk hormones. General and Comparative Endocrinology, 
163(1–2), 169–174. https ://doi.org/10.1016/j.ygcen.2008.10.001

Love, O. P., McGowan, P. O., & Sheriff, M. J. (2013). Maternal adversity 
and ecological stressors in natural populations: The role of stress 
axis programming in individuals, with implications for populations 
and communities. Functional Ecology, 27(1), 81–92. https ://doi.
org/10.1111/j.1365-2435.2012.02040.x

Love, O. P., & Williams, T. D. (2008). The adaptive value of stress-in-
duced phenotypes: Effects of maternally derived corticosterone 
on sex-biased investment, cost of reproduction, and maternal 
fitness. The American Naturalist, 172(4), E135–E149. https ://doi.
org/10.1086/590959

Mantua, N., Tohver, I., & Hamlet, A. (2010). Climate change impacts on 
streamflow extremes and summertime stream temperature and their 
possible consequences for freshwater salmon habitat in Washington 
State. Climatic Change, 102(1–2), 187–223. https ://doi.org/10.1007/
s10584-010-9845-2

Martins, E. G., Hinch, S. G., Patterson, D. A., Hague, M. J., Cooke, 
S. J., Miller, K. M., … Farrell, A. (2012). High river temperature re-
duces survival of sockeye salmon (Oncorhynchus nerka) approach-
ing spawning grounds and exacerbates female mortality. Canadian 
Journal of Fisheries and Aquatic Sciences, 69, 330–34212. https ://doi.
org/10.1139/F2011-154

Matthews, S. G. (2002). Early programming of the hypothalamo-pitu-
itary-adrenal axis. Trends in Endocrinology and Metabolism, 13(9), 
373–380. https ://doi.org/10.1016/S1043-2760(02)00690-2

McCullough, D. A. (1999). A review and synthesis of effects of alteration to 
the water temperature regime on freshwater life stage of almonids, with 
special reference to chinook salmon. Prepared for U.S. Environmental 
Protection Agency.

McConnachie, S. H., Cook, K. V., Patterson, D. A., Gilmour, K. M., Hinch, 
S. G., Farrell, A. P., & Cooke, S. J. (2012). Consequences of acute 
stress and cortisol manipulation on the physiology, behavior, and re-
productive outcome of female Pacific salmon on spawning grounds. 
Hormones and Behavior, 62(1), 67–76. https ://doi.org/10.1016/j.
yhbeh.2012.05.001

https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1111/jfd.12206
https://doi.org/10.1111/jfd.12206
https://doi.org/10.1111/eff.12351
https://doi.org/10.1007/s00442-009-1335-8
https://doi.org/10.1007/s00442-009-1335-8
https://doi.org/10.1111/j.1469-8137.2004.01314.x
https://doi.org/10.1577/T05-294.1
https://doi.org/10.1577/T05-294.1
https://doi.org/10.1126/science.1061967
https://doi.org/10.1111/j.1365-294X.2007.03428.x
https://doi.org/10.1111/j.1365-294X.2007.03428.x
https://doi.org/10.1007/s10584-014-1174-4
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/nature09670
https://doi.org/10.1002/ece3.1943
https://doi.org/10.1002/ece3.1943
https://doi.org/10.1007/s10584-011-0326-z
https://doi.org/10.1016/j.jglr.2013.12.006
https://doi.org/10.1006/anbe.1993.1143
https://doi.org/10.1006/anbe.1993.1143
https://doi.org/10.1111/j.1525-142X.2006.00090.x
https://doi.org/10.1111/j.1525-142X.2006.00090.x
https://doi.org/10.1139/f2012-094
https://doi.org/10.1111/jeb.13199
https://doi.org/10.1002/mrd.21239
https://doi.org/10.1038/nature08649
https://doi.org/10.1086/497440
https://doi.org/10.1016/j.ygcen.2008.10.001
https://doi.org/10.1111/j.1365-2435.2012.02040.x
https://doi.org/10.1111/j.1365-2435.2012.02040.x
https://doi.org/10.1086/590959
https://doi.org/10.1086/590959
https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1139/F2011-154
https://doi.org/10.1139/F2011-154
https://doi.org/10.1016/S1043-2760(02)00690-2
https://doi.org/10.1016/j.yhbeh.2012.05.001
https://doi.org/10.1016/j.yhbeh.2012.05.001


2476  |     WARRINER Et Al.

McCullough, D. A., Bartholow, J. M., Jager, H. I., Beschta, R. L., Cheslak, 
E. F., Deas, M. L., … Wurtsbaugh, W. A. (2009). Research in ther-
mal biology: Burning questions for coldwater stream fishes. Reviews 
in Fisheries Science, 17(1), 90–115. https ://doi.org/10.1080/10641 
26080 2590152

Merilä, J., & Hendry, A. P. (2014). Climate change, adaptation, and phe-
notypic plasticity: The problem and the evidence. Evolutionary 
Applications, 7(1), 1–14. https ://doi.org/10.1111/eva.12137 

Meylan, S., Miles, D. B., & Clobert, J. (2012). Hormonally mediated ma-
ternal effects, individual strategy and global change. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 367(1596), 
1647–1664. https ://doi.org/10.1098/rstb.2012.0020

Monaghan, P. (2008). Early growth conditions, phenotypic development 
and environmental change. Philosophical Transactions of the Royal 
Society B: Biological Sciences, 363(1497), 1635–1645. https ://doi.
org/10.1098/rstb.2007.0011

Moore, I.G., & Jessop, T.S. (2003). Stress, reproduction, and adrenocor-
tical modulation in amphibians and reptiles. Hormones and Behaviour. 
43(1). https ://doi.org/10.1016/S0018-506X(02)00038-7

Murray, C. B., & Mcphail, J. D. (1988). Effect of incubation temperature 
on the development of five species of Pacific salmon (Oncorhynchus) 
embryos and alevins. Canadian Journal of Zoology, 66(1), 266–273 
https ://doi.org/10.1139/z88-038

Nesan, D., & Vijayan, M. M. (2016). Maternal cortisol mediates hypothal-
amus-pituitary-interrenal axis development in zebrafish. Scientific 
Reports, 6, 22582. https ://doi.org/10.1038/srep2 2582

Neuheimer, A. B., & Taggart, C. T. (2007). The growing degree-day 
and fish size-at-age: The overlooked metric. Canadian Journal 
of Fisheries and Aquatic Sciences, 64, 375–385. https ://doi.
org/10.1139/F07-003

Ontario Ministry of Natural Resources & Forestry (2015). Stocking strat-
egy for the Canadian waters of Lake Ontario. Retrieved from https ://
www.ofah.org/wp-conte nt/uploa ds/2016/02/Lake-Ontar io-stock 
ing-plan-2016.pdf

Palmer, G., Platts, P. J., Brereton, T., Chapman, J. W., Dytham, C., Fox, R., 
Thomas, C. D. (2017). Climate change, climatic variation and extreme 
biological responses. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 372(1723), 20160144. https ://doi.org/10.1098/
rstb.2016.0144

Pankhurst, N. W., & Munday, P. L. (2011). Effects of climate change on 
fish reproduction and early life history stages. Marine and Freshwater 
Research, 62(9), 1015. https ://doi.org/10.1071/MF10269

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918), 
37–42. https ://doi.org/10.1038/natur e01286

R Core Team (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. https ://
www.R-proje ct.org/

Räsänen, K., & Kruuk, L. E. B. (2007). Maternal effects and evolution at 
ecological time-scales. Functional Ecology, 21, 408–421. https ://doi.
org/10.1111/j.1365-2435.2007.01246.x

Romero, M.L. (2004). Physiological stress in ecology: Lessons from bio-
medical research. Trends in Ecology and Evolution. 19(5). https ://doi.
org/10.1016/j.tree.2004.03.008

Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecological 
response to climate change. Nature Climate Change, 1(8), 401–406. 
https ://doi.org/10.1038/nclim ate1259

Sheriff, M. J., Bell, A., Boonstra, R., Dantzer, B., Lavergne, S. G., McGhee, 
K. E., … Love, O. P. (2017). Integrating ecological and evolutionary 
context in the study of maternal stress. Integrative and Comparative 
Biology, 57(3), 437–449. https ://doi.org/10.1093/icb/icx105

Sheriff, M. J., & Love, O. P. (2013). Determining the adaptive poten-
tial of maternal stress. Ecology Letters, 16(2), 271–280. https ://doi.
org/10.1111/ele.12042 

Sih, A., Ferrari, M. C. O., & Harris, D. J. (2011). Evolution and be-
havioural responses to human-induced rapid environmen-
tal change. Evolutionary Applications, 4, 367–387. https ://doi.
org/10.1111/j.1752-4571.2010.00166.x

Sloman, K. A. (2010). Exposure of ova to cortisol pre-fertilisation 
affects subsequent behaviour and physiology of brown trout. 
Hormones and Behavior, 58(3), 433–439. https ://doi.org/10.1016/j.
yhbeh.2010.05.010

Sopinka, N. M., Capelle, P. M., Semeniuk, C. A. D., & Love, O. P. (2017). 
Glucocorticoids in fish eggs: Variation, interactions with the environ-
ment, and the potential to shape offspring fitness. Physiological and 
Biochemical Zoology, 90(1), 15–33. https ://doi.org/10.1086/689994

Sopinka, N. M., Hinch, S. G., Healy, S. J., Harrison, P. M., & Patterson, D. 
A. (2015). Egg cortisol treatment affects the behavioural response 
of coho salmon to a conspecific intruder and threat of predation. 
Animal Behaviour, 104, 115–122. https ://doi.org/10.1016/j.anbeh 
av.2015.03.011

Sopinka, N. M., Hinch, S. G., Healy, S. J., Raby, G. D., & Patterson, D. A. 
(2016). Effects of experimentally elevated egg cortisol on offspring 
traits in two species of wild Pacific salmon. Environmental Biology of 
Fishes, 99, 717–728. https ://doi.org/10.1007/s10641-016-0513-x

Stocker, T. F., Dahe, Q., Plattner, G.-K., Alexander, L. V., Allen, S. K., 
Bindoff, N. L., … Xie, S.-P. (2013). Technical summary. Climate change 
2013: The physical science basis. Contribution of Working Group I to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change, 33–115. https ://doi.org/10.1017/CBO97 81107 415324.005

Stoks, R., Geerts, A. N., & De Meester, L. (2014). Evolutionary and plastic 
responses of freshwater invertebrates to climate change: Realized 
patterns and future potential. Evolutionary Applications, 7(1), 42–55. 
https ://doi.org/10.1111/eva.12108 

Stratholt, M. L., Donaldson, E. M., & Liley, N. R. (1997). Stress induced el-
evation of plasma cortisol in adult female coho salmon (Oncorhynchus 
kisutch) is reflected in egg cortisol content but does not appear to 
affect early development. Aquaculture, 158, 141–153. https ://doi.
org/10.1016/S0044-8486(97)00165-8

Tang, J., Bryant, M. D., & Brannon, E. L. (1987). Effect of temperature 
extremes on the mortality and development rates of Coho salmon 
embryos and alevins. The Progressive Fish-Culturist, 49(3), 167–174. 
https ://doi.org/10.1577/1548-8640(1987)49<167

Taranger, G., & Hansen, T. (1993). Ovulation and egg survival following 
exposure of Atlantic salmon, Salmo salar L., broodstock to different 
water temperatures. Aquaculture Research, 24(2), 151–156. https ://
doi.org/10.1111/j.1365-2109.1993.tb005 35.x

Tucker, S., Hipfner, J. M., & Trudel, M. (2016). Size- and condition-de-
pendent predation: A seabird disproportionately targets substan-
dard individual juvenile salmon. Ecology, 97(2), 461–471. https ://doi.
org/10.1890/15-0564.1

van Vliet, M. T. H., Franssen, W. H. P., Yearsley, J. R., Ludwig, F., 
Haddeland, I., Lettenmaier, D. P., & Kabat, P. (2013). Global river 
discharge and water temperature under climate change. Global 
Environmental Change, 23(2), 450–464. https ://doi.org/10.1016/j.
gloen vcha.2012.11.002

van Vliet, M. T. H., Ludwig, F., & Kabat, P. (2013). Global streamflow and 
thermal habitats of freshwater fishes under climate change. Climatic 
Change, 121, 739–754. https ://doi.org/10.1007/s10584-013-0976-0

Venables, W. N., & Ripley, B. D. (2003). Modern applied statistics with S. 
Technometrics, 45(1), 1–495. https ://doi.org/10.1198/tech.2003.s33

Wendelaar Bonga, S. E. (1997). The stress response in fish. Physiological 
Reviews, 77(3), 591–625. https ://doi.org/10.1152/physr 
ev.1997.77.3.591

Whitney, C. K., Hinch, S. G., & Patterson, D. A. (2013). Provenance mat-
ters: Thermal reaction norms for embryo survival among sockeye 
salmon Oncorhynchus nerka populations. Journal of Fish Biology, 82, 
1159–1176. https ://doi.org/10.1111/jfb.12055 

https://doi.org/10.1080/10641260802590152
https://doi.org/10.1080/10641260802590152
https://doi.org/10.1111/eva.12137
https://doi.org/10.1098/rstb.2012.0020
https://doi.org/10.1098/rstb.2007.0011
https://doi.org/10.1098/rstb.2007.0011
https://doi.org/10.1016/S0018-506X(02)00038-7
https://doi.org/10.1139/z88-038
https://doi.org/10.1038/srep22582
https://doi.org/10.1139/F07-003
https://doi.org/10.1139/F07-003
https://www.ofah.org/wp-content/uploads/2016/02/Lake-Ontario-stocking-plan-2016.pdf
https://www.ofah.org/wp-content/uploads/2016/02/Lake-Ontario-stocking-plan-2016.pdf
https://www.ofah.org/wp-content/uploads/2016/02/Lake-Ontario-stocking-plan-2016.pdf
https://doi.org/10.1098/rstb.2016.0144
https://doi.org/10.1098/rstb.2016.0144
https://doi.org/10.1071/MF10269
https://doi.org/10.1038/nature01286
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1365-2435.2007.01246.x
https://doi.org/10.1111/j.1365-2435.2007.01246.x
https://doi.org/10.1016/j.tree.2004.03.008
https://doi.org/10.1016/j.tree.2004.03.008
https://doi.org/10.1038/nclimate1259
https://doi.org/10.1093/icb/icx105
https://doi.org/10.1111/ele.12042
https://doi.org/10.1111/ele.12042
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1016/j.yhbeh.2010.05.010
https://doi.org/10.1016/j.yhbeh.2010.05.010
https://doi.org/10.1086/689994
https://doi.org/10.1016/j.anbehav.2015.03.011
https://doi.org/10.1016/j.anbehav.2015.03.011
https://doi.org/10.1007/s10641-016-0513-x
https://doi.org/10.1017/CBO9781107415324.005
https://doi.org/10.1111/eva.12108
https://doi.org/10.1016/S0044-8486(97)00165-8
https://doi.org/10.1016/S0044-8486(97)00165-8
https://doi.org/10.1577/1548-8640(1987)49%3C167
https://doi.org/10.1111/j.1365-2109.1993.tb00535.x
https://doi.org/10.1111/j.1365-2109.1993.tb00535.x
https://doi.org/10.1890/15-0564.1
https://doi.org/10.1890/15-0564.1
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1007/s10584-013-0976-0
https://doi.org/10.1198/tech.2003.s33
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1111/jfb.12055


     |  2477WARRINER Et Al.

Whitney, C. K., Hinch, S. G., & Patterson, D. A. (2014). Population ori-
gin and water temperature affect development timing in embryonic 
Sockeye salmon. Transactions of the American Fisheries Society, 143, 
1316–1329. https ://doi.org/10.1080/00028 487.2014.935481

Woodward, G., Bonada, N., Brown, L. E., Death, R. G., Durance, I., Gray, 
C., … Pawar, S. (2016). The effects of climatic fluctuations and ex-
treme events on running water ecosystems. Philosophical Transactions 
of the Royal Society B, 371(May), 20150274. https ://doi.org/10.1098/
rstb.2015.0274

Zuur, A. E., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. 
(2009). Mixed effects models and extensions in ecology with R. M. Gail, 
K. Krickeberg, J. Samet, A. Tsiatis, & W. Wong (Eds.), New York, NY: 
Spring Science and Business Media.

How to cite this article: Warriner TR, Semeniuk CAD, Pitcher TE,  
Love OP. Exposure to exogenous egg cortisol does not rescue 
juvenile Chinook salmon body size, condition, or survival from 
the effects of elevated water temperatures. Ecol Evol. 
2020;10:2466–2477. https ://doi.org/10.1002/ece3.6073

https://doi.org/10.1080/00028487.2014.935481
https://doi.org/10.1098/rstb.2015.0274
https://doi.org/10.1098/rstb.2015.0274
https://doi.org/10.1002/ece3.6073

