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Transgenerational effects of egg nutrients on the early
development of Chinook salmon (Oncorhynchus tshawytscha)
across a thermal gradient
Michael W. Thorn, Morag F. Dick, Leo Oviedo, Christopher G. Guglielmo, and Yolanda E. Morbey

Abstract: The transgenerational effect of maternal diet, expressed as variation in the composition and quantity of egg nutrients
available to offspring during endogenous development (i.e., prior to free-feeding), has the potential to greatly inﬂuence the
response of offspring phenotypes to varying environmental conditions. For this study, we examined how natural variation in the
fatty acid and proximate composition of eggs from three Chinook salmon (Oncorhynchus tshawytscha) populations inﬂuenced early
development across a thermal gradient using a common garden hatchery experiment. We found that the relative quantity of fat,
lean mass, and water in the eggs was similar among populations. However, the fatty acid composition of the eggs differed among
all populations. After controlling for egg mass, egg fatty acid and proximate composition inﬂuenced hatch length, swim-up
length, and hatch to swim-up growth. Importantly, the magnitude and direction of these egg quality effects depended on the
population of origin and temperature. Overall, our results demonstrate that natural variation in egg nutrient composition, likely
driven by maternal diet, has transgenerational effects on offspring development under varying thermal conditions.
Résumé : L’effet transgénérationnel du régime alimentaire maternel, exprimé par la variation de la composition et de la quantité
des nutriments de l’œuf disponibles pour la progéniture durant le développement endogène (c.-à-d., avant l’alimentation libre) a le
potentiel d’inﬂuencer considérablement la réaction des phénotypes de progéniture à des conditions ambiantes variables. Nous
avons examiné l’inﬂuence de la variation naturelle de la composition d’acides gras et de macronutriments des œufs de trois
populations de saumons chinooks (Oncorhynchus tshawytscha) sur le développement précoce le long d’un gradient thermique en
utilisant une expérience de jardin commun en écloserie. Nous avons constaté que les quantités relatives de gras, de masse maigre
et d’eau dans les œufs étaient semblables d’une population à l’autre. Toutefois, la composition d’acides gras des œufs différait
d’une population à l’autre. Une fois prise en compte la masse des œufs, la composition d’acides gras et de macronutriments des
œufs inﬂuençaient la longueur à l’éclosion, la longueur des alevins nageants et la croissance entre ces deux stades. Fait
important, l’ampleur et la direction de ces effets de la qualité des œufs dépendaient de la population d’origine et de la
température. Collectivement, nos résultats démontrent que la variation naturelle de la composition des nutriments des œufs,
qui découle probablement du régime alimentaire maternel, a des effets transgénérationnels sur le développement de la progéniture dans des conditions thermiques variables. [Traduit par la Rédaction]

Introduction
Transgenerational effects arise when the parental phenotype or
environment shapes the development and phenotypic traits of
offspring (i.e., parental effects; Badyaev and Uller 2009). These
transgenerational effects can be transferred to the offspring generation through epigenetic variation, milk or yolk resources, hormones, immune factors, or behaviours (Bonduriansky et al. 2012).
Such transgenerational effects can have profound ﬁtness consequences for offspring and have been found to occur in a wide
variety of taxa (Galloway and Etterson 2007; Storm and Lima 2010;
Coslovsky and Richner 2011; Hafer et al. 2011; Salinas and Munch
2012; Helle et al. 2012; Triggs and Knell 2012; Franzke and
Reinhold 2013; Shama et al. 2014, 2016; Zizzari et al. 2016).
Although there is evidence of paternal effects (Etterson and
Galloway 2002; Triggs and Knell 2012), most transgenerational
effects are mediated by maternal effects because mothers tend to
control the allocation of resources to offspring (Bernardo 1996;
Mousseau and Fox 1998; Räsänen and Kruuk 2007). In most ﬁsh

species, mothers provide little parental care, and the manipulation
of egg quality is an important mechanism through which environmental cues are transmitted to offspring (Segers and Taborsky 2012;
Jonsson and Jonsson 2016).
The quality of an egg is typically characterized in terms of egg
size and the quality of nutrient stores (Kjorsvik et al. 1990; Brooks
et al. 1997). Much of the research on egg quality has focused on egg
size because of its close association with offspring size and ﬁtness
(Heath and Blouw 1998; Einum and Fleming 1999, 2000). Because
there is a consistent, positive relationship between egg size and
offspring size, the effects of egg size variation on offspring phenotypes is well understood (Heath and Blouw 1998). In contrast,
the inﬂuence of egg nutrient composition on offspring traits is
not as clear.
Yolk nutrients are deposited in the egg during vitellogenesis in
the months or weeks prior to spawning (Tyler and Sumpter 1996;
Wiegand 1996; Johnson 2009; Lubzens et al. 2010). Yolk nutrients
are broadly composed of lipids, protein, carbohydrate, and micronutrients (Brooks et al. 1997). Of these components, lipids are the
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primary energy resource used by ﬁsh during the endogenous feeding stage (Wiegand 1996). Lipids also serve as precursors for hormones and have important structural and functional roles in cell
membranes (Wiegand 1996; Sargent et al. 1999). The diverse functions of lipids during development are supported by the various
fatty acids (FAs) that form the lipid reserve. Essential polyunsaturated fatty acids (PUFAs) from the n-3 and n-6 series are particularly important because they cannot be synthesized de novo and
are required for the proper development and survival of offspring
(Sargent et al. 1999). Docosahexaenoic acid (DHA, 22:6n-3) is found
in high concentrations in the retina, brain, and spinal cord of
ﬁshes (Bell and Dick 1991; Mourente 2003), and deﬁciencies in
DHA have been associated with impaired visual systems, brain
development, and larval behaviour (Bell et al. 1995; Ishizaki et al.
2001). DHA and eicosapentaenoic acid (EPA, 20:5n-3) are major
polyunsaturated FAs found in the cell membranes of ﬁshes and
support cell membrane function and integrity (Sargent et al. 1995,
1999). The DHA/EPA ratio has been shown to affect offspring development because of the competitive interactions between these
FAs in metabolism (Watanabe 1993; Rodriguez et al. 1997; Gapasin
and Duray 2001). Furthermore, EPA and arachidonic acid (ARA,
20:4n-6) both serve as precursors to eicosanoid hormones that are
essential for the regulation of various physiological processes
(Sargent et al. 1995; Tocher 2003). Overall, offspring that have lipid
stores low in DHA, EPA, and ARA experience reduced growth,
neural development, and survival (Sargent et al. 1995; Wiegand
1996; Copeman et al. 2002).
The thermal environment that offspring experience can inﬂuence how the FA composition and quantity of lipid affect development and survival. Because ﬁsh are poikilothermic, most
physiological processes are affected by water temperature. The
membrane function of a cell is affected by temperature (e.g.,
membrane ﬂuidity), and the maintenance of membrane function
at different temperatures requires membrane lipids with qualities that match the environment (March 1993; Robertson and
Hazel 1997). For example, there is a general shift in the lipid
composition of cell membranes from unsaturated FAs, mostly
PUFA, at low temperatures to more saturated FAs at warm temperatures (Hazel 1984, 1995; Robertson and Hazel 1997). This shift
in FAs with temperature is apparent at the individual level, with
larval ﬁshes having a greater ratio of polyunsaturated to saturated
fatty acids (PUFA:SFA) when raised at low temperatures relative
those raised at higher temperatures (Laurel et al. 2012). Furthermore, the ability of ﬁsh to digest SFAs decreases with a decrease in
temperature, whereas the digestibility of PUFAs is not appreciably
inﬂuenced by temperature (Ng et al. 2004). Finally, an increase in
temperature can lead to a higher metabolic rate (Clarke and
Johnston 1999) and cost of development (Mueller et al. 2015) as
well as a reduced yolk sac conversion efﬁciency (Heming 1982;
Rombough 1994), which means that a developing embryo or larva
can have a higher energy demand in warm water and require
greater lipid stores for growth.
Most of our knowledge about the effects of FA composition on
offspring development is derived from aquaculture studies using
simpliﬁed or enriched diets that do not accurately reﬂect the
complex natural diets of ﬁshes. In the wild, lipids deposited in the
egg are derived either directly from the maternal diet or from
stored lipids in somatic and visceral tissues (i.e., indirectly from
diet; Wiegand 1996; Johnson 2009). FAs that are ≥14 carbons long
are often stored with little to no modiﬁcation into the tissues of
vertebrates (Iverson 2009). As a result, the composition of the FAs
in the tissues of ﬁshes largely reﬂects their diet, albeit integrated
over different time scales depending on the tissue (Budge et al.
2006; Iverson 2009). This quality of FAs has been used to infer
dietary differences among populations or ecotypes (i.e., trophic
biomarker; Ashton et al. 1993; Wiegand et al. 2004, 2007;
Scharnweber et al. 2016; Torniainen et al. 2017) and to determine
food web structure (Strandberg et al. 2015; Happel et al. 2016;
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Mohan et al. 2016). Previous studies have shown that the FA composition of eggs can vary among populations when exposed to
different diets (Ashton et al. 1993; Wiegand et al. 2004) and that
this variation can inﬂuence offspring phenotypes by shaping the
quantity of essential FAs and energy available for development
(Czesny et al. 2009). However, there is a lack of research on how
natural variation in FA composition can inﬂuence offspring
growth and survival across an environmental gradient.
Here, we use Laurentian Great Lakes Chinook salmon (Oncorhynchus
tshawytscha) populations to test the hypothesis that variation in
egg FA and proximate composition will affect the expression of
offspring phenotypes during the endogenous feeding stage at different temperatures. We predict that offspring growth and survival will be positively related to the relative quantity of PUFAs in
eggs at low temperature and that this relationship will decrease in
strength with an increase in temperature. We also predict that
offspring growth and survival will be positively related to the
relative quantity of lipids in eggs and that this relationship will
increase with an increase in temperature. We also tested the hypothesis that the FA composition of eggs can serve as a trophic
biomarker and will be different among Chinook salmon populations. Chinook salmon forage in the Great Lakes proper until they
reach sexual maturity. While foraging, Chinook salmon originating from different regions within a lake are heterogeneously distributed both spatially and temporally (Marklevitz et al. 2016).
Chinook salmon also show philopatry to their natal spawning
tributaries, and populations will stage at the mouth of their natal
tributaries until there are favourable environmental conditions
for upstream migration (Adlerstein et al. 2007). These spatially
variable foraging patterns may expose Chinook salmon populations to different prey communities throughout oogenesis, resulting in population differences in the FA composition of eggs.

Materials and methods
Gamete collection
Eggs and sperm were collected from sexually mature, prespawning
Chinook salmon captured in the Credit (43°34=39.58==N, 79°42=8.57==W),
Pine (44°13=10.12==N, 79°57=24.84==W), and Sydenham (44°33=34.36==N,
80°56=39.49==W) rivers. Chinook salmon were captured in the
Credit River on 1 October 2012 using electroﬁshing, in the Pine
River from 19 to 27 September 2012 using a combination of dip
nets and seine nets, and in the Sydenham River from 22 September
to 6 October 2012 using a ﬁsh trap built into the Mill Street Dam.
Water temperatures at the time of capture were 14 °C, 10–12 °C,
and 12.5–14.5 °C for the Credit, Pine, and Sydenham rivers, respectively. All captured individuals were ﬁrst assessed for sexual maturity by massaging the abdomen to determine if eggs–sperm
were readily released. Those found to be sexually mature (i.e.,
released gametes) were anesthetized by immersing them in a
clove oil solution (20 mg·L−1), measured for fork length, and sampled for eggs (⬃500) or milt (few millilitres). Visually unhealthy
salmon (e.g., emaciated, skin lesions, or tumors) were not used for
this experiment, and we released all Chinook salmon after sampling was complete. The collected eggs and milt were stored in a
cooler at ⬃4 °C and transported directly back to the hatchery at
Western University. Once at the hatchery, half the eggs from each
female were used for hatchery rearing, 30 were placed in cryotubes and put in a freezer at –80 °C for FA analysis, and the
remainder were put in a freezer at –20 °C for proximate composition analysis.
Egg mass and proximate composition
A total of 18 Credit River, 26 Pine River, and 21 Sydenham River
females were used for egg mass and composition analysis. Twentyﬁve eggs per female were weighed to determine egg wet mass. The
proximate composition of the eggs from each female was determined by measuring the fat, lean mass, and water content. Several
Published by NRC Research Press
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eggs from each female (⬃10) were dried at 60 °C for ⬃ 48 h until
a stable dry mass was obtained. The dried samples were then
crushed into a ﬁne powder using a mortar and pestle. The fat was
extracted from the samples using a Soxhlet apparatus and petroleum ether (30–60 °C boiling range) for 8 h. Petroleum ether was
used to extract fat from the dried egg samples because it extracts
neutral lipids, which are used as energy reserves, and not structural lipids (Dobush et al. 1985). The lean mass left over after fat
extraction is composed of protein, ash, and carbohydrate. Previous studies on salmon have shown that the lean mass of salmon
tissues is primarily composed of protein (⬃97%), while ash (⬃2%)
and carbohydrate (<0.5%) are found in small quantities (Jonsson
and Jonsson 1997; Jonsson et al. 1997; Hendry and Berg 1999). The
proximate composition of eggs was calculated as the percent fat,
lean mass, and water of egg wet mass and as the percent fat and
lean mass of egg dry mass.
Egg FA proﬁles
Egg FA composition was determined by ﬁrst extracting the total
lipids from a sample of 6–10 eggs per female using the method of
Folch et al. (1957). Each sample of eggs was homogenized, and
⬃50 mg was transferred to a centrifuge tube containing 2 mL of
chloroform:methanol (2:1 v/v) with 0.01% butylated hydroxytoluene (BHT). Heptadecanoic acid (17:0, 3 mg·mL–1) was then added to
the solution as an internal standard, and the solution was centrifuged at 3750g for 15 min. After centrifugation, 1 mL of 0.25%
potassium chloride was added to the solution, and the centrifuge
tube was placed in a warm water bath at 70 °C for 10 min. The
aqueous layer was then discarded and the remaining organic layer
was transferred to a preweighed 4 mL vial. The sample was dried
using a gentle stream of nitrogen, reweighed to determine total
lipid, and then resuspended using a solution of chloroform:methanol
(2:1 v/v) with 0.01% BHT to a concentration of 1–5 mg sample·mL−1
solution.
We then transferred 150 g of the total lipid sample to a 2 mL
vial and dried under nitrogen. 0.5 mol·L–1 methanolic-HCl (200 g)
was then added to the dried sample and placed in a drying oven at
90 °C for 30 min to covert the FAs to methyl esters. Then 800 L of
ultrapure water was added after cooling, and three successive
extractions were done on the sample using 500 L of hexane. The
hexane extractions were combined, dried under nitrogen, and
resuspended using 100 L hexane. The fatty acid methyl esters
were separated using an Agilent 6890N gas chromatograph
(Agilent Technologies, Santa Clara, California, USA). We used a
DB-23 high-resolution column (Agilent Technologies), a ﬂame ionization detector, and He as a carrier gas (1.9 mL·min−1). The temperature program was 2 min at 80 °C, increase to 180 °C at a rate of
5 °C·min–1, hold for 3 min, increase to 200 °C at a rate of
1.5 °C·min–1, hold for 0 min, increase the temperature to 240 °C at
a rate of 10 °C·min–1, and hold for 3 min at 240 °C. The FAs were
identiﬁed by comparing the relative retention times (retention
time/retention time of internal standard) to those derived from
known standards (Supelco 37 FAME Mix, Supelco C8-C24 FAME
Mix and Supelco PUFA No. 3 from menhaden oil, Sigma-Aldrich).
For our analyses, we did not include FAs with a composition <0.1% of the total lipid content. This resulted in the removal
of 20:0, 22:0, 24:0, 22:1(n-9), 24:1(n-9), 16:3(n-4), 22:2(n-6), and
22:5(n-6) from the data set.
Hatchery rearing
Eggs from each female were partitioned into six egg containers
(40 eggs per container; 6 cm diameter × 5 cm height) and then
fertilized with milt from males of the same population using a
paternal half-sibling breeding design (one male × two females;
Lynch and Walsh 1998). A paternal half-sib breeding design was
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used because it allowed us to fertilize the greatest number of
unique females while also controlling for genetic effects, relative
to other breeding designs, such as maternal half-sib or family
block designs. The fertilizations resulted in 18 Credit River, 26 Pine
River, and 21 Sydenham River families. Two egg containers per family (80 eggs) were then transferred to upwelling incubation trays at
a mean (±SD) temperature of 6.5 ± 0.8 °C, 9.4 ± 0.3 °C, and 15.2 ±
0.02 °C. These temperature regimes reﬂect the natural range of
temperatures the populations would experience in the wild during incubation (range: 18–0 °C; Thorn and Morbey 2018). Dead or
unfertilized eggs (i.e., white in colour) were removed from egg
containers daily. All removed eggs were preserved in Stockard’s
solution and later assessed for evidence of embryonic development (Boyd et al. 2010). This allowed us to correct our calculation
of hatch success (i.e., the number of live alevins) by excluding
unfertilized embryos. The developing embryos remained in the
egg containers until the study was terminated at swim-up stage,
which is when the ﬁsh have fully absorbed the yolk sac. Swim-up
was chosen as the end point of the experiment because swim-up is
the last point in which the offspring are still dependent on maternally derived energy stores. All animal procedures were approved
by the Western University Animal Care Subcommittee (2007-043-05).
Early life history traits
We measured hatch length, swim-up length, hatch to swim-up
growth rate, hatch success, and hatch to swim-up survival during
the experiment. All length measurements were taken from the
anterior tip of the snout to the posterior tip of the hypural plate
(i.e., standard length). The hatch length of individuals from each
family was measured by taking a photograph of a family in a Petri
dish of water at 50% hatch and using the computer software ImageJ (https://imagej.nih.gov/ij/) to measure the individuals in the
photograph. The position of the Petri dish was constant among
photographs, and a ruler was placed in each picture for scale.
Swim-up length was measured using a set of handheld calipers to
the nearest 0.1 mm. ImageJ was used to measure hatch length
instead of calipers to reduce handling stress and any associated
mortalities. We validated the use of ImageJ by measuring a subset
of individuals using both calipers and ImageJ and found that the
two techniques produced highly consistent measurements (linear
regression: ␤ ± SE = 0.99 ± 0.04, P < 0.001, R2 = 0.98, N = 15). Hatch
to swim-up growth rate was calculated as
G⫽

LS ⫺ LH
⌬D

where LS is swim-up length (mm), LH is hatch length (mm), and ⌬D
is the number of degree-days between hatch and swim-up length
measurements (Jensen et al. 2008). Degree-days were calculated as
the sum of mean daily water temperatures over the period of time
between hatch and swim-up (Jensen et al. 2008). Hatch success was
measured as the number of fertilized embryos that successfully
hatched. Finally, hatch to swim-up survival was the number of live
alevins that survived until the termination of the experiment at
the swim-up stage. All sample sizes and summary data for the
early life history traits by population and temperature can be
found in the online Supplementary materials (Tables S1 and S21).
Statistical analysis
Statistical analyses were conducted using family means for
length and growth traits and individual data for survival traits in
the R statistical computing environment (R Core Team 2016). Egg
wet mass and proximate composition were compared among the
populations using an analysis of variance (ANOVA) and post hoc
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Table 1. Female length, egg wet mass, and egg proximate composition of Chinook salmon (Oncorhynchus tshawytscha) collected in the
Credit (n = 18), Pine (n = 26) and Sydenham (n = 21) rivers.
Credit River Pine River

Sydenham
River

Table 2. Mean percentage (± standard error) of individual fatty acids, fatty acid families, and fatty acid
ratios in Chinook salmon (Oncorhynchus tshawytscha)
eggs collected from the Credit (n = 18), Pine (n = 26),
and Sydenham (n = 21) rivers.

Female trait
Fork length (cm)

88.93±1.62

75.78±1.43

Fatty acid

Credit River

Pine River

Sydenham
River

Egg trait
Wet mass (g)

0.284±0.011 0.177±0.007 0.207±0.008

Saturated
14:0
16:0
18:0

2.1±0.3
14.1±0.4
5.8±0.3

1.3±0.2
15.5±0.4
7.7±0.3

2.0±0.1
16.1±0.4
7.3±0.2

Monounsaturated
16:1(n-9)
1.2±0.1
16:1(n-7)
5.6±0.2
18:1(n-9)
22.1±0.5
18:1(n-7)
5.2±0.2
20:1(n-9)
0.8±0.1

1.0±0.1
7.9±0.4
27.3±0.5
8.0±0.3
0.7±0.1

1.1±0.1
7.6±0.3
23.9±0.7
7.2±0.3
0.9±0.1

Polyunsaturated n-3
18:3(n-3)
4.7±0.2
18:4(n-3)
1.2±0.1
20: 3(n-3)
1.1±0.1
20:4(n-3)
3.2±0.1
20:5(n-3)
8.0±0.3
22:5(n-3)
3.3±0.2
22:6(n-3)
8.9±0.6

1.8±0.1
0.6±0.1
0.5±0.1
1.5±0.1
5.5±0.2
2.8±0.1
7.6±0.4

1.8±0.1
0.6±0.1
0.7±0.2
1.9±0.1
6.3±0.2
3.2±0.2
8.9±0.5

Polyunsaturated n-4
16:2(n-4)
0.4±0.1

0.4±0.1

0.3±0.1

Polyunsaturated n-6
18:2(n-6)
5.1±0.1
20:2(n-6)
0.7±0.1
20:3(n-6)
0.4±0.1
20:4(n-6)
6.0±0.2

4.1±0.2
0.5±0.1
0.4±0.1
5.1±0.2

3.8±0.1
0.6±0.1
0.4±0.1
5.3±0.1

24.5±0.5
44.8±0.7
30.6±0.7
20.2±0.6
10.1±0.2
2.0±0.1
1.4±0.1

25.4±0.6
40.6±1.0
33.8±1.2
23.4±1.0
10.2±0.2
2.3±0.1
1.4±0.1

74.51±1.26

Wet mass composition
Lipid (g·g wet mass–1)
0.076±0.003 0.074±0.002 0.071±0.002
Lean mass (g·g wet mass–1) 0.469±0.005 0.479±0.006 0.490±0.005
Water (g·g wet mass–1)
0.455±0.006 0.447±0.006 0.439±0.006
Dry mass composition
Lipid (g·g dry mass–1)
0.139±0.004 0.132±0.003 0.127±0.003
Lean mass (g·g dry mass–1) 0.861±0.004 0.868±0.003 0.873±0.003
Note: Values are presented as mean ± standard error and calculated from
family-level data.

Tukey tests. Given that egg mass is often correlated with female
length, we also compared egg mass among the populations using
an analysis of covariance (ANCOVA) with female length as a covariate. The egg FA composition was compared among the populations using principal components analysis (PCA; Tabachnick and
Fidell 2007). The FA composition data was ﬁrst arcsine-squareroot-transformed to normalize the data. Principal component (PC)
scores with eigenvalues >1 were compared among populations
using an ANOVA to determine if there were any signiﬁcant differences in egg FA composition among populations (Tabachnick and
Fidell 2007).
Linear and generalized linear mixed models were used to assess
the effects of egg FA composition on growth–size and survival
traits, respectively. We ﬁrst ﬁt a “full” model using the general
form
Z ⫽  ⫹ P ⫹ T ⫹ E ⫹ PCn ⫹ L ⫹ P × T ⫹ P × E ⫹ T × E
⫹ P × PCn ⫹ T × PCn ⫹ P × L ⫹ T × L ⫹ Sire ⫹ e
where P is the population of origin, T is the temperature treatment, E is the mean egg mass of each family, PCn is the nth principal component from the PCA, L is the proportion of egg dry mass
that was lipid, Sire is the random effect of sire, and e is the unexplained residual variation. The generalized linear models contained the additional random effect of female identity nested in
sire. All possible two-way interactions with temperature and population were included in the model. Linear and generalized linear
mixed models were ﬁt using the lme4 package (Bates et al. 2015).
We then performed backwards stepwise model selection by iteratively removing nonsigniﬁcant terms from the model until the
log-likelihood of the nested model was signiﬁcantly reduced (␣ =
0.05; Table S31; Zuur et al. 2009). We ﬁrst removed nonsigniﬁcant
two-way interactions and then removed nonsigniﬁcant to the
main effects. The variables retained in the reduced models were
individually assessed by removing each variable from the model
and comparing the nested model with the full model using a
likelihood ratio test. The variance explained by the ﬁxed effects
(marginal R2) and the full model (conditional R2) was calculated
for the ﬁnal models following Nakagawa and Schielzeth (2013).
We visualized interactions between temperature–population and
the egg composition metrics using partial dependence plots. Relationships were plotted with 95% conﬁdence intervals estimated
using parametric bootstrapping run for 500 iterations.

冱 SFA
冱 MUFA
冱 PUFA
冱 PUFA n-3
冱 PUFA n-6
n-3:n-6
DHA:EPA

21.9±0.7
34.8±0.8
43.1±1.4
30.5±1.2
12.3±0.3
2.5±0.1
1.1±0.1

Results
Egg wet mass and proximate composition
Egg wet mass was different among the three populations, with
the Credit River having the heaviest eggs and the Pine River having the lightest eggs (F[2,62] = 41.2, P < 0.001; Table 1). After controlling for female length, egg wet mass was similar between the
Credit and Sydenham rivers, while the Pine River had signiﬁcantly lighter eggs than the other two populations (F[2,60] = 10.6,
P < 0.001). Proximate composition of the eggs was quite similar
among the populations (Table 1). There were no differences among
the populations in the proportion of fat (F[2,62] = 1.3, P = 0.29), lean
mass (F[2,62] = 3.1, P = 0.05), or water (F[2,62] = 1.6, P = 0.22). Similarly,
fat content on a dry mass basis did not differ among the populations (F[2,62] = 2.8, P = 0.07) nor did the lean mass (F[2,62] = 2.8,
P = 0.07).
Egg FA composition
We identiﬁed 20 FAs in the Chinook salmon eggs (Table 2). Of
these FAs, 16:0, 18:1(n-9), 18:1(n-7), 20:5(n-3), and 22:6(n-3) were
particularly abundant in the eggs of all three populations. PCA
revealed that the populations differed in egg FA composition
(Fig. 1). The ﬁrst ﬁve PCs had eigenvalues >1 and explained 79% of
the variation (Table 3). For PC1, there was high positive loadings
for the PUFAs and negative loadings for SFAs and monounsaturated fatty acids (MUFAs). PC2 had a strong positive loading for
Published by NRC Research Press
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Fig. 1. Scatterplots of (a) principal components 1 and 3 and (b) principal components 1 and 4 from a principal component analysis of Chinook
salmon (Oncorhynchus tshawytscha) egg fatty acid composition among the Credit, Pine, and Sydenham rivers. The ellipses are the 95% conﬁdence
ellipses for the populations. [Colour online.]
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PC1

PC2

PC3

PC4

PC5

Saturated
14:0
16:0
18:0

0.04
–0.20
–0.27

–0.49
–0.04
0.20

–0.02
0.16
0.035

–0.14
–0.45
–0.12

0.17
0.05
–0.13

Monounsaturated
16:1(n-9)
16:1(n-7)
18:1(n-9)
18:1(n-7)
20:1(n-9)

0.08
–0.24
–0.26
–0.29
0.12

–0.37
–0.30
–0.04
0.11
–0.32

0.02
–0.10
0.09
–0.18
–0.26

0.16
–0.01
0.24
0.19
–0.16

0.15
0.24
–0.27
–0.15
–0.46

Polyunsaturated n-3
18:3(n-3)
18:4(n-3)
20:3(n-3)
20:4(n-3)
20:5(n-3)
22:5(n-3)
22:6(n-3)

0.28
0.26
0.23
0.30
0.31
0.23
0.23

0.09
–0.28
–0.07
0.13
0.01
0.31
0.19

0.36
0.12
0.14
0.24
–0.10
–0.29
–0.42

–0.03
0.14
–0.09
–0.08
–0.05
0.01
–0.07

0.09
0.05
–0.31
–0.13
0.26
–0.05
0.09

Polyunsaturated n-4
16:2(n-4)

0.02

–0.17

0.59

0.11

Polyunsaturated n-6
18:2(n-6)
20:2(n-6)
20:3(n-6)
20:4(n-6)

0.18
0.22
0.13
0.25

0.15
–0.28
0.05
0.09

0.50
–0.11
–0.16
–0.28

0.09
–0.20
0.43
0.01

–0.07
–0.40
–0.31
0.30

7.71
38.6

2.84
14.2

2.16
10.8

1.68
8.4

1.37
6.8

Eigenvalue
Variance explained (%)

0

4

8

PC1 (38.6% explained var.)

Table 3. Factor loadings for the ﬁrst ﬁve principal components from
a principal components analysis on the fatty acid composition of eggs
from the Credit, Pine and Sydenham rivers.

0.050

-4

22:5(n-3) and high negative loadings for 14:0, 16:1(n-7), 16:1(n-9),
and 20:1(n-9). PC3 had high positive loadings for 18:2(n-6) and
18:3(n-3) and a strong negative loading for 22:6(n-3). PC4 had
strong positive loadings for 20:3(n-6) and 16:2(n-4) and a strong
negative loading for 16:0. Finally, PC5 had a strong positive loading for 20:4(n-6) and strong negative loadings for 20:1(n-9), 20:2(n-6),
20:3(n-3), and 20:3(n–6).
Of the retained PCs, there were differences among populations
for PC1 (F[2,62] = 46.9, P < 0.001), PC3 (F[2,62] = 9.2, P < 0.001), and PC4
(F[2,62] = 3.7, P = 0.03), whereas there were no differences among
populations for PC2 (F[2,62] = 1.3, P = 0.28) or PC5 (F[2,62] = 1.0,
P = 0.39). The most striking difference was along PC1, where eggs
from the Credit River had a higher proportion of n-3 PUFAs and
eggs from the Pine River had a higher proportion of SFAs and

Table 4. Parameters, marginal R2, and conditional R2 of the hatch
length (HL), swim-up length (SL), and growth rate (GR) models.
Trait Parameters
HL
SL
GR

R2M

RC2

 + P + T + E + PC1 + L + P × E + P × PC1 + T × PC1 + P × L 0.91 0.92
 + P + T + E + PC1 + P × E + T × E + P × T + P × PC1
0.90 0.97
+P+T+E+L+P×E+P×T+T×L+P×L
0.59 0.68

Note: Parameters included in the models were population (P), temperature
(T), egg mass (E), PC1 score, and lipid content (L). Two-way interactions between
the variables are denoted with a times symbol (×). The random effect of sire was
included in all models. The marginal R2 and conditional R2 represent the variance explained by the ﬁxed effects and the full model, respectively.

MUFAs (Fig. 1). The FA proﬁles of Sydenham River eggs fell between the extremes of the Credit and Pine rivers.
Only PC1 was considered in models of growth–size and survival
for two reasons. First, PC1 explained 38.6% of the variation in FA
composition, which was much higher than the other PC axes
(Table 3). Second, the inclusion of additional PC axes in the analysis would result in a full model that was over-parameterized.
Prior to using PC1 as predictor variable, we tested for any correlations between PC1 and egg mass within the populations and found
that they were only weakly correlated (Credit: r = 0.29, P = 0.03;
Pine: r = 0.38, P < 0.001; Sydenham: r = 0.29, P = 0.02).
Hatch length
Hatch length was inﬂuenced by all the egg quality covariates;
however, the covariates were involved in several two-way interactions with temperature and population (Table 4; Table S41). Temperature had a large effect on hatch length, and there was a
marked decreased in length at 15.2 °C (Fig. 2). Hatch length was
affected by a temperature × PC1 interaction (22 = 7.34, P = 0.03),
whereby the relationship between PC1 and hatch length was positive at 6.5 °C, but close to zero at 9.4 and 15.2 °C (Fig. 2). The
relationship between hatch length and PC1 varied across populations, with the Credit River having a positive slope and the Pine
and Sydenham rivers having a negative slope (population × PC1:
22 = 8.54, P = 0.01; Fig. 2). The quantity of lipid also inﬂuenced
hatch length, with the Pine River having a positive slope and the
Credit and Sydenham rivers having a negative slope (population ×
lipid: 22 = 13.76, P = 0.001; Table S41). Finally, hatch length was
positively related to egg mass in all populations, but the strength
of the relationship varied among populations (population × egg
mass: 22 = 15.65, P < 0.001; Table S41).
Swim-up length
Swim-up length was inﬂuenced by egg mass and PC1, but the
relationships depended on population and temperature (Table 4;
Table S51). Egg mass was positively related to swim-up length, and
the slope of the relationship depended on population (population ×
Published by NRC Research Press
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Fig. 2. Relationship between hatch length and PC1 at (a) 6.5 °C, (b) 9.4 °C, and (c) 15.2 °C from a linear mixed model. Egg mass and lipid
content were set at their respective population-level mean values. Shaded regions around each regression line represent the 95% conﬁdence
interval estimated using parametric bootstrapping. [Colour online.]

egg mass: 22 = 38.49, P < 0.001) and temperature (temperature ×
egg mass: 22 = 20.21, P < 0.001; Table S51). PC1 inﬂuenced swim-up
length differently among the populations, with the Credit River
having a positive slope and the Pine and Sydenham rivers having
a negative slope (population × PC1: 22 = 32.14, P < 0.001; Fig. 3).
Swim-up length also varied by population and temperature (24 =
73.22, P < 0.001; Table S51).

Fig. 3. Relationship between swim-up length and PC1 from a linear
mixed model. Egg mass was set at their respective population
means, while temperature was set at 6.5 °C. Shaded regions around
each regression line represent the 95% conﬁdence interval estimated
using parametric bootstrapping. [Colour online.]

Growth rate
Growth rate was affected by interactions involving egg mass
and lipid content (Table 4; Table S61). The relationship between
growth rate and lipid content varied by population (population ×
lipid: 22 = 8.40, P < 0.02) and temperature (temperature × lipid: 22 =
13.95, P < 0.001; Fig. 4). The positive relationship between growth
rate and lipid content was stronger for the Credit River than both
the Pine and Sydenham rivers. Furthermore, the slope of the
growth rate – lipid relationship increased with temperature treatment, whereby the steepest relationship was present at 15.2 °C
(Fig. 4). Egg mass was also positively related to growth rate, and
the slope of the relationship varied across populations, with the
Pine River having the greatest slope and the Sydenham River having the weakest slope (population × egg mass: 22 = 6.63, P = 0.04;
Table S61). Growth rate also varied by population and temperature
(24 = 61.45, P < 0.001; Table S61).
Survival traits
The median survival ranged from 93.4% to 100% and 96.0% to
100% for hatch success and hatch to swim-up survival, respectively
(Table S21). The high survival is most notable for hatch to swim-up
survival, where many families experienced 100% survival. We did
not perform model selection or interpret the results from the
survival models for two reasons. First, there was very little variation in survival to explain with the models. Second, the full model
for hatch success had poor predictive performance, with a conditional R2 of 0.23 (highest R2 achieved). Taken together, the hatch
success and hatch to swim-up survival models did not provide
biologically meaningful results.

Discussion
In this study, we show that there are transgenerational effects
of maternal diet, expressed as variation in egg nutrient content,
on the development of Chinook salmon progeny reared under

three different temperatures. The egg nutrient component involved in the transgenerational effect varied among traits, where
hatch length was affected by both the FA composition (PC1 axis)
and lipid content, swim-up length was affected by FA composiPublished by NRC Research Press
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Fig. 4. Relationship between growth rate and egg lipid content at (a) 6.5 °C, (b) 9.4 °C, and (c) 15.2 °C from a linear mixed model. Egg mass and
PC1 scores were set at their respective population-level mean values. Shaded regions around each regression line represent the 95% conﬁdence
interval estimated using parametric bootstrapping. [Colour online.]

tion, and growth rate was affected by lipid content. Importantly,
the relationship between the traits and egg nutrient content was
dependent on population and (or) temperature. Egg wet mass and
temperature were more important predictors than the egg nutrient content for all the traits, regardless of developmental stage
(t values: Tables S4–S61).
Hatch and swim-up length were inﬂuenced by an interaction
between FA composition and population, where eggs with a high
PUFA content achieved the largest length in the Credit River and
eggs with a high SFA and MUFA content achieved the largest
length in the Lake Huron populations (Pine and Sydenham rivers).
The presence of a population × FA composition interaction suggests that the metabolism of each population is adapted to the
forage base available to mothers during egg development. If the
developing offspring used FAs in the same way regardless of population (i.e., no divergence), then we would expect to see all three
populations achieve the largest length with a similar egg FA composition. Instead, we see the largest offspring lengths achieved
with egg FA compositions that reﬂect those available in their
population of origin (i.e., maternal forage base). Such divergence
in metabolism could be due to variation in the selective use of FAs
for energy, where the Credit River population relies heavily on
PUFAs (e.g., DHA and EPA) and the Lake Huron populations rely
heavily on SFAs (e.g., 16:0) and MUFAs (e.g., 18:1(n-9); Tocher 2003).
If true, this divergence in metabolism has occurred in ⬃10 generations since the populations were ﬁrst introduced to the Great
Lakes from a common genetic source (Thorn and Morbey 2018).
Similar metabolic divergence has been found within an aquaculture setting where a domesticated strain of coho salmon
(Oncorhynchus kisutch) had a signiﬁcantly greater feed conversion
efﬁciency relative to its source population after 16 generations
(Neely et al. 2008). The connection between offspring metabolism
and maternal diet, via egg FA content, could be the result of selection acting directly on offspring metabolism or a correlated response to selection acting on adult metabolism. However, further
research is required to determine the metabolic and evolutionary
mechanisms behind the among-population variation in FA use
during development.
Hatch length was also affected by an interaction between temperature and FA composition. Consistent with our prediction,
there was a positive relationship between hatch length and the
relative quantity of PUFAs at 6.5 °C and a very weak relationship at

9.4 and 15.2 °C. The positive relationship between hatch length
and the relative quantity of PUFAs in the cold temperature treatment is likely related to the temperature sensitivity of membrane
function and metabolism to FA composition (Hazel 1984, 1995;
Robertson and Hazel 1997). At cold temperatures, PUFAs are selectively incorporated into cell membranes to maintain membrane
function (Craig et al. 1995; Snyder et al. 2012; Ma et al. 2015).
Furthermore, the digestibility of PUFAs is maintained at low temperature, whereas it is reduced for SFAs, making PUFAs a preferred source of energy for growth at low temperature (Olsen and
Ringo 1998). Offspring hatching from eggs with a higher quantity
of PUFAs would be capable of attaining a larger size before depleting their reserve of PUFAs (Hazel 1995). The developmental advantage of having lipid reserves rich in PUFAs would be reduced with
increasing temperature as other FAs are more efﬁciently utilized,
which is consistent with the lack of a hatch length – PUFA relationship at higher temperatures.
Growth rate increased with the proportion of lipid in an egg,
and as predicted, the relationship depended on the rearing temperature. The positive percent lipid – growth rate relationship was
only present at 15.2 °C and not in the colder treatments. The
appearance of a percent lipid – growth rate relationship at high
temperature is related to the temperature dependence of metabolism in ectotherms. As temperature increases, metabolic rate
increases (Schulte 2015) and conversion efﬁciency is reduced
(Heming 1982; Rombough 1994; Kullgren et al. 2013). The combined effects of higher metabolic rate and reduced conversion
efﬁciency at high temperature put a greater energetic demand on
the endogenous energy resources of developing larvae. This increased energy demand at high temperature can deplete lipid
stores prior to swim-up or compromise the development of larvae
with small stores leading to reduced survival for these individuals
(Fisher et al. 2007). Furthermore, offspring provided with less lipid
stores appear to have reduced growth rates relative to offspring
with large lipid stores at high temperature, which can lead to
reduced offspring size at emergence. It is possible that females
able to invest more lipids into their eggs will have a better ﬁtness
in warmer temperatures.
Variation in the FA composition of the eggs most likely reﬂects
dietary differences among the Great Lakes Chinook salmon populations. The Credit River eggs tended to have a higher proportion
n-3 PUFAs, whereas the Lake Huron populations had more SFAs
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and MUFAs. The difference between the Lake Ontario (Credit River)
eggs and the Lake Huron (Pine and Sydenham rivers) eggs is not
surprising given that they are from lake systems with a different prey
ﬁsh composition (Bunnell et al. 2014). Chinook salmon in the Great
Lakes preferentially prey upon alewife (Alosa pseudoharengus) (Diana
1990; Warner et al. 2008; Jacobs et al. 2013; Happel et al. 2017), and
the abundance of alewife in 2012, when our ﬁsh were collected,
differed between Lakes Huron and Ontario (OMNRF 2013; Warner
et al. 2013). In Lake Huron, the alewife abundance was unusually
low and unlikely to make any substantial contribution to the diet
of Chinook salmon (Warner et al. 2013), whereas the alewife abundance in Lake Ontario was much greater (OMNRF 2013). Furthermore, alewife tend to have higher concentrations of n-3 and n-6
PUFAs relative to other prey ﬁsh in the Great Lakes (Honeyﬁeld
et al. 2012). Taken together, differences in the contribution of
alewife to the diet of Chinook salmon likely accounts for much of
the difference in the FA composition we found between the lake
systems.
Within Lake Huron, we also found differences in the FA composition of eggs from the Sydenham River and Pine River females.
Recent work by Marklevitz et al. (2016) suggests that there is regional structuring of Chinook salmon in Lake Huron. The Pine
and Sydenham rivers are both located in southern Georgian Bay,
and our results suggest that there is a possibility of ﬁne-scale,
population-level structuring of Chinook salmon in Lake Huron.
Vitellogenesis occurs over a period of months (Tyler et al. 1990;
Tyler and Sumpter 1996), and the FA composition of eggs will
integrate dietary signals over this period (Pickova et al. 1999).
Therefore, the differences we found between the Pine and Sydenham rivers only partially reﬂect dietary differences due to spatial
variation during prespawning staging and will also reﬂect spatial
variation while actively feeding within the main basin of the lake.
The transgenerational effects of maternal egg nutrient allocation on offspring development has several potential management
implications. The forage base available to mothers during the
period of vitellogenesis will have a direct inﬂuence on the composition of lipids deposited as yolk (Wiegand 1996; Pickova et al.
1999; Johnson 2009). Thus, the lipid composition of Chinook
salmon eggs will track shifts in the prey ﬁsh community among
regions and (or) years and, depending on the environmental
context, could be an important unaccounted source of spatial–
temporal variation in juvenile recruitment. In addition, anthropogenic climate change is poised to increase water temperatures
in lakes and rivers around the globe (Punzet et al. 2012; Isaak et al.
2012; O’Reilly et al. 2015), including the Great Lakes watershed
(Trumpickas et al. 2009). Higher water temperatures during endogenous feeding will increase the amount of energy per offspring required for development. This shift in the cost of early life
history development could reduce the productivity of Chinook
salmon, along with other salmonids, in the Great Lakes unless
females compensate by allocating more energy, on a relative basis, to each offspring. Finally, the FA composition eggs can serve as
a trophic biomarker and can be used to better understand the
foraging habitats of a speciﬁc population (Happel et al. 2016).
Before we can fully understand any management implications,
however, more research needs to be done on the connection between transgenerational effects of maternal diet, success during
juvenile life history stages, and population dynamics.

Acknowledgements
Funding for this project was provided by a Natural Sciences and
Engineering Research Council of Canada (NSERC) Discovery
Grant, Ontario Ministry of Research and Innovation Early Researcher Award, and Canada Foundation for Innovation Leaders
Opportunity Fund to Y.E. Morbey and an NSERC Postgraduate
Scholarship to M.W. Thorn. We thank D. Lim, N. Osborne, S. Sharron,
and Y. Xu for assistance with various tasks during the project,
including the collection of gametes, rearing the salmon, and col-

Can. J. Fish. Aquat. Sci. Vol. 76, 2019

lecting data. We also thank the Ontario Ministry of Natural Resources and Forestry, who provided the scientiﬁc collection
permits and aided in the collection of salmon at the Credit River.

References
Adlerstein, S.A., Rutherford, E.S., Clapp, D., Clevenger, J.A., and Johnson, J.E.
2007. Estimating seasonal movements of Chinook salmon in Lake Huron
from efﬁciency analysis of coded wire tag recoveries in recreational ﬁsheries.
N. Am. J. Fish. Manage. 27(3): 792–803. doi:10.1577/M06-204.1.
Ashton, H.J., Farkvam, D.O., and March, B.E. 1993. Fatty acid composition of
lipids in the eggs and alevins from wild and cultured Chinook salmon
(Oncorhynchus tshawytscha). Can. J. Fish. Aquat. Sci. 50(3): 648–655. doi:10.1139/
f93-074.
Badyaev, A.V., and Uller, T. 2009. Parental effects in ecology and evolution:
mechanisms, processes and implications. Philos. Trans. R. Soc. B Biol. Sci.
364(1520): 1169–1177. doi:10.1098/rstb.2008.0302.
Bates, D., Mächler, M., Bolker, B., and Walker, S. 2015. Fitting linear mixedeffects models using lme4. J. Stat. Softw. 67(1): 1–48. doi:10.18637/jss.v067.i01.
Bell, M.V., and Dick, J.R. 1991. Molecular species composition of the major diacyl
glycerophospholipids from muscle, liver, retina and brain of cod (Gadus
morhua). Lipids, 26(8): 565–573. doi:10.1007/BF02536419.
Bell, M.V., Batty, R.S., Dick, J.R., Fretwell, K., Navarro, J.C., and Sargent, J.R. 1995.
Dietary deﬁciency of docosahexaenoic acid impairs vision at low light intensities in juvenile herring (Clupea harengus L.). Lipids, 30(5): 443–449. doi:10.
1007/BF02536303. PMID:7637565.
Bernardo, J. 1996. Maternal effects in animal ecology. Am. Zool. 36: 83–105.
doi:10.1093/icb/36.2.83.
Bonduriansky, R., Crean, A.J., and Day, T. 2012. The implications of nongenetic
inheritance for evolution in changing environments: nongenetic inheritance
and environmental change. Evol. Appl. 5(2): 192–201. doi:10.1111/j.1752-4571.
2011.00213.x. PMID:25568041.
Boyd, J.W., Oldenburg, E.W., and McMichael, G.A. 2010. Color photographic
index of fall Chinook salmon embryonic development and accumulated thermal units. PLoS ONE, 5(7): e11877. doi:10.1371/journal.pone.0011877. PMID:
20686709.
Brooks, S., Tyler, C.R., and Sumpter, J.P. 1997. Egg quality in ﬁsh: what makes a
good egg? Rev. Fish Biol. Fish. 7: 387–416. doi:10.1023/A:1018400130692.
Budge, S.M., Iverson, S.J., and Koopman, H.N. 2006. Studying trophic ecology in
marine ecosystems using fatty acids: a primer on analysis and interpretation.
Mar. Mammal Sci. 22(4): 759–801. doi:10.1111/j.1748-7692.2006.00079.x.
Bunnell, D.B., Barbiero, R.P., Ludsin, S.A., Madenjian, C.P., Warren, G.J.,
Dolan, D.M., Brenden, T.O., Briland, R., Gorman, O.T., He, J.X., Johengen, T.H.,
Lantry, B.F., Lesht, B.M., Nalepa, T.F., Riley, S.C., Riseng, C.M., Treska, T.J.,
Tsehaye, I., Walsh, M.G., Warner, D.M., and Weidel, B.C. 2014. Changing
ecosystem dynamics in the Laurentian Great Lakes: bottom-up and top-down
regulation. BioScience, 64(1): 26–39. doi:10.1093/biosci/bit001.
Clarke, A., and Johnston, N.E. 1999. Scaling of metabolic rate with body mass and
temperature in teleost ﬁsh. J. Anim. Ecol. 68: 893–905. doi:10.1046/j.1365-2656.
1999.00337.x.
Copeman, L.A., Parrish, C.C., Brown, J.A., and Harel, M. 2002. Effects of docosahexaenoic, eicosapentaenoic, and arachidonic acids on the early growth,
survival, lipid composition and pigmentation of yellowtail ﬂounder (Limanda
ferruginea): a live food enrichment experiment. Aquaculture, 210(1): 285–304.
doi:10.1016/S0044-8486(01)00849-3.
Coslovsky, M., and Richner, H. 2011. Predation risk affects offspring growth via
maternal effects: maternal effects due to predation risk. Funct. Ecol. 25(4):
878–888. doi:10.1111/j.1365-2435.2011.01834.x.
Craig, S.R., Neill, W.H., and Gatlin, D.M. 1995. Effects of dietary lipid and environmental salinity on growth, body composition, and cold tolerance of juvenile red drum (Sciaenops ocellatus). Fish Physiol. Biochem. 14(1): 49–61. doi:10.
1007/BF00004290. PMID:24197271.
Czesny, S., Dettmers, J.M., Rinchard, J., and Dabrowski, K. 2009. Linking egg
thiamine and fatty acid concentrations of Lake Michigan lake trout with
early life stage mortality. J. Aquat. Anim. Health, 21(4): 262–271. doi:10.1577/
H07-056.1. PMID:20218500.
Diana, J.S. 1990. Food habits of angler-caught salmonines in western Lake Huron.
J. Gt. Lakes Res. 16(2): 271–278. doi:10.1016/S0380-1330(90)71420-7.
Dobush, G.R., Ankney, C.D., and Krementz, D.G. 1985. The effect of apparatus,
extraction time, and solvent type on lipid extractions of snow geese. Can. J.
Zool. 63(8): 1917–1920. doi:10.1139/z85-285.
Einum, S., and Fleming, I.A. 1999. Maternal effects of egg size in brown trout
(Salmo trutta): norms of reaction to environmental quality. Proc. R. Soc. B Biol.
Sci. 266(1433): 2095–2100. doi:10.1098/rspb.1999.0893.
Einum, S., and Fleming, I.A. 2000. Selection against late emergence and small
offspring in Atlantic salmon (Salmo salar). Evolution, 54(2): 628–639. doi:10.
1111/j.0014-3820.2000.tb00064.x. PMID:10937238.
Etterson, J.R., and Galloway, L.F. 2002. The inﬂuence of light on paternal plants
in Campanula americana (Campanulaceae): pollen characteristics and offspring traits. Am. J. Bot. 89(12): 1899–1906. doi:10.3732/ajb.89.12.1899. PMID:
21665618.
Fisher, R., Sogard, S., and Berkeley, S. 2007. Trade-offs between size and energy
Published by NRC Research Press

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by University of Toronto on 10/17/19
For personal use only.

Thorn et al.

reserves reﬂect alternative strategies for optimizing larval survival potential
in rockﬁsh. Mar. Ecol. Prog. Ser. 344: 257–270. doi:10.3354/meps06927.
Folch, J., Lees, M., and Stanley, G.H.S. 1957. A simple method for the isolation and
puriﬁcation of total lipids from animal tissues. J. Biol. Chem. 226(1): 497–509.
PMID:13428781.
Franzke, A., and Reinhold, K. 2013. Transgenerational effects of diet environment on life-history and acoustic signals of a grasshopper. Behav. Ecol. 24(3):
734–739. doi:10.1093/beheco/ars205.
Galloway, L.F., and Etterson, J.R. 2007. Transgenerational plasticity is adaptive in
the wild. Science, 318(5853): 1134–1136. doi:10.1126/science.1148766. PMID:
18006745.
Gapasin, R.S.J., and Duray, M.N. 2001. Effects of DHA-enriched live food on
growth, survival, and incidence of opercular defomities in milkﬁsh (Chanos
chanos). Aquaculture, 193: 49–63. doi:10.1016/S0044-8486(00)00469-5.
Hafer, N., Ebil, S., Uller, T., and Pike, N. 2011. Transgenerational effects of food
availability on age at maturity and reproductive output in an asexual collembolan species. Biol. Lett. 7(5): 755–758. doi:10.1098/rsbl.2011.0139. PMID:
21411448.
Happel, A., Stratton, L., Kolb, C., Hays, C., Rinchard, J., and Czesny, S. 2016.
Evaluating quantitative fatty acid signature analysis (QFASA) in ﬁsh using
controlled feeding experiments. Can. J. Fish. Aquat. Sci. 73(8): 1222–1229.
doi:10.1139/cjfas-2015-0328.
Happel, A., Pattridge, R., Walsh, M., and Rinchard, J. 2017. Assessing diet compositions of Lake Ontario predators using fatty acid proﬁles of prey ﬁshes.
J. Gt. Lakes Res. 43(5): 838–845. doi:10.1016/j.jglr.2016.12.008.
Hazel, J.R. 1984. Effects of temperature on the structure and metabolism of cell
membranes in ﬁsh. Am. J. Physiol. Regul. Integr. Comp. Physiol. 246(4):
R460–R470. doi:10.1152/ajpregu.1984.246.4.R460.
Hazel, J.R. 1995. Thermal adaptation in biological membranes: is homeoviscous
adaptation the explanation? Annu. Rev. Physiol. 57(1): 19–42. doi:10.1146/
annurev.ph.57.030195.000315. PMID:7778864.
Heath, D.D., and Blouw, D.M. 1998. Are maternal effects in ﬁsh adaptive or
merely physiological side effects? In Maternal effects as adaptations. Edited by
T.A. Mousseau and C.W. Fox. Oxford University Press, New York. pp. 178–201.
Helle, H., Koskela, E., and Mappes, T. 2012. Life in varying environments: experimental evidence for delayed effects of juvenile environment on adult life
history. J. Anim. Ecol. 81(3): 573–582. doi:10.1111/j.1365-2656.2011.01937.x.
PMID:22191455.
Heming, T.A. 1982. Effects of temperature on utilization of yolk by chinook
salmon (Oncorhynchus tshawytscha) eggs and alevins. Can. J. Fish. Aquat. Sci.
39(1): 184–190. doi:10.1139/f82-021.
Hendry, A.P., and Berg, O.K. 1999. Secondary sexual characters, energy use,
senescence, and the cost of reproduction in sockeye salmon. Can. J. Zool.
77(11): 1663–1675. doi:10.1139/z99-158.
Honeyﬁeld, D.C., Daniels, M.E., Brown, L.R., Arts, M.T., Walsh, M.G., and
Brown, S.B. 2012. Survey of four essential nutrients and thiaminase activity in
ﬁve Lake Ontario prey ﬁsh species. J. Gt. Lakes Res. 38(1): 11–17. doi:10.1016/j.
jglr.2011.11.008.
Isaak, D.J., Wollrab, S., Horan, D., and Chandler, G. 2012. Climate change effects
on stream and river temperatures across the northwest U.S. from 1980–2009
and implications for salmonid ﬁshes. Clim. Change, 113(2): 499–524. doi:10.
1007/s10584-011-0326-z.
Ishizaki, Y., Masuda, R., Uematsu, K., Shimizu, K., Arimoto, M., and Takeuchi, T.
2001. The effect of dietary docosahexaenoic acid on schooling behaviour and
brain development in larval yellowtail. J. Fish Biol. 58(6): 1691–1703. doi:10.
1111/j.1095-8649.2001.tb02323.x.
Iverson, S.J. 2009. Tracing aquatic food webs using fatty acids: from qualitative
indicators to quantitative determination. In Lipids in aquatic ecosystems.
Edited by M.T. Arts, M.J. Kainz, and M.T. Brett. Springer, New York.
pp. 281–308.
Jacobs, G.R., Madenjian, C.P., Bunnell, D.B., Warner, D.M., and Claramunt, R.M.
2013. Chinook salmon foraging patterns in a changing Lake Michigan. Trans.
Am. Fish. Soc. 142(2): 362–372. doi:10.1080/00028487.2012.739981.
Jensen, L.F., Hansen, M.M., Pertoldi, C., Holdensgaard, G., Mensberg, K.-L.D., and
Loeschcke, V. 2008. Local adaptation in brown trout early life-history traits:
implications for climate change adaptability. Proc. R. Soc. B Biol. Sci.
275(1653): 2859–2868. doi:10.1098/rspb.2008.0870.
Johnson, R.B. 2009. Lipid deposition in oocytes of teleost ﬁsh during secondary
oocyte growth. Rev. Fish. Sci. 17(1): 78–89. doi:10.1080/10641260802590004.
Jonsson, B., and Jonsson, N. 2016. Trans-generational maternal effect: temperature inﬂuences egg size of the offspring in Atlantic salmon Salmo salar. J. Fish
Biol. 89(2): 1482–1487. doi:10.1111/jfb.13040. PMID:27350311.
Jonsson, N., and Jonsson, B. 1997. Energy allocation in polymorphic brown trout.
Funct. Ecol. 11(3): 310–317. doi:10.1046/j.1365-2435.1997.00083.x.
Jonsson, N., Jonsson, B., and Hansen, L.P. 1997. Changes in proximate composition
and estimates of energetic costs during upstream migration and spawning in
Atlantic salmon Salmo salar. J. Anim. Ecol. 66(3): 425–436. doi:10.2307/5987.
Kjorsvik, E., Mangor-Jensen, A., and Holmefjord, I. 1990. Egg quality in ﬁshes.
Adv. Mar. Biol. 26: 71–113. doi:10.1016/S0065-2881(08)60199-6.
Kullgren, A., Jutfelt, F., Fontanillas, R., Sundell, K., Samuelsson, L.,
Wiklander, K., Kling, P., Koppe, W., Larsson, D.G.J., Björnsson, B.T., and
Jönsson, E. 2013. The impact of temperature on the metabolome and endocrine metabolic signals in Atlantic salmon (Salmo salar). Comp. Biochem.

1261

Physiol. Part A Mol. Integr. Physiol. 164(1): 44–53. doi:10.1016/j.cbpa.2012.10.
005. PMID:23051589.
Laurel, B.J., Copeman, L.A., and Parrish, C.C. 2012. Role of temperature on lipid/
fatty acid composition in Paciﬁc cod (Gadus macrocephalus) eggs and unfed
larvae. Mar. Biol. 159(9): 2025–2034. doi:10.1007/s00227-012-1989-3.
Lubzens, E., Young, G., Bobe, J., and Cerdà, J. 2010. Oogenesis in teleosts: how ﬁsh
eggs are formed. Gen. Comp. Endocrinol. 165(3): 367–389. doi:10.1016/j.ygcen.
2009.05.022. PMID:19505465.
Lynch, M., and Walsh, B. 1998. Genetics and analysis of quantitative traits.
Sinauer Associates, Inc., Sunderland, Massachusetts.
Ma, X.Y., Qiang, J., He, J., Gabriel, N.N., and Xu, P. 2015. Changes in the physiological parameters, fatty acid metabolism, and SCD activity and expression in
juvenile GIFT tilapia (Oreochromis niloticus) reared at three different temperatures. Fish Physiol. Biochem. 41(4): 937–950. doi:10.1007/s10695-015-0059-4.
PMID:25939714.
March, B.E. 1993. Essential fatty acids in ﬁsh physiology. Can. J. Physiol. Pharmacol. 71(9): 684–689. doi:10.1139/y93-102. PMID:8313232.
Marklevitz, S.A.C., Fryer, B.J., Johnson, J., Gonder, D., and Morbey, Y.E. 2016.
Otolith microchemistry reveals spatio-temporal heterogeneity of natal
sources and inter-basin migrations of Chinook salmon in Lake Huron. J. Gt.
Lakes Res. 42(3): 668–677. doi:10.1016/j.jglr.2016.03.007.
Mohan, S.D., Connelly, T.L., Harris, C.M., Dunton, K.H., and McClelland, J.W.
2016. Seasonal trophic linkages in Arctic marine invertebrates assessed via
fatty acids and compound-speciﬁc stable isotopes. Ecosphere, 7(8): e01429.
doi:10.1002/ecs2.1429.
Mourente, G. 2003. Accumulation of DHA (docosahexaenoic; 22:6n-3) in larval
and juvenile ﬁsh brain. In The Big Fish Bang: Proceedings of the 26th Annual
Larval Fish Conference. Edited by H.I. Brownman and A.B. Skiftesvik. Institute
of Marine Research, Bergen, Norway. pp. 239–248.
Mousseau, T.A., and Fox, C.W. 1998. The adaptive signiﬁcance of maternal effects. Trends Ecol. Evol. 13(10): 403–407. doi:10.1016/S0169-5347(98)01472-4.
PMID:21238360.
Mueller, C.A., Eme, J., Manzon, R.G., Somers, C.M., Boreham, D.R., and
Wilson, J.Y. 2015. Embryonic critical windows: changes in incubation temperature alter survival, hatchling phenotype, and cost of development in
lake whiteﬁsh (Coregonus clupeaformis). J. Comp. Physiol. B, 185(3): 315–331.
doi:10.1007/s00360-015-0886-8. PMID:25585944.
Nakagawa, S., and Schielzeth, H. 2013. A general and simple method for obtaining R2 from generalized linear mixed-effects models. Methods Ecol. Evol. 4(2):
133–142. doi:10.1111/j.2041-210x.2012.00261.x.
Neely, K.G., Myers, J.M., Hard, J.J., and Shearer, K.D. 2008. Comparison of growth,
feed intake, and nutrient efﬁciency in a selected strain of coho salmon
(Oncorhynchus kisutch) and its source stock. Aquaculture, 283(1–4): 134–140.
doi:10.1016/j.aquaculture.2008.06.038.
Ng, W.-K., Sigholt, T., and Gordon, Bell, J. 2004. The inﬂuence of environmental
temperature on the apparent nutrient and fatty acid digestibility in Atlantic
salmon (Salmo salar L.) fed ﬁnishing diets containing different blends of ﬁsh
oil, rapeseed oil and palm oil. Aquac. Res. 35(13): 1228–1237. doi:10.1111/j.13652109.2004.01131.x.
Olsen, R.E., and Ringo, E. 1998. The inﬂuence of temperature on the apparent
nutrient and fatty acid digestibility of Arctic charr, Salvelinus alpinus L. Aquac.
Res. 29: 695–701. doi:10.1046/j.1365-2109.1998.29100695.x.
OMNRF. 2013. Lake Ontario ﬁsh communities and ﬁsheries: 2012 annual report
of the Lake Ontario management unit. Ontario Ministry of Natural Resources
and Forestry, Picton, Ontario.
O’Reilly, C.M., Sharma, S., Gray, D.K., Hampton, S.E., Read, J.S., Rowley, R.J.,
Schneider, P., Lenters, J.D., McIntyre, P.B., Kraemer, B.M., Weyhenmeyer, G.A.,
Straile, D., Dong, B., Adrian, R., Allan, M.G., Anneville, O., Arvola, L., Austin, J.,
Bailey, J.L., Baron, J.S., Brookes, J.D., de Eyto, E., Dokulil, M.T., Hamilton, D.P.,
Havens, K., Hetherington, A.L., Higgins, S.N., Hook, S., Izmest’eva, L.R.,
Joehnk, K.D., Kangur, K., Kasprzak, P., Kumagai, M., Kuusisto, E., Leshkevich, G.,
Livingstone, D.M., MacIntyre, S., May, L., Melack, J.M., Mueller-Navarra, D.C.,
Naumenko, M., Noges, P., Noges, T., North, R.P., Plisnier, P.-D., Rigosi, A.,
Rimmer, A., Rogora, M., Rudstam, L.G., Rusak, J.A., Salmaso, N., Samal, N.R.,
Schindler, D.E., Schladow, S.G., Schmid, M., Schmidt, S.R., Silow, E., Soylu, M.E.,
Teubner, K., Verburg, P., Voutilainen, A., Watkinson, A., Williamson, C.E., and
Zhang, G. 2015. Rapid and highly variable warming of lake surface waters
around the globe. Geophys. Res. Lett. 42(24): 10,773–10,781. doi:10.1002/
2015GL066235.
Pickova, J., Kiessling, A., Pettersson, A., and Dutta, P.C. 1999. Fatty acid and
carotenoid composition of eggs from two nonanadromous Atlantic salmon
stocks of cultured and wild origin. Fish Physiol. Biochem. 21(2): 147–156.
doi:10.1023/A:1007860908911.
Punzet, M., Voß, F., Voß, A., Kynast, E., and Bärlund, I. 2012. A global approach to
assess the potential impact of climate change on stream water temperatures
and related in-stream ﬁrst-order decay rates. J. Hydrometeorol. 13(3): 1052–
1065. doi:10.1175/JHM-D-11-0138.1.
R Core Team. 2016. R: a language and environment for statistical computing
[online]. R Foundation for Statistical Computing, Vienna, Austria. Available
from https://www.R-project.org/.
Räsänen, K., and Kruuk, L.E.B. 2007. Maternal effects and evolution at ecological
time-scales. Funct. Ecol. 21(3): 408–421. doi:10.1111/j.1365-2435.2007.01246.x.
Published by NRC Research Press

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by University of Toronto on 10/17/19
For personal use only.

1262

Robertson, J.C., and Hazel, J.R. 1997. Membrane constraints to physiological
function at different temperatures: does cholesterol stabilize membranes at
elevated temperatures? In Global warming: implications for freshwater and
marine ﬁsh. Edited by C.M. Wood and D.G. McDonald. Cambridge University
Press, New York. pp. 51–78.
Rodriguez, C., Perez, K.O., Diaz, M., Izquierdo, M.S., Fernandez-Palacios, H., and
Lorenzo, A. 1997. Inﬂuence of the EPA/DHA ratio in rotifers on gilthead
seabream (Sparus aurata) larval development. Aquaculture, 150: 77–89. doi:
10.1016/S0044-8486(96)01472-X.
Rombough, P.J. 1994. Energy partitioning during ﬁsh development: additive or
compensatory allocation of energy to support growth? Funct. Ecol. 8(2): 178–
186. doi:10.2307/2389901.
Salinas, S., and Munch, S.B. 2012. Thermal legacies: transgenerational effects of
temperature on growth in a vertebrate: thermal transgenerational plasticity.
Ecol. Lett. 15(2): 159–163. doi:10.1111/j.1461-0248.2011.01721.x. PMID:22188553.
Sargent, J.R., Bell, J.G., Bell, M.V., Henderson, R.J., and Tocher, D.R. 1995. Requirement criteria for essential fatty acids. J. Appl. Ichthyol. 11(3–4): 183–198.
doi:10.1111/j.1439-0426.1995.tb00018.x.
Sargent, J., Bell, G., McEvoy, L., Tocher, D., and Estevez, A. 1999. Recent developments in the essential fatty acid nutrition of ﬁsh. Aquaculture, 177(1): 191–
199. doi:10.1016/S0044-8486(99)00083-6.
Scharnweber, K., Strandberg, U., Marklund, M.H.K., and Eklöv, P. 2016. Combining resource use assessment techniques reveals trade-offs in trophic specialization of polymorphic perch. Ecosphere, 7(8): e01387. doi:10.1002/ecs2.1387.
Schulte, P.M. 2015. The effects of temperature on aerobic metabolism: towards a
mechanistic understanding of the responses of ectotherms to a changing
environment. J. Exp. Biol. 218(12): 1856–1866. doi:10.1242/jeb.118851. PMID:
26085663.
Segers, F.H.I.D., and Taborsky, B. 2012. Juvenile exposure to predator cues induces a larger egg size in ﬁsh. Proc. R. Soc. B Biol. Sci. 279(1731): 1241–1248.
doi:10.1098/rspb.2011.1290.
Shama, L.N.S., Strobel, A., Mark, F.C., and Wegner, K.M. 2014. Transgenerational
plasticity in marine sticklebacks: maternal effects mediate impacts of a
warming ocean. Funct. Ecol. 28(6): 1482–1493. doi:10.1111/1365-2435.12280.
Shama, L.N.S., Mark, F.C., Strobel, A., Lokmer, A., John, U., and Mathias Wegner, K.
2016. Transgenerational effects persist down the maternal line in marine
sticklebacks: gene expression matches physiology in a warming ocean. Evol.
Appl. 9(9): 1096–1111. doi:10.1111/eva.12370. PMID:27695518.
Snyder, R.J., Schregel, W.D., and Wei, Y. 2012. Effects of thermal acclimation on
tissue fatty acid composition of freshwater alewives (Alosa pseudoharengus).
Fish Physiol. Biochem. 38(2): 363–373. doi:10.1007/s10695-011-9513-0. PMID:
21638009.
Storm, J.J., and Lima, S.L. 2010. Mothers forewarn offspring about predators: a
transgenerational maternal effect on behavior. Am. Nat. 175(3): 382–390.
doi:10.1086/650443. PMID:20109061.
Strandberg, U., Hiltunen, M., Jelkänen, E., Taipale, S.J., Kainz, M.J., Brett, M.T.,
and Kankaala, P. 2015. Selective transfer of polyunsaturated fatty acids from
phytoplankton to planktivorous ﬁsh in large boreal lakes. Sci. Total Environ.
536: 858–865. doi:10.1016/j.scitotenv.2015.07.010. PMID:26282609.
Tabachnick, B., and Fidell, L. 2007. Using multivariate statistics. 5th ed. Pearson
Education, New York.

Can. J. Fish. Aquat. Sci. Vol. 76, 2019

Thorn, M.W., and Morbey, Y.E. 2018. Egg size and the adaptive capacity of early
life history traits in Chinook salmon (Oncorhynchus tshawytscha). Evol. Appl.
11(2): 205–219. doi:10.1111/eva.12531. PMID:29387156.
Tocher, D.R. 2003. Metabolism and functions of lipids and fatty acids in teleost
ﬁsh. Rev. Fish. Sci. 11(2): 107–184. doi:10.1080/713610925.
Torniainen, J., Kainz, M.J., Jones, R.I., Keinänen, M., Vuorinen, P.J., and
Kiljunen, M. 2017. Inﬂuence of the marine feeding area on the muscle and egg
fatty-acid composition of Atlantic salmon Salmo salar spawners estimated
from the scale stable isotopes. J. Fish Biol. 90(5): 1717–1733. doi:10.1111/jfb.
13258. PMID:28101948.
Triggs, A.M., and Knell, R.J. 2012. Parental diet has strong transgenerational
effects on offspring immunity. Funct. Ecol. 26(6): 1409–1417. doi:10.1111/j.13652435.2012.02051.x.
Trumpickas, J., Shuter, B.J., and Minns, C.K. 2009. Forecasting impacts of climate
change on Great Lakes surface water temperatures. J. Gt. Lakes Res. 35(3):
454–463. doi:10.1016/j.jglr.2009.04.005.
Tyler, C.R., and Sumpter, J.P. 1996. Oocyte growth and development in teleosts.
Rev. Fish Biol. Fish. 6: 287–318. doi:10.1007/BF00122584.
Tyler, C.R., Sumpter, J.P., and Witthames, P.R. 1990. The dynamics of oocyte
growth during vitellogenesis in the rainbow trout (Oncorhynchus mykiss). Biol.
Reprod. 43(2): 202–209. doi:10.1095/biolreprod43.2.202. PMID:2378932.
Warner, D.M., Kiley, C.S., Claramunt, R.M., and Clapp, D.F. 2008. The inﬂuence
of alewife year-class strength on prey selection and abundance of age-1 Chinook salmon in Lake Michigan. Trans. Am. Fish. Soc. 137(6): 1683–1700. doi:
10.1577/T07-130.1.
Warner, D.M., O’Brien, T.P., Farha, S., Schaeffer, J.S., and Lenart, S. 2013. Status
and trends of pelagic prey ﬁshes in Lake Huron, 2012 [online]. United States
Geological Survey, Ann Arbor, Michigan. Available from https://www.glsc.
usgs.gov/sites/default/ﬁles/product_ﬁles/2011LakeHuronPreyﬁsh.pdf [accessed
2 March 2017].
Watanabe, T. 1993. Importance of docosahexaenoic acid in marine larval ﬁsh.
J. World Aquac. Soc. 24(2): 152–161. doi:10.1111/j.1749-7345.1993.tb00004.x.
Wiegand, M.D. 1996. Composition, accumulation and utilization of yolk lipids in
teleost ﬁsh. Rev. Fish Biol. Fish. 6: 259–286. doi:10.1007/BF00122583.
Wiegand, M.D., Johnston, T.A., Martin, J., and Leggett, W.C. 2004. Variation in
neutral and polar lipid compositions of ova in ten reproductively isolated
populations of walleye (Sander vitreus). Can. J. Fish. Aquat. Sci. 61(1): 110–121.
doi:10.1139/f03-146.
Wiegand, M.D., Johnston, T.A., Leggett, W.C., Watchorn, K.E., Ballevona, A.J.,
Porteous, L.R., and Casselman, J.M. 2007. Contrasting strategies of ova lipid
provisioning in relation to maternal characteristics in three walleye (Sander
vitreus) populations. Can. J. Fish. Aquat. Sci. 64(4): 700–712. doi:10.1139/f07033.
Zizzari, Z.V., van Straalen, N.M., and Ellers, J. 2016. Transgenerational effects of
nutrition are different for sons and daughters. J. Evol. Biol. 29(7): 1317–1327.
doi:10.1111/jeb.12872. PMID:27018780.
Zuur, A.F., Ieno Elena, N., Walker, N.J., Saveliev, A.A., and Smith, G.M. 2009.
Mixed effects models and extensions in ecology with R. Edited by M. Gail,
K. Krickeberg, J.M. Samet, A. Tsiatis, and W. Wong. Springer-Verlag, New
York.

Published by NRC Research Press

