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Phenotypic plasticity during external embryonic
development is affected more by maternal effects
than multiple abiotic factors in brook trout

Heather D. Penney, José Beirdao* and Craig F. Purchase

Department of Biology, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada

ABSTRACT

Purpose: Maternal (transgenerational) effects and phenotypic plasticity are important in
early life history. However, most of the literature focuses on one or the other. We examined
the contribution of maternal effects and context-dependent phenotypic plasticity on early
life-history traits (hatch time and size) in developing brook trout (Salvelinus fontinalis) embryos.

Hypotheses: (1) Environmental effects have more of an impact on hatch time than maternal
effects. (2) Maternal effects have more of an impact on hatchling size than environmental effects.
(3) Egg size affects the degree of plasticity of hatch time and hatchling size.

Methods: In a split-brood common-garden experiment, brook trout embryos were
individually incubated in four treatments consisting of two temperatures: stable (5°C) and
fluctuating (range 2 to 8°C, mean 5°C), and two pH values: benign (6.5) and stressful (5.25).

Results: The environmental variables affected hatch time in that the fluctuating-temperature/
benign-pH treatment combination had a significantly longer hatch range (decreased hatching
synchrony) than the other treatment combinations. However, maternal effects (egg size) over-
shadowed environmental effects on hatch size. Larger eggs produced longer hatchlings. In
addition, larger eggs were more plastic, suggesting maternal effects influenced the degree of
plasticity.

Keywords: hatch size, hatch time, maternal effects, pH, Salvelinus fontinalis, temperature.

INTRODUCTION

Phenotypic plasticity is a genotype’s differing responses to variable environmental
conditions (Schlichting and Pigliucci, 1998; West-Eberhard, 2003). Plasticity is an important aspect of
evolutionary ecology because although it can be neutral or maladaptive, it often offers a
protective, adaptive mechanism in times of environmental change (Hutchings, 1996; Crispo and
Chapman, 2010; Chevin and Lande, 2015). Reaction norms are a measure or function of the potential
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phenotypic responses of a genotype to different environments (Woltereck, 1909; Gupta and Lewontin,
1982; Pigliucci, 2001). While plasticity studies usually examine two or three levels of an environ-
mental variable, reality is much more complicated and oversimplification may result in
misunderstanding important aspects of phenotypic plasticity.

When considering the impacts of multiple environmental variables on a phenotypic trait,
it should be noted that phenotypic plasticity to one environmental variable can interact with
other environmental variables. This type of plasticity can be considered context-dependent
or multidimensional phenotypic plasticity, where the complexity of multiple reaction norms
can be combined to create an n-dimensional reaction surface (Pigliucci, 2001, 2005). This can
complicate our interpretation of environmental effects, but is more realistic than single,
isolated environmental gradients. For example, temperature and moisture gradients both
vary, and their combination can affect the phenotype of lizard embryos (Flatt er i, 2001). Many
studies have examined phenotypic plasticity to one environmental variable (Stearns, 1989;
DeWitt ez al., 1998; Pigliucci, 2005), however it is likely due to logistic complications and difficulties
with interpretation that there are few studies on context-dependent phenotypic plasticity
(Pigliucci et al., 1995; West-Eberhard, 2003; Brooks et al., 2010).

Complicating matters further, the environment can also include biotic interactions.
Transgenerational plasticity, more commonly known as non-genetic parental effects, is the
impact of the parent’s phenotype on their offspring’s phenotype (Mousseau and Fox, 1998; Ezard
et al., 2014). Such effects can include biomolecules (nutrients and hormones transferred to
offspring), environmental (natal environment, timing of reproduction) and behavioural
(parental care) factors (Crean and Bonduriansky, 2014). Due to similar environmental factors
(potential spatial and temporal autocorrelation) between parents and offspring, it has
been shown that transgenerational plasticity can be adaptive through adjusting offspring
phenotype to better match the likely environmental conditions (Uller, 2008; Ezard ez al., 2014).

Both context-dependent and transgenerational phenotypic plasticity have been examined
most thoroughly in plants (Pigliucci e al, 1995; Sultan, 2000, 2003, 2004; Valladares et al., 2007; Brooks ef al., 2010;
Herman and Sultan, 2011) and vertebrates (Wimberger, 1992; Bashey, 2006; Westneat et al, 2009; Xu et al, 2010;
Scordato et al., 2012; Salinas and Munch, 2012; Burton et al, 2013; AbGhani and Merild, 2014; Berejikian et al., 2014;
Donelson et al., 2016; Jonsson and Jonsson, 2016). Most of the work conducted has been on transgenera-
tional plasticity to one environmental variable (Burgess and Marshall, 2011; Ezard er al, 2014); no study
has examined whether these parental signatures can influence the next generation’s plastic
response to multiple abiotic factors.

While we acknowledge that paternal effects can be important, maternal effects tend to
have more of an impact than paternal contributions, especially in very early life (Crean and
Bonduriansky, 2014), therefore maternal effects are the focus of this paper. However, when
mothers make a large investment into each offspring (large eggs), maternal effects may
overshadow the effects of abiotic variation. Plasticity in developing animal embryos is
usually best studied using species with external development, because the embryonic
microenvironment can be manipulated and recreated relatively easily. For internal
developers, the environment is relatively stable, and there is little opportunity to observe
mechanisms that impact development. Working with externally spawning fish, for example,
allows repeatable studies, and precise control and manipulation of the abiotic environment.
Hatch timing (Witzel and MacCrimmon, 1983) and size (Xu et al., 2010; Régnier et al, 2013; Leblanc et al.,
2014) are traits that can predict growth and survival and can be influenced by several
variables, including abiotic factors [such as temperature (Jensen ez al, 1989) and water chemistry
(Leduc et al., 2009; Purchase, 2018)], non-genetic parental effects (Bagenal, 1971; Einum and Fleming, 1999),
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and parental behaviour [e.g. nest-site selection and spawning time (Sternecker et al., 2014; Beer and
Steel, 2018)].

Using four populations of brook trout (Salvelinus fontinalis) from Cape Race,
Newfoundland, Canada, that have been studied since the late 1980s (see Hutchings, 1991), We
focused on two potentially maternally influenced early life-history characteristics (hatch
time and size) of these trout, which produce very large eggs that develop externally over an
extended period of time. While previous work on the Cape Race populations has been
conducted on early phenotypic plasticity, its focus was on post-hatch development (Hutchings,
1991). The objective of the present study was to determine the relative contributions of
maternal and environmental effects on embryonic development, and whether degree of
plasticity is influenced by maternal effects. We examined how maternal effects (variation in
egg size) influence the plastic response of embryos to environmental conditions. To test this
we used a split-brood approach that tracked half-sibling families and then manipulated two
environmental factors: (1) temperature (stable or fluctuating), as fluctuating temperatures
may affect hatch synchronization and is rarely examined in plasticity studies (Post e al,
2001; Dammerman er al, 2016); and (2) acidity (stressful or benign), as pH can affect resource
conversion efficiency due to metabolic stress (Jordahl and Benson, 1987; Kamler, 2008).

We wished to test three hypotheses: (1) environmental effects have more of an impact
than maternal effects on hatch time because previous work in salmonids has shown that
there is a weak relationship between egg size and hatch time but there is a strong positive
relationship between egg size and hatch size (Beacham er al, 1985; Hutchings, 1991); (2) maternal
effects have more of an impact than environmental effects on hatch size (dry weight, yolk
volume, hatchling length) due to the large investment (i.e. yolk) salmonid mothers make in
their offspring (Einum and Fleming, 1999; Berejikian er af, 2014); and (3) egg size affects the degree of
plasticity of hatch time and hatchling size.

MATERIALS AND METHODS

Gamete collection and embryo fertilization

We captured sexually mature brook trout in October 2012 (? =24, & = 48) by electrofishing
four populations on Cape Race, Newfoundland, Canada: Freshwater River (FW), Watern
Cove River (WN), Cripple Cove River (CC), and Ouananiche Beck River (OB) (see Table 1
for stream details). Fish were held overnight (~12 hours) in flow-through cages in their
home streams until gamete collection took place the following morning, and were then
promptly released unharmed.

Eggs (FW and WN) and sperm (FW, WN, CC, and OB) were collected into 50 mL plastic
containers and 1.5 mL Eppendorf tubes, respectively. They were held below 4°C and
transported back to Memorial University, where fertilization took place 8§-11 hours after
gamete collection. We ensured that sperm from each male used were viable by microscopic
examination. Previous work on the same maternal populations showed that Cape Race
females have low fecundity [FW: 47 £ 25 eggs; WN: 55 + 28 eggs; mean = SD (Hutchings, 1991)].
As in the present study we had few eggs per female (FW: 29-77; WN: 22-80), each cross was
small (11-40 embryos). Egg size was used to quantify maternal effects (see below), and the
relationship between mother’s fork length and egg volume is shown in Fig. 1.

Each female’s brood was split into two and fertilized with sperm from two sources: one
random male from her native stream and one random male from a foreign stream.
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Fig. 1. The relationship between mother fork length (mm) and her average egg volume (mm?®) for
Freshwater (FW) and Watern (WN) populations.

Although these trout spawn in consistent locations (Purchase and Hutchings, 2008), they have
natural differences in spawning phenology in the different rivers; therefore, conducting a
full reciprocal factorial cross-design was not possible because when we were sampling
females from FW and WN, the females from OB and CC were not in spawning condition.
We crossed each female with males from two sources as our initial plan was to evaluate
population hybridization on long-term development (Fig. 2). However, due to logistical
problems with adequate samples, this second planned experiment was not conducted, thus
we ignored native/foreign status. Of the 48 crosses, 45 produced embryos that hatched
(FW3 xFW2 =12; CC3 xFW® =11; WNJ x WN? =12; and OB3 x WN & =10). The
three unsuccessful crosses were due to issues with the sperm, as the mother had eggs

Mother
—
B - 1
Father 1 Father 2
[Native) (Foreign)
I 1 I - 1
Stable Fluctuating ‘ Stable Fluctuating
Acidic Benign Acidic Benign Acidic ‘ Benign ‘ Acidic Benign

Fig. 2. Cross design and the split-brood, common-garden experiment set-up. Half of each female’s
brood (FW and WN) was crossed with a male from her native stream (FW x FW; WN x WN) and
half with a male from a foreign stream (FW x CC; WN x OB). Each cross was then split into two
temperature treatments and two acidity treatments.
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hatch from the cross with the other male (for family details, see Table Al: evolutionary-
ecology.com/data/3116Appendix.pdf). Each brood was then split evenly into the four
environmental treatments (see ‘Incubation set-up’ below).

Yolk size measurements

We refer to eggs and egg size as unfertilized maternal components (oocytes) that may
influence developmental timing and size of embryos. Each individual was photographed
twice, immediately after fertilization (as an embryo) to measure egg size and within 24 hours
post-hatch (as a hatchling), with a camera (Leica DFC420) mounted on a dissecting
microscope (Leica M80). The yolk in each photograph was measured (two perpendicular
width measurements) to a known scale using ImagelJ (Schneider e al, 2012). Yolk volumes for
each individual egg and hatchling (not an average per brood) were then calculated using:
length x height” X (7/6) (Koskinen et a., 2002).

Incubation set-up

We examined phenotypic plasticity during embryonic development using a split-brood
experiment among siblings, which controls for genetic effects of family (Fig. 2). Each
embryo (n = 1162) was placed in an individual 50 mL tube, which contained a gravel bottom
(embryo sat on top of the gravel to be visible). Embryos were incubated in the dark in
incubators with a programmable temperature cycle (ThermoScientific Precision Model 818
Incubator) in their assigned temperature treatment. Incubator and position were ran-
domized every 2 days to avoid a potential incubator or position effect. Water changes
were made once or twice a week until hatch. Once hatched, the hatchlings (n = 299) were
euthanized using an overdose of clove oil.

Influences of two environments on phenotype

We were interested in the plasticity of two early life-history traits (hatch time and size, where
size was measured by three metrics: dry weight, yolk volume, and hatchling length). Each
individually incubating embryo was examined every 24 hours to establish hatch time, which
was converted to thermal summed units (sum of daily mean degrees Celsius). Hatchlings
were photographed within 24 hours after hatching (see above), and hatch length was
measured from the tip of the snout to the end of the notochord (in millimetres). Hatchlings
(including unabsorbed yolk) were then placed in a drying oven for a minimum of 48 hours
at 60°C to obtain a dry weight (milligrams).

To investigate the plasticity of these traits, we manipulated two environmental variables
(Fig. 2): temperature and acidity [stable-benign (SB), stable-acidic (SA), fluctuating-benign
(FB), and fluctuating-acidic (FA) treatments]. We used a stable (S; 5°C) or fluctuating
(F; mean 5°C, range 2-8°C) temperature. Temperature changed every 18 hours, in a cyclical
pattern: 2°C to 5°C to 8°C to 5°C to 2°C to 5°C to 8°C, and so on. This cycle was chosen
so that both treatments had the same number of thermal units each week. Thermal units
are important in ectothermic animals because it factors in time and temperature, which
combine to affect development.

We produced water with a conductivity of 0.8 mS-cm™ by adding aquarium salt to
deionized water and then adding sulphuric acid (H,SO,), which has been shown to be a
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source of surface water acidification in freshwater streams (Rodhe ef al., 1995; Leduc et al., 2004), tO
achieve the required acidity. We created stressful [acidic (A), 5.25 pH] and non-stressful
[benign (B), 6.5 pH] conditions based on the pH of the mothers” home rivers. A pH of 5.25
was chosen as an acidic pH, because it would be stressful but not cause deformities or
mortalities (Fiss and Carline, 1993; Leduc ef al, 2004). Data collected in 2010 and 2011 by Wood et al.
(2014) indicated the average pH for Freshwater River (pH 6.59) and Watern Cove (pH 6.51)
was 6.55 (see Table 1).

Statistical analyses

General approach

For all analyses, o was set at 0.05. Residuals were examined to test for normality and
heteroscedasticity, and no deviations were observed. All graphs were created in base plot or
ggplot2 in R v.3.2.2. We conducted generalized linear models, and generalized linear mixed
effects models on our data using factors described in Table 2.

Mother’s population (Mpop) and father’s population (Ppop) were considered random
factors for our main model (model 4, see below). However, they were treated as fixed
effects in models 1 and 2 because we wanted to examine differences among populations
for generalization purpose.

Testing for survivorship differences

To ensure that there were no survivorship differences among the four treatments (percent
hatch: SB = 18.6%, SA =23.8%, FB = 16.4%, FS = 21.4%), populations (FW =21.9%, WN =
17.9%) or egg sizes that could potentially bias further analyses, we conducted an analysis of
deviance on a general linearized mixed effects model with a binomial error structure:

model 1: HS ~ pH + T + pH x T + ES + Mpop + (1| Mother) + error,

where hatch success (HS, binomial ‘yes/no’) is explained by fixed effects — egg size (ES),
mother’s population (Mpop), the pH and temperature (T) treatments with a two-way
interaction — and the random effect of mother’s ID (1|Mother). We determined that the
pattern of hatch success differed between the two pH treatments (xfl) =6.52, P=0.01), with
the benign pH treatments (17.4%) having a slightly lower hatch success than the acidic
treatments (22.6%). However, hatch success did not differ among temperature treatments
(xfl) =1.47, P=0.22), or by the pH-temperature interaction (X?n =0.06, P=0.91), maternal
population (X?l) =3.12, P=0.41) or egg size (xfl) =0.09, P=0.77).

Testing for differences in maternal and paternal populations

As our key interest was related to maternal effects, to determine if we should treat the two
maternal populations separately in further analyses we conducted an analysis of deviance
on model 2:

model 2: AES ~ Mpop + ML + Mpop x ML + error,

where AES is average egg size per mother, Mpop (fixed factor) is mother’s population, and
ML (covariate) is mother’s length. The interaction between mother’s length and mother’s
population was not significant (£ 3 =3.77, P =0.06).

To determine if there were differences among fathers’ populations, we evaluated if the
slopes and intercepts differed significantly between male populations by performing
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Table 2. List of the factors, description, levels and type of factor used for our models

Factor Description Levels Type of factor

pH pH stressful, benign Fixed

Temp Temperature stable, fluctuating Fixed

Mpop Maternal population FW, WN Fixed in models 1, 2
Random in models 4, 5

Ppop Paternal population FW, WN, CC, OB Fixed in model 3
Random in model 4

ES Egg size Continuous variable Covariate

ML Mother length Continuous variable Covariate

Mother Mother’s ID code FW 1-12, WN 1-12 Random

Father Father’s ID code FW 1-12, WN 1-12, CC 1-11, OB 1-10 Random

analyses of covariance on each linear model (Figs. 3a, 4, 5a, 6a, 7a, and 8) with the
following format:

model 3: DV ~ ES + Ppop + ES X Ppop + error,

where the DV is each dependent variable, ES (covariate) is the individual egg size, and Ppop
(fixed factor) is the paternal population. If the main effects or interactions were significant,
we plotted separate lines and presented separate equations for each paternal source (see
Appendix Table A2). Note: in all of the remaining analyses we treated mother’s population
and father’s population as random factors. We could not treat parental populations as a
random factor in models 1, 2, and 3 because we needed to include them in the interaction
term to determine how to plot the equations.

Main model

For hatch timing and size, we conducted analyses using the following model:

model 4: DV ~ ES + pH + T + pH x T + (1/Mpop) + (1| Ppop) +
(1|Mother) + (1|Father) + error,

where the dependent variable (DV) is explained by fixed effects — egg size (ES), the pH and
temperature (T) treatments with a two-way interaction — and included random effects:
mother’s population (1|Mpop), father’s population (1|Ppop), mother (1|Mother), and
father (1|Father) IDs (Table 3). Using parental IDs as random effects allowed us to control
for additive genetic effects, in the repeated sibling groups across environmental conditions.
A model including the interaction terms with egg size did not change qualitative
conclusions, so a simplified version is presented here.

Analysing hatch characteristics

To test our first hypothesis — that environmental effects have more of an impact than
maternal effects on hatch time — we conducted a Cox proportional hazards mixed effects
model (Coxme; using the ‘coxme’ R package) on model 4, which is a common method to
analyse time-to-event data (Rich er o, 2010) but can also include random effects. Our second
hypothesis was that maternal effects have more of an impact than environmental effects on
hatch size characteristics. To determine whether there were differences in our main effects,
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Table 3. A summary of the Cox proportional hazards mixed effects model for hatch time and the
analyses of deviance on the fixed effects from linear mixed effects (LME) models for dry weight,
yolk volume, and hatch length

Dependent
variable Effect Variance SE r? Estimate z df P

Hatch time Random
Father 0.14
Mother 0.0004
Mpop 0.34
Ppop 0.02

Fixed

Intercept
pH 5.03 1 <0.00001
Temp 8.40 1 <0.00001
Egg size 0.76 1 0.45
pH x Temp -3.40 1 <0.0001

Dry weight Random
Father 0.14
Mother 9.53
Mpop 8.89
Ppop 0.004
Residuals 1.19
Fixed
Intercept 2.27 13.31 5.85
pH 0.18 0.80 -0.06 -0.34
Temp 0.17 0.50 0.15 0.86
Egg size 0.01 1.84 0.01 1.36
pH x Temp 0.26 0.24 -0.13 -0.49

0.37
0.48
0.17
0.62

— e —

Yolk volume Random
Father 0.00
Mother 168.96
Mpop 177.82
Ppop 0.00
Residuals 46.87
Fixed
Intercept 10.42 4491 4.31
pH 1.17 0.51 0.66 0.56
Temp 1.12 2.94 1.51 1.36
Egg size 0.06 0.11 0.02 0.30
pH x Temp 1.68 0.09 -0.23 -0.14

0.53
0.09
0.77
0.89

[ —

Hatch length Random
Father 0.36
Mother 0.05
Mpop 0.53
Ppop 0.02
Residuals 2.44
Fixed
Intercept 0.78 11.66 15.50
pH 0.26 0.07 0.08 0.26
Temp 0.25 0.73 —-0.04 -0.19
Egg size 0.01 9.07 0.03 3.01
pH x Temp 0.38 0.48 -0.27 —-0.69

0.78
0.39
0.003
0.49

[ —

Note: y or z values, degrees of freedom, and the corresponding P-value are given for each effect.
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we conducted an analysis of deviance on the linear mixed effects model (LME, model 4)
(Ime4 package in R) for each dependent variable: dry weight, yolk volume, and hatchling
length. There was more inter- than intra-brood variability in egg size (see variance estimates
in Table 3), thus the variance from the random effect of ‘mother’ encompassed most of the
variation in egg size.

Analysing magnitude of phenotypic plasticity

We analysed plasticity at the half-sibling level because we did not have enough hatchlings to
run the analysis at the full-sibling level (i.e. collapsed father’s population). We included
families that had embryos hatch in at least two treatments (n =23 families: Freshwater
n=12, Watern n = 11). While many studies assess reaction norms by analysing line slopes
(eg. Purchase and Moreau, 2012; Fuhrman er al, 2018), it has to be examined differently when the
environments are categorical or do not have a natural gradient (i.e. are plotted in an arbitrary
order on the x-axis), thus plasticity is measured in terms of character states (de Jong, 1995; Van
Leeuwen ef al, 2015) or comparing the mean for each environment to the overall mean (via er al,
1995). Therefore, we determined plasticity for each mother’s brood for each dependent variable
as follows: (1) we calculated a grand mean of all embryos for all treatments (%) for each
mother; (2) we determined the average trait (x;) for each treatment (SA, SB, FA, FB) for
each mother; (3) for each average trait (x;) we obtained an absolute value for each of the
four treatments from the formula: Ax;=x; — X; and (4) we used an average of the four
treatments (AX s, sg.ra rg) tO get an overall plasticity score for each mother:

model 5: Axsa sprars ~ ES + (11Mpop) + error.

For each dependent variable we ran an analysis of deviance on a linear mixed effects model
(model 5) with the averages of Ax, sgra gy fOr each dependent variable (hatch time, dry
weight, yolk volume, hatch length), with egg size (ES) as the fixed factor and mother’s
population (1| Mpop) as a random factor.

RESULTS

Egg size

We found that the majority of the variance in egg size came from inter-brood not intra-
brood variation. We examined the variation (standard deviation, SD) in egg yolk size
measurements as a whole (mean = 58.5 mm’, SD = 15.9), and among mothers within each
population (FW: mean =51.3 mm’, SD = 14.3; WN: mean = 66.6 mm’, SD = 13.5). We
obtained an average of the intra-brood standard deviations to determine the difference
in standard deviation within (average SD = 6.1 mm®) and among broods (average SD =
15.9 mm®). The average egg volume per mother’s length [egg volume (mm®)/mother’s length
(mm)] was very similar to previous work conducted by Hutchings (1991) for both Freshwater
(current study: 0.53; Hutchings: 0.53) and Watern mothers (current study: 0.48; Hutchings:
0.43). Thus while Watern females had larger eggs, Freshwater females produced larger eggs
for their body size.
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Hatch time

Across all parental populations, and all four treatments, on average it took 425.6 TSUs to
hatch. The Cox proportional hazards mixed effects model (Coxme) showed that hatch time
was not affected by egg size (z = 0.76, P = 0.45). However, there was a significant interaction
between temperature and pH (z =-3.40, P <0.0001; Table 3). Upon examining Fig. 3a, it
is clear that the fluctuating-benign (FB) treatment was less synchronous, in that hatching
began earlier but finished around the same time as in the other three treatments. This means
that the FB treatment had a wider hatch range (more variability), which may be driving the
significant relationship for the Coxme rather than a directional difference in mean hatch
time.

Hatch size

For hatch size, we measured hatchling yolk size (mean: 47.25 mm’), dry weight (mean:
14.16 mg), and length (mean: 13.64 mm); we compared all three metrics to each other
(Fig. 4a—c). Salmonids hatch with a large amount of yolk left, thus unsurprisingly, we found
that yolk size and dry weight were very strongly correlated (Pearson’s r =0.91, P < 0.0001).
Dry weight and hatchling length were mildly correlated (Pearson’s r =0.35, P <0.0001), as
were hatchling length and yolk volume (Pearson’s r = 0.48, P < (0.0001).

The analysis of deviance on the LME showed that for both dry weight (Fig. 5) and yolk
volume (Fig. 6), a large amount of variance was explained by the random effects of
mother’s population and Mother ID but no main effects were significant (Table 3). This
indicates that the maternal variables encompass much of the variance for dry weight and
yolk volume (more variation in egg size among mothers than within mothers).

According to the analysis of deviance on the LME, hatch length was affected by egg
size (xfl):9.1, P =0.003), but no other factors were significant, including the pH and
temperature treatments which had no effect on length at hatch. There was also a large
amount of variance explained by mother’s population and Mother ID. Overall, the pattern
showed that bigger eggs tended to produce longer hatchlings (Fig. 7).

Phenotypic plasticity

The degree of phenotypic plasticity of hatch time and all three size metrics was affected by
egg size, indicating that there was a strong maternal effect impacting plasticity, where larger
eggs were more plastic. Generalized linear mixed effects models were run on the plasticity
scores (mean Ax;) for hatch time, dry weight, yolk volume, and length (Fig. 8). An analysis
of covariance was conducted on each model (Table 4). For the Ax; among the treatments,
there was a significant effect of egg size on the plasticity of hatch time (xfl) =4.52, P=0.22),
dry weight at hatch (X?l) =17.97, P <0.0001), yolk volume at hatch (xfl) =3.22, P=0.07),
and hatch length (X?l) =8.51, P=0.004).
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Table 4. A summary of the analysis of deviance on the linear mixed effects models on plasticity of
hatch time (thermal summed units), dry weight (mg), yolk volume (mm®), and hatch length (mm)
among environmental treatments (average Ax;)

Dependent variable Effect Variance SE x df P

Ax; Hatch time Random
Mpop 21.53
Residuals 42.48
Fixed
Intercept 7.08
Egg size 0.11 4.52 1 0.03

Ax; Dry weight Random
Mpop 0.008
Residuals 0.07
Fixed
Intercept 0.25
Egg size 0.004 17.97 1 <0.0001

Ax; Yolk volume Random
Mpop 0.00
Residuals 4.39
Fixed
Intercept 1.66
Egg size 0.03 3.22 1 0.07

Ax; Hatch length Random
Mpop 0.00
Residuals 0.07
Fixed
Intercept 0.20
Egg size 0.003 8.51 1 0.004

Note: The standard error, y’-values, degrees of freedom, and the corresponding P-value are given for the fixed
effects.

DISCUSSION

Maternal (transgenerational) (Burton e al, 2013) and environmental effects (Wood and Budy, 2009)
have been shown to be important in early development. However, this is the first study to
compare the contributions of maternal effects and context-dependent phenotypic plasticity
(both acidity and fluctuating temperatures) during embryonic development. We found
evidence for at least partial support for all three of our hypotheses: (1) environmental effects
have a larger impact than maternal effects on hatch time; (2) maternal effects have more
of an impact than environmental effects on hatch size — one out of three of our size metrics
(length) was significantly affected by egg size; and (3) egg size affects the degree of plasticity
of hatch time and all three measures of hatchling size.

Hatch time was not affected by egg size, supporting previous work that has shown no
relationship between egg size and hatch time in the same two maternal populations
examined in our study (Hutchings, 1991). The environmental effects of pH and temperature had
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a significant effect on hatch time. Our results suggest that there is a difference in hatch
synchrony (variability), rather than differences in mean hatch time, among the different
groups. This result is largely driven by the fluctuating-temperature/benign-pH treatment
group, in that they began hatching earlier so had a wider hatch range. Fluctuating tem-
peratures seem to have been attracting more research attention recently (Richter-Boix e al, 2015;
Jeuthe et al., 2016; Beer and Steel, 2018), likely because of impacts of climate change (Paaijmans et al, 2013),
but have not been examined in terms of context-dependent phenotypic plasticity. Even
moderate fluctuations in temperature (in the present study, 6°C of variation) can affect
hatch time, and a high degree of asynchrony may have negative consequences for com-
petition in establishing feeding territories (Einum and Fleming, 2000) and avoiding predators (Mirza
et al., 2001).

On the other hand, the variance in hatch size (dry weight, yolk volume, hatch length) was
mostly encompassed by maternal impacts (random effects of maternal population and
Mother ID) and there were no effects of the pH and temperature treatments (context-
dependent abiotic influences). Our effect sizes ranged from small to medium, which implies
not only statistical but at least some biological significance. As with previous work (Solberg
et al, 2014), larger eggs produced longer hatchlings. Other work has shown that maternal
effects are very strong in early life and decrease over time, when environmental and poten-
tially paternal effects also play a much larger role (Heath er al, 1999). Previous work has shown
effects of pH (Fiss and Carline, 1993) and temperature (Dammerman et al., 2016; Beer and Steel, 2018; Fuhrman
et al, 2018) on developing fish embryos and juveniles. However, our manipulations of pH and
temperature were well within the natural ranges, so the environmental variables may have
simply had no effect, or the magnitude of the maternal effects (transgenerational signature)
may have masked the environmental effects. When we ran our models, the random effects of
‘mother’ and ‘mother’s population’ explained the majority of the variance, so much so that
it overshadowed the effect of individual egg size for dry weight and hatchling’s yolk volume.
The term ‘mother’ encompasses several different variables within a sibling brood, including
genetic, epigenetic, maternal size, egg size, and yolk composition effects. Although the
relative components are beyond the scope of this study, most of the egg size variation was
across broods, not within a brood.

The most interesting finding in our study was the evidence for an interaction between
maternal (transgenerational) and environmental (context-dependent) effects on the degree
of plasticity of hatch length: mothers with larger eggs (maternal effect) had families whose
siblings showed more plasticity to multiple abiotic conditions than mothers with smaller
eggs. However, it is unclear if the result is due to plasticity or constraint. In salmonids, a
portion of the yolk is retained in a yolk sac and absorbed while the hatchling is in the gravel
nest. In general, if a hatchling is heavier during the absorption stage, it is likely that it is at
an earlier developmental stage, where conversely being longer is indicative of being more
developed. Each egg has a fixed amount of nutritional material that the embryo and
hatchling can convert into growth (length and weight), meaning that at theoretical 100%
conversion efficiency there is a fixed maximum dry weight prior to exogenous feeding.
Smaller eggs are constrained by a lower maximum size (some combination of length and
weight depending on developmental stage at hatch) that affects the size range that a hatch-
ling can be, while larger eggs have more flexibility depending on environmental conditions
(i.e. differences in nutrients available and conversion efficiency). Thus, maternal investment
affects how susceptible embryos are to environmental conditions, where a large investment
allows for more flexibility. This novel finding could show that if embryos from larger eggs
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are more plastic, they may have potential for a greater range of expression, which may
provide advantages to fit their environment. If the plasticity for size continues through from
hatchling and juvenile stages to adults, it may confer benefits and be one explanation for
increased survival in larger juveniles (Einum and Fleming, 2000; Xu ef al, 2010; Pess et al., 2011).

This is the first study of its kind to attempt to tease apart maternal effects from multiple
environmental effects on embryonic development and we found that maternal effects
observed in this study were so strong, particularly for hatch size, that environmental effects
could not be detected. We have known for decades that maternal effects may override
potential environmental effects during embryonic development, which has implications for
future studies on early life phenotypic plasticity. While a lot of research has been conducted
on maternal effects or environmental plasticity, we need to pay special attention to each type
of plasticity due to the interactive effects between transgenerational and environmental
impacts. Therefore, carefully designed experiments are required to control for maternal
effects when testing questions on phenotypic plasticity.

ACKNOWLEDGEMENTS

The authors would like to thank I.A. Fleming for contributions in the early conception of the
project, D. Schneider for assistance with statistical analyses, and I.A. Fleming, T.E. Van Leeuwen, and
J.A. Hutchings for comments on an earlier version of the manuscript. Funding was provided by the
Canadian Foundation for Innovation, the Research and Development Corporation of Newfoundland
and Labrador, and the Natural Sciences and Engineering Research Council of Canada by way of
grants to C.F.P and graduate funding to H.D.P.

REFERENCES

AbGhani, N.I. and Merild, J. 2014. Cross-generational costs of compensatory growth in nine-spined
sticklebacks. Oikos, 123: 1489-1498.

Bagenal, T.B. 1971. The interrelation of the size of fish eggs, the date of spawning and the
production cycle. J. Fish Biol., 3: 207-219.

Bashey, F. 2006. Cross-generational environmental effects and the evolution of offspring size in the
trinidadian guppy Poecilia reticulata. Evolution, 60: 348-361.

Beacham, T.D., Withler, F.C. and Morley, R.B. 1985. Effect of egg size on incubation time and alevin
and fry size in chum salmon (Oncorhynchus keta) and coho salmon (Oncorhynchus kisutch). Can.
J. Zool., 63: 847-850.

Beer, W.N. and Steel, E.A. 2018. Impacts and implications of temperature variability on chinook
salmon egg development and emergence phenology. Trans. Am. Fish. Soc., 147: 3—15.

Berejikian, B.A., Bush, R.A. and Campbell, L.A. 2014. Maternal control over offspring life history
in a partially anadromous species, Oncorhynchus mykiss. Trans. Am. Fish. Soc., 143: 369-379.

Brooks, T.L.D., Miller, N.D. and Spalding, E.P. 2010. Plasticity of Arabidopsis root gravitropism
throughout a multidimensional condition space quantified by automated image analysis. Plant
Physiol., 152: 206-216.

Burgess, S.C. and Marshall, D.J. 2011. Temperature-induced maternal effects and environmental
predictability. J. Exp. Biol., 214: 2329-2336.

Burton, T., McKelvey, S., Stewart, D.C., Armstrong, J.D. and Metcalfe, N.B. 2013. Early maternal
experience shapes offspring performance in the wild. Ecology, 94: 618-626.

Chevin, L.-M. and Lande, R. 2015. Evolution of environmental cues for phenotypic plasticity.
Evolution, 69: 2767-2775.

Crean, A.J. and Bonduriansky, R. 2014. What is a paternal effect? Trends Ecol. Evol., 29: 554-559.



192 Penney et al.

Crispo, E. and Chapman, L.J. 2010. Geographic variation in phenotypic plasticity in response to
dissolved oxygen in an African cichlid fish. J Evol. Biol., 23: 2091-2103.

Dammerman, K.J., Steibel, J.P. and Scribner, K.T. 2016. Increases in the mean and variability of
thermal regimes result in differential phenotypic responses among genotypes during early
ontogenetic stages of lake sturgeon (Acipenser fulvescens). Evol. Appl., 9: 1258-1270.

de Jong, G. 1995. Phenotypic plasticity as a product of selection in a variable environment. Am. Nat.,
145: 493-512.

DeWitt, T.J., Sih, A. and Wilson, D.S. 1998. Costs and limits of phenotypic plasticity. Trends Ecol.
Evol., 13: 77-81.

Donelson, J.M., Wong, M., Booth, D.J. and Munday, PL. 2016. Transgenerational plasticity of
reproduction depends on rate of warming across generations. Evol. Appl., 9: 1072-1081.

Einum, S. and Fleming, [.A. 1999. Maternal effects of egg size in brown trout (Salmo trutta): norms
of reaction to environmental quality. Proc. R. Soc. Lond. B: Biol. Sci., 266: 2095-2100.

Einum, S. and Fleming, I.A. 2000. Selection against late emergence and small offspring in Atlantic
salmon (Salmo salar). Evolution, 54: 628-639.

Ezard, TH.G., Prizak, R. and Hoyle, R.B. 2014. The fitness costs of adaptation via phenotypic
plasticity and maternal effects. Funct. Ecol., 28: 693-701.

Fiss, F.C. and Carline, R.F. 1993. Survival of brook trout embryos in three episodically acidified
streams. Trans. Am. Fish. Soc., 122: 268-278.

Flatt, T., Shine, R., Borges-Landaez, PA. and Downes, S.J. 2001. Phenotypic variation in an
oviparous montane lizard (Bassiana duperreyi): the effects of thermal and hydric incubation
environments. Biol. J. Linn. Soc., 74: 339-350.

Fuhrman, A.E., Larsen, D.A., Steel, E.A., Young, G. and Beckman, B.R. 2018. Chinook salmon
emergence phenotypes: describing the relationships between temperature, emergence timing and
condition factor in a reaction norm framework. Ecol. Freshw. Fish, 27: 350-362.

Gupta, A.P. and Lewontin, R.C. 1982. A study of reaction norms in natural populations of
Drosophila pseudoobscura. Evolution, 36: 934-948.

Heath, D.D., Fox, C.W. and Heath, JW. 1999. Maternal effects on offspring size: variation through
early development of chinook salmon. Evolution, 53: 1605-1611.

Herman, J.J. and Sultan, S.E. 2011. Adaptive transgenerational plasticity in plants: case studies,
mechanisms, and implications for natural populations. Front. Plant Sci., 2: 1-10.

Hutchings, J.A. 1991. Fitness consequences of variation in egg size and food abundance in brook
trout Salvelinus fontinalis. Evolution, 45: 1162-1168.

Hutchings, J.A. 1996. Adaptive phenotypic plasticity in brook trout, Salvelinus fontinalis, life
histories. Ecoscience, 3: 25-32.

Jensen, A.J., Johnsen, B.O. and Saksgard, L. 1989. Temperature requirements in Atlantic salmon
(Salmo salar), brown trout (Salmo trutta), and Arctic char (Salvelinus alpinus) from
hatching to initial feeding compared with geographic distribution. Can. J. Fish. Aquat. Sci.,
46: 786-789.

Jeuthe, H., Brinnis, E. and Nilsson, J. 2016. Effects of variable egg incubation temperatures on the
embryonic development in Arctic charr Salvelinus alpinus. Aquac. Res., 47: 3753-3764.

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: 1482-1487.

Jordahl, D.M. and Benson, A. 1987. Effect of low pH on survival of brook trout embryos and yolk-
sac larvae in West Virginia streams. Trans. Am. Fish. Soc., 116: 807-816.

Kamler, E. 2008. Resource allocation in yolk-feeding fish. Rev. Fish Biol. Fish., 18: 143-200.

Koskinen, M.T., Haugen, T.O. and Primmer, C.R. 2002. Contemporary fisherian life-history evolu-
tion in small salmonid populations. Nature, 419: 826-830.

Leblanc, C.A.-L., Kristjansson, B.K. and Skulason, S. 2014. The importance of egg size and egg
energy density for early size patterns and performance of Arctic charr Salvelinus alpinus. Aquac.
Res., 47: 1100-1111.



Phenotypic plasticity during development 193

Leduc, A.O.H.C., Ferrari, M.C.O., Kelly, JM. and Brown, G.E. 2004. Learning to recognize
novel predators under weakly acidic conditions: the effects of reduced pH on acquired predator
recognition by juvenile rainbow trout. Chemoecology, 14: 107-112.

Leduc, A.O.H.C., Roh, E. and Brown, G.E. 2009. Effects of acid rainfall on juvenile Atlantic salmon
(Salmo salar) antipredator behaviour: loss of chemical alarm function and potential survival
consequences during predation. Mar. Freshw. Res., 60: 1223-1230.

Mirza, R.S., Chivers, D.P. and Godin, J.-G.J. 2001. Brook charr alevins alter timing of nest
emergence in response to chemical cues from fish predators. J. Chem. Ecol., 27: 1775-1785.
Mousseau, T.A. and Fox, C.W. 1998. The adaptive significance of maternal effects. Trends Ecol.

Evol., 13: 403-407.

Paaijmans, K., Heinig, R.L., Seliga, R.A., Blanford, J.I., Blanford, S., Murdock, C.C. et al. 2013.
Temperature variation makes ectotherms more sensitive to climate change. Glob. Change Biol.,
19: 2373-2380.

Pess, G.R., Kiffney, PM., Liermann, M.C., Bennett, T.R., Anderson, J.H. and Quinn, T.P. 2011. The
influences of body size, habitat quality, and competition on the movement and survival of
juvenile coho salmon during the early stages of stream recolonization. Trans. Am. Fish. Soc., 140:
883-897.

Pigliucci, M. 2001. Phenotypic Plasticity: Beyond Nature and Nurture. Baltimore, MD: Johns
Hopkins University Press.

Pigliucci, M. 2005. Evolution of phenotypic plasticity: where are we going now? Trends Ecol. Evol.,
20: 481-486.

Pigliucci, M., Whitton, J. and Schlichting, C.D. 1995. Reaction norms of Arabidopsis. 1. Plasticity of
characters and correlations across water, nutrient and light gradients. J. Evol. Biol., 8: 421-438.

Post, E., Levin, S.A., Iwasa, Y. and Stenseth, N.C. 2001. Reproductive asynchrony increases with
environmental disturbance. Evolution, 55: 830-834.

Purchase, C.F. 2018. Low tolerance of salt water in a marine fish: new and historical evidence for
surprising local adaption in the well-studied commercially exploited capelin. Can. J. Fish. Aquat.
Sci., 75: 673-681.

Purchase, C.F. and Hutchings, J.A. 2008. A temporally stable spatial pattern in the spawner density
of a freshwater fish: evidence for an ideal despotic distribution. Can. J. Fish. Aquat. Sci., 65:
382-388.

Purchase, C.F. and Moreau, D.T.R. 2012. Stressful environments induce novel phenotypic variation:
hierarchical reaction norms for sperm performance of a pervasive invader. Ecol. Evol., 2:
2567-2576.

Régnier, T., Bolliet, V., Gaudin, P. and Labonne, J. 2013. Bigger is not always better: egg size
influences survival throughout incubation in brown trout (Salmo trutta). Ecol. Freshw. Fish, 22:
169-177.

Rich, J.T., Neely, J.G., Paniello, R.C., Voelker, C.C.J., Nussenbaum, B. and Wang, EW. 2010. A
practical guide to understanding Kaplan-Meier curves. Otolaryngol. Head Neck Surg., 143:
331-336.

Richter-Boix, A., Katzenberger, M., Duarte, H., Quintela, M., Tejedo, M. and Laurila, A. 2015.
Local divergence of thermal reaction norms among amphibian populations is affected by pond
temperature variation. Evol. Int. J. Org. Evol., 69: 2210-2226.

Rodhe, H., Langner, J., Gallardo, L. and Kjellstrom, E. 1995. Global scale transport of acidifying
pollutants. Water Air Soil Pollut., 85: 37-50.

Salinas, S. and Munch, S.B. 2012. Thermal legacies: transgenerational effects of temperature on
growth in a vertebrate. Ecol. Lett., 15: 159-163.

Schlichting, C. and Pigliucci, M. 1998. Phenotypic Evolution: A Reaction Norm Perspective.
Sunderland, MA: Sinauer Associates.

Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. 2012. NIH Image to Imagel: 25 years of image
analysis. Nat. Methods, 9: 671-675.



194 Penney et al.

Scordato, E.S.C., Bontrager, A.L. and Price, T.D. 2012. Cross-generational effects of climate change
on expression of a sexually selected trait. Curr. Biol., 22: 78-82.

Solberg, M.F., Fjelldal, P.G., Nilsen, F. and Glover, K.A. 2014. Hatching time and alevin growth
prior to the onset of exogenous feeding in farmed, wild and hybrid Norwegian Atlantic salmon.
PLoS One, 9: €113697.

Stearns, S.C. 1989. The evolutionary significance of phenotypic plasticity. BioScience, 39: 436-445.

Sternecker, K., Denic, M. and Geist, J. 2014. Timing matters: species-specific interactions between
spawning time, substrate quality, and recruitment success in three salmonid species. Ecol. Evol.,
4: 2749-2758.

Sultan, S.E. 2000. Phenotypic plasticity for plant development, function and life history. Trends
Plant Sci., 5: 537-542.

Sultan, S.E. 2003. Phenotypic plasticity in plants: a case study in ecological development. Evol. Dev.,
5:25-33.

Sultan, S.E. 2004. Promising directions in plant phenotypic plasticity. Perspect. Plant Ecol. Evol.
Syst., 6: 227-233.

Uller, T. 2008. Developmental plasticity and the evolution of parental effects. Trends Ecol. Evol., 23:
432-438.

Valladares, F., Gianoli, E. and Gémez, JM. 2007. Ecological limits to plant phenotypic plasticity.
New Phytol., 176: 749-763.

Van Leeuwen, T.E., Hooker, O.E., Metcalfe, N.B. and Adams, C.E. 2015. Differences in diet-induced
flexibility in morphology and growth in a partially migratory species. Can. J. Fish. Aquat. Sci., 73:
358-365.

Via, S., Gomulkiewicz, R., de Jong, G., Scheiner, S.M., Schlichting, C.D. and Van Tienderen, P.H.
1995. Adaptive phenotypic plasticity: consensus and controversy. Trends Ecol. Evol., 10: 212-217.

West-Eberhard, M.J. 2003. Developmental Plasticity and Evolution. New York: Oxford University
Press.

Westneat, D.F., Stewart, .LR.K. and Hatch, M.I. 2009. Complex interactions among temporal
variables affect the plasticity of clutch size in a multi-brooded bird. Ecology, 90: 1162-1174.
Wimberger, PH. 1992. Plasticity of fish body shape: the effects of diet, development, family and age

in two species of Geophagus (Pisces: Cichlidae). Biol. J. Linn. Soc., 45: 197-218.

Witzel, L.D. and MacCrimmon, H.R. 1983. Embryo survival and alevin emergence of brook
charr, Salvelinus fontinalis and brown trout, Salmo trutta, relative to redd gravel composition.
Can. J. Zool., 61: 1783-1792.

Woltereck, R. 1909. Weitere experimentelle Untersuchungen iiber Artveranderung, speziell iiber das
Wesen quantitativer Artunterscheide bei Daphnien. Verh. Dtsch. Zool. Ges., 19: 110-173.

Wood, J. and Budy, P. 2009. The role of environmental factors in determining early survival and
invasion success of exotic brown trout. Trans. Am. Fish. Soc., 138: 756-767.

Wood, J.L.A., Belmar-Lucero, S., Hutchings, JA. and Fraser, D.J. 2014. Relationship of habitat
variability to population size in a stream fish. Ecol. Appl., 24: 1085-1100.

Xu, C.L., Letcher, B.H. and Nislow, K.H. 2010. Size-dependent survival of brook trout Salvelinus
fontinalis in summer: effects of water temperature and stream flow. J. Fish Biol., 76: 2342-2369.



