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production chain. We analyzed changes in environmental, additive genetic, and non-additive genetic contribu-
tions in growth and saltwater survival across multiple life stages of Chinook salmon (Oncorhynchus tshawytscha)
in an aquaculture facility to assess the importance of each factor throughout life. We used a full-factorial breeding
design and followed fish for their entire 3-year life cycle to quantify the dam and sire effect on growth and sur-
vival and partition these effects into the respective environmental and genetic components. We show for body
size that maternal and non-additive effects are the most important drivers of larval size, explaining a total of
87% of total larval phenotypic variation, but decline with age. Additive genetic effects peak during the juvenile
stage, explaining a maximum of 15% of the total variation in size, but are much less important at earlier and
later life stages. We saw a similar pattern to saltwater survival—with non-additive effects high (42% of total var-
iance explained) at the earliest stage measured and decreasing in later stages and additive effects playing little
role. Unlike growth, there was little maternal influence on survival. Taken together, our results show that mater-
nal and non-additive effects are important drivers of larval size but that additive effects may play a more impor-
tant role with age. Non-additive effects explained the most phenotypic variance observed for survival, playing a
much larger role than maternal or additive effects. Our results add to a growing body of literature suggesting
careful crosses of select lines can lead to enhanced growth and survival and that these effects can be tailored
to the life stages of most concern for a given system. In this way hatchery managers can best develop breeding
lines for specific systems and these lines can have stable effects over many generations.
Statement of relevance: The enclosed manuscript is directly relevant to commercial aquaculture. The study was
conducted in a commercial aquaculture facility and the questions we are asking relate to the effects of genetic
and non-genetic (maternal) factors in Chinook salmon growth and survival in an aquaculture facility.
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1. Introduction fish species and, at least early in life, can override the genetic influences

of the parents (Heath et al., 1999; Aykanat et al., 2012; Bougas et al.,

In aquaculture, growth and survival of fish are influenced by a com-
plex interplay of genetic and environmental factors (Garcia de Leaniz et
al., 2007; Sonesson, 2007; Gutierrez et al., 2012) that may have different
effects at different life stages in the species of interest (Heath and Blouw,
1998; Evans et al., 2010; Bougas et al., 2013; Clark et al., 2014). When
creating new offspring for each year-class, it is therefore vital to under-
stand how much variation can be attributed to genetic and environmen-
tal influences and how much can be attributed to stochastic variation
(Gjedrem et al., 2012; Yafiez et al., 2014). Complicating this question
is the role of non-genetic maternal influences on fish growth and surviv-
al which can significantly influence the growth and survival of many
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2013). Partitioning parental influences into maternal environmental,
additive genetic and non-additive genetic variance components is
therefore necessary to enhance growth and survival throughout the
life of commercially important species.

Fishes in the family Salmonidae are especially critical for assessment
of genetic and non-genetic factors in growth and survival due to their
importance as a commercial aquaculture species (Asche et al., 2013),
as well as their non-resource-based mating systems and ease of external
fertilization (Neff and Pitcher, 2005; Pitcher and Neff, 2007; Wedekind
et al.,, 2008). In resource-based mating systems, offspring receive not
only genes but additional parental care such as food, shelter and protec-
tion from predators, which can also affect offspring characteristics (Neff
and Pitcher, 2005). Non-resource-based mating systems such as in the
Salmonidae are therefore better suited for investigating the effects of
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genetic quality on a desired trait in offspring, as other confounding fac-
tors can be avoided (Neff and Pitcher, 2005; Pitcher and Neff, 2006,
2007; Wedekind et al., 2008; Hettyey et al., 2010; Houde et al., 2015).
In salmonids, maternal effects significantly influence offspring size
early in life (Heath et al., 1999; Debes et al., 2013; Houde et al., 2013)
and can drive differences in survival both within and between popula-
tions, at least throughout the fry stage (Aykanat et al., 2012; Debes et
al., 2013; Houde et al., 2013). Both additive and non-additive genetic
components also explain growth and survival parameters in salmonids
during at least some life stages (Wedekind et al., 2001; Wedekind et al.,
2008; Huuskonen et al., 2009; Jacob et al., 2010; Falica and Higgs, 2013;
Houde et al., 2015) but it is unclear precisely how the role of each of
these three factors (maternal, additive and non-additive) changes
throughout life in these species.

In the current study, we used Chinook salmon (Oncorhynchus
tshawytscha), in a fully-factorial breeding design (Lynch and Walsh,
1998) using 7 dams and 7 sires to examine dam, sire, and interactive ef-
fects on offspring length and survival. Chinook is a major species of
aquaculture interest and as of 2014 represented 10,840 t per year of har-
vest worldwide (FAO Factsheet, www.fao.org) We followed those two
performance-related traits in the offspring for 3 years (from hatching
through to the adult stage) and estimated the contributions of additive
genetic effects, non-additive genetic effects, and maternal effects (non-
genetic) on offspring length and survival at several time points through-
out ontogeny. In this manner we were able to assess the use of a genet-
ic-based approach to developing broodstock for aquaculture as well as
increase our understanding of changes in genetic architecture of
Chinook salmon through development.

2. Methods
2.1. Study species and breeding design

In the fall of 2008, we haphazardly selected 7 female and 7 male sex-
ually mature (4 year old) Chinook salmon from a total population of
400-600 individuals to create 49 half- and full-sib families in a North
Carolina Design II, which crosses the gametes of all dams and sires in
every pair-wise combination (Lynch and Walsh, 1998). The dams and
sires used in the current study were 7th-generation descendants origi-
nating from crosses between wild females taken from the Robertson
Creek Hatchery (Port Alberni, British Columbia) and wild males taken
from Big Qualicum River Hatchery (Qualicum Beach, B.C.) in 1985, and
raised at the Yellow Island Aquaculture Ltd. (YIAL) hatchery and
netcage site on Quadra Island, B.C. In 1997, YIAL began a marker-
assisted broodstock selection program creating two different survival
lines (termed a ‘high-survival line’ and a ‘low-survival line’) based on
variation in growth and survival related gene markers (Docker and
Heath, 2002). The descendants used in the current study were also
from these two lines. The dams and sires for the current study were hap-
hazardly selected until 3 of each were from the high-survival line and 4
were from the low-survival line, with identity established from previ-
ously implanted coded wire tags inserted into the nose of each fish.
Broodstock were fed on Taplow certified organic Chinook feed (Taplow
Ventures Ltd.) and were kept in salt water until September, when they
are moved into freshwater tanks in preparation for spawning. All proce-
dures were approved by the University of Windsor Animal Use and Care
Committee.

2.2. Rearing conditions

The selected adult salmon were sacrificed via cerebral concussion,
and gametes were extracted for artificial fertilizations, where an ap-
proximately equal amount of eggs from each female were fertilized by
each male. We split fertilized eggs from each family into two cells of
100 eggs each in vertical stack incubation trays to account for location
effects, therefore requiring 98 cells (2 per family). During incubation

the trays were exposed to natural, untreated fresh water (from an
artesian well) that ranged from 7 °C to 9 °C (pH = 7.15, hardness =
37 mg L™, alkalinity = 44.2 mg L™ ). UV-treated salt water (28 ppt)
was pumped through the trays three times per week for 45 min to re-
duce fungus growth until hatching. The incubation trays were checked
every other day until the end of the endogenous feeding stage to re-
move and record all unfertilized eggs and dead offspring.

At the end of the endogenous feeding stage in March 2009, up to 150
larvae from each family were transferred to a 200 L barrel, therefore re-
quiring 49 barrels. Heath et al. (1999), which used a similar rearing de-
sign, did not find a correlation between rearing density (which could be
different due to mortality differences among families) and growth. All
barrels were cared for equally with flow-through fresh water ranging
from 7 °C to 10.5 °C, aeration, and light from 7 am-5 pm. Fish care
consisted of feeding the offspring daily with EWOS commercial salmon
feed (EWOS Canada Ltd.), siphoning waste from the barrels every
5 days, and removing any dead offspring.

In our system Chinook smolt in May so in June 2009 a sample of 30
smolt (unless there were fewer remaining individuals) from each family
were anaesthetized with clove oil and injected with Passive Integrated
Transponder (PIT) tags to allow permanent individual identification
(n = 1379). All tagged offspring from every family were then trans-
ferred to one 15 x 15 x 20 ft. (L x W x D) netpen at YIAL in the Pacific
Ocean near Quadra Island B.C. Offspring were reared to adulthood,
where in June 2010 all individuals were transferred to a bigger netpen
15 x 30 x 30 ft,, and then later transferred once again to a new netpen
(15 x 30 x 30 ft) in June 2011. In November 2010, any males that had
become ‘Jacks’ (precocious sexually mature males) were removed
from the netpen. During ocean life, fish were fed twice a day (Taplow
Grower, Taplow Ventures Ltd.). Any mortalities were retrieved and
scanned for their PIT tag to identify their dam and sire.

2.3. Body size measurements

We measured fork length and wet weight as metrics of body size five
times throughout ontogeny as follows: ‘Date 1" = March 2009/End of
larval stage; ‘Date 2’ = June 2009/smolt stage; ‘Date 3’ = November
2009/Juvenile stage; ‘Date 4 = June 2010/Adult stage; and ‘Date 5’ =
June 2011/Adult stage. For Date 1, we measured a sample of 20 fish
per family. For Date 2 we measured all PIT-tagged fish, which was 30
fish per family unless there were fewer remaining individuals. For
Dates 3, 4 and 5 we measured all PIT-tagged fish that were still alive at
the sample date.

24. Survival measurements

Survival was monitored at three time points after PIT tagging and
saltwater entry, including ‘Date 3> = November 2009/Juvenile stage;
‘Date 4’ = June 2010/Adult stage; and ‘Date 5° = June 2011/Adult
stage. Survival was determined by the presence of PIT tagged individ-
uals during sampling, and any individual PIT tags that were not detected
during sampling were considered mortalities.

2.5. Statistical analysis

We were able to collect fork length data at all sample dates, but were
not able to collect weight data at Date 4 when the fish were in netpens
in the ocean due to rough sampling conditions. Thus, we chose to ana-
lyze only the length data as the length and weight were highly correlat-
ed (Spearman's correlation r = 0.99, p < 0.001). When testing the fork
length data for normality, the Kolmogorov-Smirnov (K-S) test indicated
that the data were statistically not normal and transformation of data
often failed to improve normality. However, when sample sizes are
large such as ours, small deviations from normality will frequently re-
sult in a significant result for the K-S test (Field, 2009, pg. 144). Thus, a
significant K-S test does not necessarily mean that ‘deviation’ from
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Fig. 1. Dam identity vs. mean fork length (mean + 1 S.E.) for a) Date 1: March 2009, b) Date 2: June 2009, c) Date 3: November 2009, d) Date 4: June 2010, and e) Date 5: June 2011. Different

letters for the homogenous subsets denote significant differences between dams (p < 0.01).

normality will bias the results when analyzing the data and therefore
we instead chose to examine the normality plots (histograms and Q-Q
plots) to view the scope of any non-normality (Field, 2009). For fork
length data, histograms showed bell-shaped curves and Q-Q plots re-
vealed observed values that fell exactly along the straight line (except
for a only a few points at the ends) indicating that the data were near
normal.

Data were analyzed using the Ime4 package (Bates et al.,, 2009) in R
software (R Development Core Team, 2011). Linear mixed models were
used to determine whether dam, sire and their interaction significantly
contributed to the phenotypic variance observed for body size. First, we
partitioned phenotypic variance using the model (Lynch and Walsh,
1998):

model : zy, = 1+ d; + 55+ I + ey

where z;; is the phenotypic value of the k™ offspring from the i dam
and j sire, and pis the mean phenotypic value of the sample. In the
model, dam (d), sire (s) and their interaction (I) were regarded as ran-
dom effects and e denotes the residual error. To examine the contribu-
tion of dam (d), sire (s) and their interaction (I) to the phenotypic
variance for body size, we contrasted the fit of models in a stepwise
manner by removing the term and refitting the model. Models were
fit using maximum likelihood, and the fit of the models were compared
using log-likelihood tests. Variance component estimates from the
models were used to calculate the total phenotypic variance to deter-
mine maternal, additive and non-additive phenotypic variance. The
contribution of additive genetic effects to offspring body size was calcu-
lated from four times the sire component of variance, the non-additive
genetic effects were calculated from four times the interaction
(dam x sire) component of variance, and the maternal effects were
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Table 1

Summary of linear mixed models examining the contribution of dam, sire and their interaction to the phenotypic variance of fork length at five sampling dates. The percent of phenotypic
variance (% phenotypic var) for maternal effects, and additive and non-additive genetic effects are also included. Significant effects are indicated in bold with asterisk (p < 0.01).

Trait Source of variation o? (% total var) o? (% phenotypic var)

Fork Length

Date 1 (larval stage) Dam 0.0115" (40.0) Maternal 0.0114 (40.0)
Sire 0 (0) Additive 0 (0)
Interaction 0.0034" (11.8) Non-additive 0.0135 (47.0)
Residual 0.0138 (48.3)
Total 0.0287

Date 2 (smolt stage) Dam 0.0450" (19.7) Maternal 0.0398 (17.5)
Sire 0.0052" (2.3) Additive 0.0210 (9.2)
Interaction 0.0120" (5.3) Non-additive 0.0480 (21.1)
Residual 0.1656 (72.7)
Total 0.2279

Date 3 (juvenile stage) Dam 0.1242" (11.7) Maternal 0.0851 (8.0)
Sire 0.0391" (3.7) Additive 0.1564 (14.8)
Interaction 0.0176 (1.7) Non-additive 0.0705 (6.7)
Residual 0.8776 (82.9)
Total 1.0586

Date 4 (early adult stage) Dam 0.5452" (10.1) Maternal 0.5137 (9.5)
Sire 0.0315 (0.6) Additive 0.1260 (2.3)
Interaction 0 (0) Non-additive 0 (0)
Residual 4.832 (89.3)
Total 5.409

Date 5 (later adult stage) Dam 0.8052" (5.5) Maternal 0.4683 (3.2)
Sire 0.3369 (2.3) Additive 1.3476 (9.1)
Interaction 0 (0) Non-additive 0 (0)
Residual 13.602 (92.3)
Total 14.745

calculated from the difference between dam and sire components of
variance (reviewed in Neff and Pitcher, 2005). The alpha level was ad-
justed to 0.01 (0.05/5) for all dates to account for the same individuals
being measured throughout this study. When a significant random ef-
fect of dam and/or sire was detected, a two-way ANOVA with Tukey's
post-hoc test was performed to determine which dams and sires dif-
fered significantly (p < 0.01) in offspring body size.

Saltwater survival data were analyzed using generalized linear
mixed effect models for binomial data. Offspring that survived were
coded as “1” and mortalities were coded as “0”. Data were analyzed in
R with the “glmer” function, where models were fitted and evaluated
in a manner similar to that outlined above. The alpha level was adjusted
to 0.017 (0.05/3) for all dates to account for the same individuals being
measured throughout this study. When a significant random effect of
dam and/or sire was detected, logistic regressions with post-hoc
Tukey tests were used to determine which dams and sires differed sig-
nificantly (p < 0.017) from one another in offspring survival.

3. Results
3.1. Body size

Dam had a significant effect on offspring fork length throughout all
life stages (Fig. 1), where the percentage of the total variance in fork
length attributed to dam declined from the larval stage (40% total vari-
ance) to the later adult stage (6% total variance) (Table 1). Consequent-
ly, maternal effects on fork length variance declined from 40% at the
larval stage to only 3% at the later adult stage (Table 1). Sire effects
only contributed significantly to the variation in fork length at two sam-
pling dates, which included the smolt stage and juvenile stage (Fig. 2).
The total variation in fork length attributed to sire effects was <4%
throughout all stages (Table 1). Additive genetic effects on the pheno-
type ranged from 0% at the larval stage to 15% at the juvenile stage,
and at all other stages additive effects accounted for <9% of the variance.
The interaction of dam and sire had a significant effect on fork length
during the larval stage and smolt stage, where the interaction effect
accounted for 12% and 5% of the total phenotypic variance, respectively
(Table 1). However, it should be noted that at the smolt stage,

interaction (family) effects could not be separated from barrel effects,
as each family was reared in separate barrels. At later stages, the inter-
action effect represented <2% of the phenotypic variance. Non-additive
genetic effects were therefore also largest during early development
(47% at the larval stage) and declined throughout life (0% at later
adult stage).

3.2. Saltwater survival

Maternal effects accounted for <3% of the total variance in saltwater
survival at three sampling dates (Table 2), with significant dam effects
only at the latter two dates (Table 2, Fig. 3). Sire effects contributed sig-
nificantly to the variance in saltwater survival during the juvenile stage
but not later stages (Fig. 4), and at all dates sire effects represented <1%
of the total variance in survival (Table 2). Similarly, additive genetic ef-
fects were highest at the juvenile stage (5%) and represented 0% and 2%
of the variance at early adult and later adult stages, respectively. The in-
teraction of dam and sire had a significant influence on saltwater surviv-
al at the juvenile stage (10% of total variance) and early adult stage (3%
of total variance), but not at the later adult stage (<1% of total variance)
(Table 2). Non-additive genetic effects contributed to 42% of the vari-
ance in saltwater survival at the juvenile stage but declined to 13%
and 3% at the early and later adult stages, respectively (Table 2).

4. Discussion

The current study presents the first investigation to our knowledge
to follow the contributions of additive and non-additive genetic effects
and maternal effects to variation in phenotypic traits in salmon from lar-
val stages through to adulthood. In previous studies using species with
non-resource-based mating systems to determine all three contribu-
tions (additive, non-additive and maternal effects) to offspring size
and survival, the results among studies were inconsistent. Previous
studies examining species with non-resource-based mating systems
have shown effects varying from significant maternal and additive ef-
fects (in Chinook salmon fry, Evans et al., 2010), to non-additive and
maternal effects but little or no additive effects (in larval Lake Ontario
Chinook salmon, Pitcher and Neff, 2007 and in juvenile Atlantic salmon,
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Fig. 2. Sire identity vs. mean fork length (mean 4 1 S.E.) for a) Date 1: March 2009, b) Date 2: June 2009, c) Date 3: November 2009, d) Date 4: June 2010, and e) Date 5: June 2011. Different

letters for the homogenous subsets denote significant differences between sires (p < 0.01).

Salmo salar, Houde et al., 2015), to additive effects on length but not on
weight, showing variation due to what measure of size was used (in lar-
val Atlantic herring, Clupea harengus, Bang et al., 2006). Similarly, signif-
icant effects on offspring survival ranged from non-additive and
maternal effects (in embryonic sea lamprey, Petromyzon marinus,
Rodriguez-Munoz and Tregenza, 2009 and in Atlantic salmon fry,
Houde et al., 2015), to all three (additive, non-additive and maternal)
(in larval Lake Ontario Chinook salmon, Pitcher and Neff, 2007). The dif-
ferences among previous studies are likely due to environmental varia-
tion, species differences in genetic architecture, and especially
developmental stage.

In the current study, we found that results varied across develop-
ment, with the genetic and maternal factors explaining variation in

length generally decreasing over time. Interestingly, the dam compo-
nent of variance remained significant on offspring length for all five
dates measured. However, when the dam component was separated
and the true maternal effects examined, maternal effects went from
representing 40% of the phenotypic variation at the larval stage to
17.5% at the smolt stage, and continued to decrease to only 3.2% by
the adult stages. The fact that we found higher maternal effects early
in development supports the established concept that maternal effects
decrease over time, due to other factors such as offspring genome and
environmental quality increasing in their influence (e.g. Heath et al.,
1999; reviewed in Heath and Blouw, 1998; and in Green, 2008). The
non-additive (dam x sire) effects on length in the current study also de-
creased over time, suggesting that genetic compatibility does affect
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Table 2

Summary of generalized linear mixed models examining the contribution of dam, sire and their interaction to the phenotypic variance of survival for three sampling dates. The percent of
phenotypic variance (% phenotypic var) for maternal effects, and additive and non-additive genetic effects are also included. Significant effects are indicated in bold with asterisk

(p<0.017).

Trait Source of variation o2 (% total var) 02 (% phenotypic var)

Saltwater survival

Date 3 (juvenile stage) Dam 6.0 x107° (0) Maternal —0.0418 (0)
Sire 0.0418" (1.1) Additive 0.1672 (4.5)
Interaction 0.3853" (10.3) Non-additive 1.5412 (414)
Residual /3 (88.5)
Total 3.7271

Date 4 (early adult stage) Dam 0.0307" (0.9) Maternal 0.0307 (0.9)
Sire 0 (0) Additive 0 (0)
Interaction 0.1097" (32) Non-additive 0.4388 (12.8)
Residual /3 (95.9)
Total 3.4404

Date 5 (later adult stage) Dam 0.1185" (3.4) Maternal 0.0994 (2.9)
Sire 0.0191 (0.6) Additive 0.0764 (2.2)
Interaction 0.0271 (0.8) Non-additive 0.1086 (3.1)
Residual /3 (95.2)
Total 3.4648

Note: Generalized linear mixed models for binomial data with logit link function have an underlying residual variance of %/3 (see Nakagawa and Schielzeth, 2010; Johnson and

Brockmann, 2013).

length but the effects are life-stage specific. Similarly, in a previous
study on Chinook salmon, maternal and non-additive effects contribut-
ed to larval growth (comparable to our Date 1 measurement), which
represented 11% and 73%, respectively, of the phenotypic variation
(Pitcher and Neff, 2007). In the current study, we found that non-addi-
tive effects were higher than maternal effects (by 7%) for larval length,
which was also seen in Pitcher and Neff (2007), although their non-ad-
ditive effects were much larger than the maternal effects.

In our study additive effects represented a small, but at smolt and ju-
venile stages significant, portion of phenotypic variance. Additive effects
on length have been previously reported at the fry stage in Chinook
salmon (Evans et al.,, 2010); however their estimates were much
larger—representing 39% for one population of Chinook salmon, and
33% for a second population of Chinook. That we found no additive ef-
fects on larval length is also consistent with previous work on larval
Lake Ontario Chinook salmon (Pitcher and Neff, 2007) and in Atlantic
salmon (Houde et al., 2015). However, sire effects have been demon-
strated to contribute significantly to offspring swimming ability in Chi-
nook salmon (Falica and Higgs, 2013), but only in older juveniles, and
the contribution of additive genetic effects to phenotypic variation in-
creased from 26% (at 15 weeks post-hatch) to 100% (at 18 weeks
post-hatch). Additionally, previous studies have shown that additive ge-
netic effects are important for body size in fish and explain for example,
14% of the variation in alevin length in brook charr (Salvelinus fontinalis)
(Perry et al., 2004); 57% of the variation in larval size in Chinook salmon
(Heath et al., 1999); and 65% of the variation in larval standard length in
Atlantic herring (Bang et al., 2006). Overall, the current study shows
changes in contributions of additive, non-additive and maternal effects
throughout developmental stages. Combining our results with the find-
ings of previous studies, it seems maternal effects and non-additive ef-
fects contribute to larval length, which switches to additive effects
playing a role when older, demonstrating an ontogenetic shift in the im-
portance of these effects. Applying our results in an aquaculture setting
will allow managers to fine tune breeding strategies to maximize differ-
ent stages of growth relevant for their particular operational needs, for
example when selecting for fish that can be transferred to salt water
earlier versus those that might achieve maximal adult size.

For survival, we also found that the factors explaining variation gen-
erally decreased over time, except for maternal effects which increased
slightly over time. Non-additive effects explained the most phenotypic
variance observed for survival, playing a much larger role than maternal
or additive effects. Similarly in sea lamprey, non-additive effects play a
much larger role than maternal effects, with non-additive effects
representing 65.5% whereas maternal effects represent only 14.8% of

the phenotypic variation (Rodriguez-Munoz and Tregenza, 2009). Al-
though we did not find significant additive genetic effects later in life
this may be due to the fact that we used hatchery fish, as Evans et al.
(2010) found additive effects in late-stage wild populations which
may be expected to have greater genetic diversity than our hatchery
fish.

In the current study, the offspring were reared in a common envi-
ronment, given the same amount of food, where predators were absent
and where other factors that normally influence survival (e.g. competi-
tion for resources) were likely minimal due to the aquaculture setting.
This was done to minimize confounding factors and test applicability
to aquaculture settings, so any differences in size or survival seen
among the offspring could be attributed to differences in genetic quality
(and maternal effects). It is possible that had the offspring been reared
in the wild where selection pressures (e.g. due to risk of starvation or
predation) are higher, differences in size and/or survival among the off-
spring may have been more pronounced. Large genotype X environ-
ment interactions have been shown in many species of fish (e.g. Heath
et al., 1993; Devlin et al., 2004; Donelson et al., 2009; Darwish and
Hutchings, 2009; Evans et al., 2010) so it is important to note that if ge-
notype X environment interactions exists, the different genotypes in the
current study may respond differently to changes in the environment
(Lynch and Walsh, 1998).

Although the proportion of variance in offspring length attributable
to among dam and among sire effects is small, it is well known that the
size of offspring, especially in the early stages of development is a major
factor influencing survival and recruitment (e.g. Jenkins and King, 2006;
Fontes et al., 2011; reviewed in Chambers and Leggett, 1996). For in-
stance, being larger at hatching offers several benefits such as having
more time to find food sources before starvation (Miller et al., 1988),
being too large for smaller predators to handle and consume (Bailey,
1984), and having sense organs and swimming ability more developed
thus assisting in predator detection and escape (Bailey, 1984; Bailey and
Batty, 1984; Fuiman et al., 2004). In Pacific salmon specifically, larger
smolts also possess several advantages including better escape from
predators and ability to catch prey due to enhanced swimming ability,
and ultimately greater survival when migrating to and entering the
sea (Beckman et al., 2003). In steelhead trout (0. mykiss), smolt-to-
adult survival had a positive relationship with length (Ward et al.,
1989). Thus, it would be interesting to see if the differences in offspring
length among dams and sires seen in the current study would influence
the fitness of the offspring if they were in the wild.

In conclusion, our study adds to growing evidence that genetic archi-
tecture of performance traits varies among individuals and across
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Fig. 3. Dam identity vs. mean (41 S.E.) percent survival a) Date 3: November 2009 b) Date
4: June 2010, c) Date 5: June 2011. Different letters for the homogenous subsets denote
significant differences between dams (p < 0.017).

development. No other study to our knowledge has partitioned pheno-
typic variance components from larval to adult stages. We found that
genetic and maternal effects play an important role in larval length
and survival, and that these effects decrease with age, possibly due to
environmental variation masking genetic effects. Our study also adds
to evidence of non-additive genetic effects (i.e. genetic compatibility)
affecting larval length, suggesting that ‘compatible genes’ can play
very important roles in larval survival. This also suggests that individ-
uals who get to choose their mates may benefit by having offspring
with higher fitness if they find these more genetically compatible indi-
viduals, thus future breeding programs that mate individuals randomly
may want to consider this to optimize growth and survival in aquacul-
ture systems.
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Fig. 4. Sire identity vs. mean (+ 1 S.E.) percent survival a) Date 3: November 2009 b) Date
4: June 2010, ¢) Date 5: June 2011. Different letters for the homogenous subsets denote
significant differences between sires (p < 0.017).

Acknowledgments

We would like to acknowledge Yellow Island Aquaculture Limited
(YIAL), especially John and Ann Heath and all their wonderful staff for
allowing access to their facility and all the support they provided
throughout this project. This research was funded by an NSERC Collab-
orative Research and Development (STPGP # 447241) grant to T.E.P,,
D.D.H. and D.M.H.

References

Asche, F., Roll, K.H.,, Sandvold, H.N., Servig, A., Zhang, D., 2013. Salmon aquaculture: larger
companies and increased production. Aquac. Econ. Manag. 17, 322-339.


http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0010
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0010
Image of Fig. 4
Image of Fig. 3

B.K. Falica et al. / Aquaculture 468 (2017) 218-225 225

Aykanat, T., Bryden, C.A., Heath, D.D., 2012. Sex-biased genetic component distribution
among populations: additive genetic and maternal contributions to phenotypic dif-
ferences among populations of Chinook salmon. J. Evol. Biol. 25, 682-690.

Bailey, K.M., 1984. Comparison of laboratory rates of predation on five species of marine
fish larvae by three planktonic invertebrates: effects of larval size on vulnerability.
Mar. Biol. 79, 303-309.

Bailey, K.M., Batty, R.S., 1984. Laboratory study of predation by Aurelia aurita on larvae of
cod, flounder, plaice and herring: development and vulnerability to capture. Mar.
Biol. 83, 287-291.

Bang, A., Gronkjer, P., Clemmesen, C., Hoie, H., 2006. Parental effects on early life history
traits of Atlantic herring (Clupea harengus L.) larvae. J. Exp. Mar. Biol. Ecol. 334, 51-63.

Bates, D., Maechler, M., Bolker, B., 2009. Ime4: Linear Mixed-effects Model Using S4 Clas-
ses. R Packaged Version 0.999375-31.

Beckman, B.R,, Larsen, D.A., Dickhoff, W.W., 2003. Life history plasticity in Chinook salm-
on: relation of size and growth rate to autumnal smolting. Aquaculture 222, 149-165.

Bougas, B., Audet, C., Bernatchez, L., 2013. The influence of parental effects on
transcriptomic landscape during early development in brook charr (Salvelinus
fontinalis, Mitchill). Heredity 110, 484-491.

Chambers, R.C,, Leggett, W.C., 1996. Maternal influences on variation in egg sizes in tem-
perate marine fishes. Am. Zool. 36, 180-196.

Clark, E.S., Pompini, M., Marques da Cunha, L., Wedekind, C., 2014. Maternal and paternal
contributions to pathogen resistance dependent on developmental stage in a white-
fish (Salmonidae). Funct. Ecol. 28, 714-723.

Darwish, T.L., Hutchings, J.A., 2009. Genetic variability in reaction norms between farmed
and wild backcrosses of Atlantic salmon (Salmo salar). Can. J. Fish. Aquat. Sci. 66,
83-90.

Debes, P.V., Fraser, DJ., McBride, M.C.,, Hutchings, J.A., 2013. Multigenerational
hydridisation and its consequences for maternal effects in Atlantic salmon. Heredity
111, 238-247.

R Development Core Team, 2011. R: A Language and Environment for Statistical Comput-
ing. R Foundation for Statistical Computing, Vienna, Austria.

Devlin, R.H., D'Andrade, M., Uh, M., Biagi, C.A., 2004. Population effects of growth hor-
mone transgenic coho salmon depend on food availability and genotype by environ-
ment interactions. Proc. Natl. Acad. Sci. U. S. A. 101, 9303-9308.

Docker, M.F., Heath, D.D., 2002. PCR-based markers detect genetic variation at growth and
immune function-related loci in Chinook salmon (Oncorhynchus tshawytscha). Mol.
Ecol. Notes 2, 606-609.

Donelson, J.M., Munday, P.L., McCormick, M.L, 2009. Parental effects on offspring life his-
tories: when are they important? Biol. Lett. 5, 262-265.

Evans, M.L,, Neff, B.D., Heath, D.D., 2010. Quantitative genetic and translocation experi-
ments reveal genotype-by-environment effects on juvenile life-history traits in two
populations of Chinook salmon (Oncorhynchus tshawytscha). J. Evol. Biol. 23,
687-698.

Falica, B.K,, Higgs, D.M., 2013. Paternal genetic effects on offspring swimming perfor-
mance vary with age of juvenile Chinook salmon, Oncorhynchus tshawytscha. Evol.
Biol. 40, 355-365.

Field, A., 2009. Discovering Statistics Using SPSS. 3rd edn. SAGE Publications Ltd., London.

Fontes, J., Santos, R.S., Afonso, P., Caselle, J.E., 2011. Larval growth, size, stage duration and
recruitment success of a temperate reef fish. J. Sea Res. 65, 1-7.

Fuiman, L.A., Higgs, D.M,, Poling, K.R., 2004. Changing structure and function of the ear
and lateral line system of fishes during development. Am. Fish. Soc. Symp. 40,
117-144.

Garcia de Leaniz, C., Fleming, I.A., Einum, S., Verspoor, E., Jordan, W.C., Consuegra, S.,
Aubin-Horth, N., Lajus, D., Letcher, B.H., Youngson, A.F., Webb, ].H., 2007. A critical re-
view of adaptive genetic variation in Atlantic salmon: implications for conservation.
Biol. Rev. 82, 173-211.

Gjedrem, T., Robinson, N., Rye, M., 2012. The importance of selective breeding in aquacul-
ture to meet future demands for animal protein: a review. Aquaculture 350, 117-129.

Green, B.S., 2008. Maternal effects in fish populations. Adv. Mar. Biol. 54, 1-105.

Gutierrez, A.P., Lubieniecki, K.P., Davidson, E.A,, Lien, S., 2012. Genetic mapping of quanti-
tative trait loci (QTL) for body-weight in Atlantic salmon (Salmo salar) using a 6.5K
SNP array. Aquaculture 358, 61-70.

Heath, D.D., Blouw, D.M., 1998. Are maternal effects in fish adaptive or merely physiolog-
ical side effects? In: Mousseau, T.A., Fox, CW. (Eds.), Maternal Effects as Adaptations.
Oxford University Press, New York, NY, pp. 178-201

Heath, D.D., Bernier, N.J., Heath, JW., Iwama, G.K., 1993. Genetic, environmental, and in-
teraction effects on growth and stress response of Chinook salmon (Oncorhynchus
tshawytscha) fry. Can. ]. Fish. Aquat. Sci. 50, 435-442.

Heath, D.D., Fox, CW., Heath, J.W., 1999. Maternal effects on offspring size: variation
through early development of Chinook salmon. Evolution 53, 1605-1611.

Hettyey, A., Hegyi, G., Puurtinen, M., Hoi, H,, Torok, ], Penn, D.J., 2010. Mate choice for ge-
netic benefits: time to put the pieces together. Ethology 116, 1-9.

Houde, A.LS., Wilson, C.C,, Neff, B.D., 2013. Genetic architecture of survival and fitness-re-
lated traits in two populations of Atlantic salmon. Heredity 111, 513-519.

Houde, ALLS., Black, CA., Wilson, C.C,, Pitcher, T.E., Neff, B.D., 2015. Genetic and maternal
effects on juvenile survival and fitness related traits in three populations of Atlantic
salmon. Can. J. Fish. Aquat. Sci. 72, 751-758.

Huuskonen, H., Haakana, H., Kekalainen, J., 2009. Offspring performance is linked to pa-
rental identity and male breeding ornamentation in whitefish. Biol. J. Linn. Soc. 98,
532-539.

Jacob, A., Evanno, G., von Siebenthal, B.A., Grossen, C., Wedekind, C., 2010. Effects of differ-
ent mating scenarios on embryo viability in brown trout. Mol. Ecol. 19, 5296-5307.

Jenkins, G.P., King, D., 2006. Variation in larval growth can predict the recruitment of a
temperate, seagrass-associated fish. Oecologia 147, 641-649.

Johnson, S.L., Brockmann, HJ., 2013. Parental effects on early development: testing for in-
direct benefits of polyandry. Behav. Ecol. 5, 1218-1228.

Lynch, M., Walsh, B., 1998. Genetics and Analysis of Quantitative Traits. Sinauer Associates
Inc., Sunderland, MA.

Miller, T.J., Crowder, L.B., Rice, ].A., Marschall, E.A., 1988. Larval size and recruitment
mechanisms in fishes: toward a conceptual framework. Can. ]. Fish. Aquat. Sci. 45,
1657-1670.

Nakagawa, S., Schielzeth, H., 2010. Repeatability for Gaussian and non-Gaussian data: a
practical guide for biologists. Biol. Rev. 85, 935-956.

Neff, B.D., Pitcher, T.E., 2005. Genetic quality and sexual selection: an integrated frame-
work for good genes and compatible genes. Mol. Ecol. 14, 19-38.

Perry, G.M.L, Audet, C,, Laplatte, B., Bernatchez, L., 2004. Shifting patterns in genetic con-
trol at the embryo-alevin boundary in brook charr. Evolution 58, 2002-2012.

Pitcher, T.E., Neff, B.D., 2006. MHC class IIB alleles contribute to both additive and non-ad-
ditive genetic effects on survival in Chinook salmon. Mol. Ecol. 15, 2357-2365.

Pitcher, T.E., Neff, B.D., 2007. Genetic quality and offspring performance in Chinook salm-
on: implications for supportive breeding. Conserv. Genet. 8, 607-616.

Rodriguez-Munoz, R., Tregenza, T., 2009. Genetic compatibility and hatching success in
the sea lamprey (Petromyzon marinus). Biol. Lett. 5, 286-288.

Sonesson, A., 2007. Within-family marker-assisted selection for aquaculture species.
Genet. Sel. Evol. 39, 301-318.

Ward, B.R,, Slaney, P.A,, Facchin, AR, Land, RW., 1989. Size-based survival in steelhead
trout (Oncorhynchus mykiss): back-calculated lengths from adults' scales compared
to migrating smolts at the Keogh River, British Columbia. Can. J. Fish. Aquat. Sci. 46,
1853-1858.

Wedekind, C., Muller, R., Spicher, H., 2001. Potential genetic benefits of mate selection in
whitefish. ]. Evol. Biol. 14, 980-986.

Wedekind, C., Evanno, G., Urbach, D., Jacob, A., Muller, R., 2008. ‘Good-genes’ and ‘compat-
ible-genes’ effects in an alpine whitefish and the information content of breeding tu-
bercles over the course of the spawning season. Genetica 134, 21-30.

Yaiiez, .M., Lhorente, ].P., Bassini, L.N., Oyarztn, M., Neira, R,, Newman, S., 2014. Genetic
co-variation between resistance against both Caligus rogercresseyi and Piscirickettsia
salmonisi and body weight in Atlantic salmon (Salmo salar). Aquaculture 433,
295-298.


http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0015
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0015
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0015
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0020
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0020
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0020
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0025
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0025
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0025
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0030
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0030
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0035
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0035
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0040
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0040
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0050
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0050
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0050
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0055
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0055
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0065
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0065
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0065
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0070
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0070
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0070
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0075
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0075
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0075
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0080
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0080
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0085
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0085
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0085
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0090
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0090
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0090
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0095
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0095
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0105
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0105
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0105
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0105
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0110
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0110
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0110
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0115
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0120
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0120
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0130
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0130
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0130
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0140
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0140
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0140
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0145
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0145
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0160
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0165
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0165
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0165
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0180
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0180
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0180
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0185
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0185
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0185
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0190
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0190
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0195
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0195
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0200
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0200
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0205
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0205
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0205
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0210
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0210
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0210
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0215
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0215
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0220
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0220
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0225
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0225
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0235
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0235
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0245
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0245
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0245
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0255
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0255
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0260
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0260
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0270
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0270
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0275
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0275
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0280
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0280
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0290
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0290
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0305
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0305
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0315
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0315
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0315
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0315
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0320
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0320
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0325
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0325
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0325
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0330
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0330
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0330
http://refhub.elsevier.com/S0044-8486(16)30623-8/rf0330

	Ontogentic shifts in genetic and maternal effects on length and survival in Chinook salmon (Oncorhynchus tshawytscha)
	1. Introduction
	2. Methods
	2.1. Study species and breeding design
	2.2. Rearing conditions
	2.3. Body size measurements
	2.4. Survival measurements
	2.5. Statistical analysis

	3. Results
	3.1. Body size
	3.2. Saltwater survival

	4. Discussion
	Acknowledgments
	References


