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Abstract

The environment experienced by a female influences reproductive traits in many spe-
cies of fish. Environmental factors such as temperature and diet are not only impor-
tant mediators of female maturation and reproduction but also of egg traits and
offspring fitness through maternal provisioning. In this study, we use 3-year-old
tank-reared Atlantic salmon from two Finnish populations to investigate the effect of
temperature and diet on maturation and egg traits. We show that a temperature dif-
ference of 2°C is sufficient to delay maturation in female Atlantic salmon whereas a
22% reduction in dietary energy content had no effect on maturation. Diet did not
influence the body size, condition or fecundity of the mature females or the size or
protein content of the eggs. However, a higher energy diet increased egg lipid
content. Neither female body size nor condition were associated with egg size or
fat/protein composition. Our results indicate that female salmon that have a poorer
diet in terms of energy content may have a reproductive disadvantage due to the
lower energy provisioning of eggs. This disadvantage has the potential to translate

into fitness consequences for their offspring.
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offspring growth and survival (Gagliano & McCormick, 2007; Mazorra
et al., 2003; Sink & Lochmann, 2008). Therefore, the environment a

The environment a female experiences prior to and during maturation
is key in mediating reproductive traits across fish species
(Green, 2008). Ecological factors, such as temperature and resource
acquisition, directly affect female body size and condition, both of
which are tightly linked with sexual maturation and reproductive out-
put in many species (Gregersen et al., 2011; Kjesbu et al., 1998;
Sink & Lochmann, 2008; Yoneda & Wright, 2005). As energy needed
for reproduction is derived from maternal resources (Wootton &
Smith, 2015), different environmental factors such as diet may influ-

ence egg size, maternal provisioning of the eggs, and subsequent

female inhabits not only affects her reproductive fitness but also the
fitness of her offspring through maternal provisioning.

Atlantic salmon (Salmo salar) provide an excellent model system
to investigate factors affecting sexual maturation and reproductive
traits in females (reviewed in Mobley et al., 2021). The age at which a
salmon reproduces for the first time, that is, age at maturity, is influ-
enced by a number of environmental factors, including water temper-
ature, photoperiod, and diet (Fjelldal et al., 2011; Imsland et al., 2014;
Jonsson & Jonsson, 2011; Taranger et al., 2010), as well as by the
underlying genetic architecture (Ayllon et al, 2015; Barson
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et al, 2015; reviewed in Mobley et al., 2021; Sinclair-Waters
et al., 2020). Atlantic salmon have an increased growth rate, lipid accu-
mulation, and body condition in warmer water temperatures which is
generally associated with lower maturation age (Duston &
Saunders, 1999; Jonsson et al, 2013, 2012; Jonsson &
Jonsson, 2011). As the maturation process is connected with the fish's
growth and ability to utilize its somatic energy reserves (Jonsson
et al., 2013) and the energy stores need to be sufficient for maturation
to occur (Rowe et al., 1991), the effect temperature has on maturation
age may additionally be linked with resource acquisition through diet
and feeding opportunities. The acquired somatic energy stores are
necessary for the development of both primary (ovaries) and second-
ary (morphological and colour changes) sexual characteristics as well
as for return migration and activities associated with spawning, such
as digging of nests for eggs in the river bed (called ‘redds’), deposition
of eggs within the redds, and territorial behaviour especially towards
other females (Fleming, 1996; Jonsson & Jonsson, 2011; Taranger
et al., 2010; Thorpe et al., 1998).

In Atlantic salmon females, ovarian maturation typically takes
place over a 4-month period prior to spawning (Jonsson &
Jonsson, 2011). During this period, the oocyte is supplied with the
necessary components needed for the early development and growth
of the offspring and the mature oocyte is ovulated into the body cav-
ity (Wootton & Smith, 2015). Adults stop feeding during the return
migration (Jonsson et al., 1991; Kadri et al., 1996) and females utilize
their somatic nutritional reserves acquired prior to migration to provi-
sion eggs (Brooks et al., 1997). As adequate lipid stores are needed for
the energy-intensive processes of maturation and reproduction, and
energy allocated to gonads is approximately 30% of the total somatic
energy in female salmon, a high-lipid diet may be associated with a
higher maturation rate in females (Jonsson et al., 2013; Jonsson &
Jonsson, 2003).

Diet may additionally influence female reproductive fitness via
fecundity, that is, the number of eggs a female can produce
(Bagenal, 1969; Eskelinen, 1989; Izquierdo et al., 2001; Scott, 1962)
and egg size (Sink & Lochmann, 2008). A high-lipid diet promotes both
rapid growth and lipid accumulation (Jonsson et al., 2012; Kadri
et al., 1996; Shearer et al., 2006) as well as larger body size at matura-
tion, which may then lead to higher fecundity and egg size in females
(Barneche et al., 2018; Fleming, 1996; Heinimaa & Heinimaa, 2004).
Increased egg size, in turn, is associated with a higher chance of initial
survival for the offspring as juveniles hatching from larger eggs also
tend to be bigger (Einum, 2003; Einum & Fleming, 2000; Thorpe
et al., 1984) and have an initial higher growth rate due to the eggs
holding greater energy stores to be used during early life-stages
(Brooks et al., 1997; Einum, 2003).

Maternal diet and acquired somatic energy resources likely influ-
ence egg quality through maternal provisioning of yolk in eggs
(Bogevik et al., 2012; Brooks et al., 1997; Kamler, 1992; Kjgrsvik
et al., 1990). The yolk is the main element of fish eggs supporting the
embryo's growth and development in teleost fishes. The yolk is com-
posed of various components such as lipids and proteins as well

as micronutrients and maternal mRNA (Brooks et al., 1997,

Kamler, 2008). Of the essential yolk components, lipids and proteins

are found in the highest concentrations (Brooks et al., 1997). The yolk
is not only a vital resource for the embryo during development, but
also for the larvae after hatching as an endogenous energy source for
growth and maintenance until the start of independent feeding in
many species of fish (Berg et al, 2001; Kamler, 1992, 2008;
Wootton & Smith, 2015). Atlantic salmon females exhibit no parental
care beyond their choice of nest site, nest construction and covering
the eggs (Jonsson & Jonsson, 2011), thus emphasizing the importance
of maternal provisioning of the offspring.

Given the importance of energy resources during early develop-
ment, maternal energy provisioning of the eggs influences both off-
spring fitness and maternal reproductive fitness. Currently, our
knowledge of egg characteristics, specific nutritional requirements by
the offspring, and the effect of diet on female maturation and egg
quality in Atlantic salmon is limited to a handful of studies that have
measured the egg energy composition (Berg et al., 2001; Einum &
Fleming, 2000; Heinimaa & Heinimaa, 2004; Rennie et al., 2005;
Srivastava & Brown, 1991). Of these studies, only Rennie et al. (2005)
investigated the effect of female diet on egg composition. The previ-
ous studies on egg composition highlight the importance of maternal
energy provisioning for the survival of the offspring during early
development where an increase in egg energy stores is associated
with lower mortality during incubation and a fitness benefit after
hatching (Berg et al., 2001; Heinimaa & Heinimaa, 2004). How mater-
nal diet is reflected in egg energy composition, on the other hand, is
less well-understood.

In this study, we investigate how the environment influences
reproductive traits of female Atlantic salmon. Specifically, we address
how dietary energy content and water temperature affect the matu-
rity rate of the female salmon and how female body size and condi-
tion, fecundity, and egg traits are affected by dietary energy content.
We hypothesise that diet should affect maturation and predict that
females fed a diet of higher energy content should have more
resources to allocate towards reproduction and show a higher rate of
maturation. Similarly, we expect higher water temperature to lead to
increased maturation rate. We also predict that the lipid content of
the eggs from females on the higher energy diet would be greater

compared to females receiving lower energy feed.

2 | MATERIALS AND METHODS

21 | Study fish

The parents of the study fish were first-generation hatchery brood-
stock stocked in the Finnish rivers Kymijoki and Oulujoki, with the
Kymijoki fish originating from the river Neva in north-western Russia
and the Oulujoki fish originating from several northern Baltic salmon
populations, subsequently stocked in the river Oulujoki. Both rivers
drain to the Baltic Sea. In this study, these two populations will be
referred to as the Neva and Oulu populations, respectively. Details of

the populations, crossing design, and rearing are explained in Asheim
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et al. (2023). Briefly, unrelated fish were crossed within each popula-
tion to create 52 Oulu crosses (families) and 68 Neva crosses. Eggs
were fertilized in October 2017 and incubated in vertical flowthrough
incubators at the Viikki campus of the University of Helsinki as
described in Debes et al. (2020). Alevins were transferred to experi-
mental facilities at the Lammi Biological Station (LBS; 61°04'45"N,
025°00'40"E, Lammi, Finland) in March 2018, several weeks after
hatching but prior to independent feeding. Individuals from each fam-
ily were divided approximately evenly among twelve 270 cm diameter
circular tanks (maximum water volume 4.6 m®) which were supplied
with a continuous flow of UV-sterilized water from the nearby lake
Paajarvi.

A temperature treatment was created by warming the water of
half of the tanks by ~1°C from ambient water temperature (warm)
and cooling the other half by ~1°C (cold) using a heat-exchange sys-
tem in the inflow system, thus creating a 2°C target temperature dif-
ference with the average water temperature across the study period
in the warm treatment being 7.41 + 3.30°C and in the cold treatment
being 5.39 + 3.31°C (mean * s..) (Figure S1). The egg trait compo-
nents of this study focus on the females of the warm-water treatment
because no females in the cold treatment matured during the 2020-
2021 spawning season (see Section 3). The light regime followed the
local natural cycle at LBS. All fish were initially fed fish feed (Hercules
Baltic blend; Raisioaqua, Raisio, Finland) of appropriate pellet size for
their mass ad libitum. Feed was administered to the tanks using an
automatic feeding system (Arvo-Tec Oy, Huutokoski, Finland) with a
user-controlled feeding rate parameter. To ensure that the salmon
were fed ad libitum, the feeding rate parameter was adjusted based on
weekly appetite checks. If the salmon were noted to have increased
feeding activity, the feeding rate parameter of the automatic feeding
system was increased to make sure that the fish were fed in excess.
This was also confirmed regularly through observations of excess feed
in the tanks. Starting in July 2019, half of the tanks received one of
two feed treatments: (a) control feed (as above) or (b) low-fat feed.
The low-fat feed was manufactured with reduced fat content which
resulted in ~22% reduction in total energy content (kJ/100 g) com-
pared to the control feed (feed content analyses of each food batch
conducted by Synlab Oy, Karkkila, Finland). Temperature and feed
treatments were combined to create four treatment combinations
which were evenly divided among 12 tanks, resulting in three tanks
for each feed x temperature combination.

Each individual was marked with a 12 mm passive integrated
transponder (PIT) tag to allow for individual identification and a fin clip
was taken for parentage and population assignment, as done in
Asheim et al. (2023).

2.2 | Female traits

The female body size was measured at three time points during the
winter of 2020-2021 (Supporting Information Table S1 and
Figure S2) when the salmon were around 3 years old. Each female

was first anaesthetized with tricaine methanesulphonate (MS-222) at

a concentration of 0.125 g1~ buffered with an equal amount of
sodium bicarbonate before their fork length (body length, tip of the
rostrum to midpoint in fork, mm) and wet mass (g) were measured. In
addition to body size measurements, Fulton's condition factor
(K = 100 x (M/L®), where M is wet mass in grams and L is fork length
in centimetres) (Heincke, 1908), was calculated for all mature females.

2.3 | Maturation

Maturation of females was assessed during each of the three afore-
mentioned measurement sessions (Table S1). The maturation stage of
each female was categorized based on external characteristics
(Table S2). Prior to egg stripping, the body wet mass of the mature
females was recorded.

2.4 | Egg stripping

Mature females were stripped by gently applying pressure to the
abdomen. Stripped eggs were collected into a clean 5 | bucket and
placed in a 4°C refrigerator until further processing. During the third
sampling period, females that had already been stripped once during
the spawning season (sampling periods 1 or 2; Supporting Information
Table S1) but had new eggs were re-stripped. If the number of eggs
was found to be higher when the female was stripped for the second
time compared to the first time, this was taken as an indication that
the female had not been stripped close to ovulation time initially.
These females (n = 2) were recorded as mature but were excluded

from the final female and egg trait analyses.

2.5 | Egg weight and female fecundity

After stripping, ovarian fluid was removed by straining through a
stainless-steel sieve (mesh size 1 x2 mm) and the remaining eggs
were weighed to determine the total egg wet mass (g). The fecundity
of each female was calculated by dividing the total egg wet mass by
the wet weight of a single egg. The wet weight of a single egg was cal-
culated as a mean based on the average weight (to 0.001 g accuracy)
of five replicates of 10 eggs. The dry weight of the eggs was obtained
by drying a sample of 10 eggs of known wet mass for 48 h at 60°C
until no change was observed in the sample weight. After drying, the
sample was weighed to the nearest 0.0001 g and the mean individual

egg weight was calculated from the total weight of the sample.

2.6 | Eggdiameter

To measure egg diameter, 10 unfertilized eggs were placed on a Petri
dish on top of a continuous light source. The Petri dish was covered
with a light-blocking black box and the eggs photographed using a dig-
ital camera (Canon EOS 750D fitted with an EF-S 18-55 mm lens,
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aperture f/11, shutter speed 1/250 s) with a millimetre ruler for scale.
The egg diameter was calculated using Image)J version 1.53 s (Rueden
et al., 2017) by calculating the mean diameter of the egg from eight
measurements taken across each egg. The average egg diameter for
each female was then calculated as the mean of the 10 eggs

measured.

2.7 | Egglipid content

Egg lipid content was quantified based on the lipid extraction method
outlined in Shinn and Proctor (2013). In brief, a sample of 10 frozen
eggs from each female was homogenized in 900 ul of milliQ water
using an Omni Bead Ruptor Elite (Omni International, Kennesaw, GA,
USA) after which the homogenate was transferred to a 15 ml glass
vial and the residue was rinsed twice with 500 ul of ethanol. Lipids
were extracted by adding 5 ml of hexane:isopropanol solution (3:2)
to the homogenized eggs and immediately centrifuged at 6238g for
10 min. The top layer containing the extracted lipids in the
hexane:isopropanol was pipetted to a new, pre-weighed 15 ml glass
vial. The liquid phase was evaporated using nitrogen gas (Stuart
SBHCONC/one Sample Concentrator; Cole-Parmer, Staffordshire,
UK) and the lipid residue weighed to the nearest 0.0001 g. The lipid
content of a single egg (mg x egg™!) was calculated as an average
from the 10 eggs used for the extractions.

2.8 | Egg protein content

Egg protein content was quantified using the Bradford method
(Bradford, 1976) following the instructions of the Pierce™ Coomassie
(Bradford) Protein Assay Kit (ThermoScientific, Rockford, IL, USA). A
sample of 10 frozen eggs was dissolved in 4 ml of NaOH (0.1 M) in a
60°C water bath. Due to the high protein content of the eggs, the
protein subsamples were diluted (1:100) with NaOH (0.1 M) before
the analysis. The protein content of the diluted subsamples was quan-
tified using a Shimadzu UV Mini-2040 UV-VIS spectrophotometer
(Shimadzu Corp., Kyoto, Japan) at 595 nm. The average protein con-
tent of an individual egg (mg x egg™!) was calculated as the average
of two samples standardized with the known protein concentration of
bovine serum albumin. Standardization was done using a linear curve.
The egg lipid to protein ratio was calculated as total egg lipid content
divided by the sum of egg lipid and protein content.

2.9 | Statistical analyses

All statistical analyses were conducted in the R environment version
4.2.1 (R Core Team, 2022). The effect of diet and population on
female maturation was assessed with a x? test. In the maturation rate
analyses, females that were stripped were considered as mature and
the remaining fish as immature. Fifty-nine mature and 741 immature

females were included in the analysis on the effect of diet on

s FISHBIOLOGY |

maturation rate. Population information was missing for four of the
mature and seven of the immature females. These females were thus
removed from the analysis on the effect of population on maturation,
bringing the final number of mature and immature females included in
this analysis to 55 and 734, respectively.

A total of 49 females were included in the final female and egg
trait analyses after removing the females that were stripped at a sub-
optimal time (n = 2) and females with missing egg trait data (n = 4) or
population and family information (n = 4). To analyse the effect of
female diet on female and egg traits, linear mixed-effects models
(LMM) were fitted using the Ime4 version 1.1-30 package (Bates
et al., 2015). All models were first fitted with second- and third-degree
interactions between the explanatory variables but as these were
found to not be significant (@ = 0.05), the interactions were removed
from subsequent analyses. All models included tank and parental IDs
(sires and dams) as random intercepts to account for nonindepen-
dence between the samples.

The mature female traits that were analysed included body
weight prior to egg stripping, body length, condition factor, and fecun-
dity (number of eggs stripped). Feed treatment was included as an
explanatory variable in all of the models. Female body size can influ-
ence fecundity (Barneche et al., 2018) and therefore female body
weight prior to egg stripping was added as a fixed effect in the fecun-
dity model. Body weight was chosen as an explanatory variable over
body length or condition because weight tends to explain more of the
variation in fecundity compared to length (Koops et al., 2004). More-
over, female condition should be measured months prior to spawning
(Koops et al., 2004) as gonad development takes place during a period
of fasting and accumulated energy stores are utilized throughout the
reproductive season (Jonsson et al., 1991).

The egg traits that were analysed included egg size and egg lipid
and protein content. The initial egg trait models included feed treat-
ment and female body size at the time of stripping as explanatory
variables. As the different egg size measurements (egg diameter and
egg dry and wet weight) are correlated with one another (Supporting
Information Table S3), we used principal components analysis (PCA)
to detect patterns within the egg size variables. The majority of the
variation (85.5%) was explained by the first principal component
(PC1) where the variables were all highly correlated with one
another. The second and third principal components explained only
a little of the variation (12.8% and 1.7%, respectively). Moreover,
PC1 was the only principal component with an eigenvalue >1. Thus,
PC1 was used as a proxy for egg size in the subsequent analyses. In
addition to feed treatment and female body size, egg size (PC1) was
included as an explanatory variable in the egg lipid and protein con-
tent models.

As female body size may affect egg traits (e.g., Barneche
et al., 2018; Heinimaa & Heinimaa, 2004), we fitted three separate
models for each egg trait analysed, and of each of those, three dif-
ferent female body size measurements (i.e., body weight, body
length or condition) were used as fixed effects. These three different
models for each of the three egg traits were fitted using maximum-

likelihood estimates and compared using Akaike information

85U8017 SUOWILLOD 3A1Ie8.1D) 3|qedt|dde auyy Aq peusenob afe sajole YO ‘88N JO S8|NJ 0} Akeid18UIIUO /8|1 UO (SUONIPUOD-PLR-SLLIBYW0D™AB | 1M ARIq 1 BUI|UO//SNL) SUORIPUOD pue SWie | 3y} 89S *[£202/20/8T] Uo ARiqiTauljuO AB|IM ‘0sWwol L 1IN - AemIoN Jo AisieAlun ono1y Ad 8TEST ATTTT OT/I0p/wWod A8 imArIq Ul |UO// STy WO1j pepeoumoq 'S ‘€202 ‘6798560T



SN ... FISHBIOLOGY @

MAAMELA ET AL.

criterion corrected for small sample sizes (AICc) (Burnham &
Anderson, 2002). The differences in AICc values between the
models were small (AAICc < 2), indicating similar predictive power
for all the models. We present female body weight as an explanatory
variable in the final egg trait models as the models with body weight
were found to consistently have the lowest or second lowest AlCc
score of the compared models (Supporting Information Table S4).
The final models were re-fitted using restricted maximum-likelihood
(REML) estimates.

Means and one standard error of the mean (ts.t.) are reported for
the different female and egg traits. Egg lipid content was natural log
(In) transformed and used in the final model to improve the normality
of the residuals. Model fits were assessed by inspecting residual plots
(i.e., normal Q-Q plots, standardized vs. fitted residuals, and histo-
grams) using the performance version 0.9.2 (Liidecke et al., 2021) and
DHARMa version 0.4.5 (Hartig, 2022) packages. Models did not show
any clear violations of assumptions. In addition, 95% confidence inter-
vals (95% Cl) were calculated for all model estimates and random
effects with parametric bootstrapping using 5000 iterations. For the
egg protein model, parametric bootstrapping failed to converge due
to the zero variance associated with the model random effects. There-
fore, additional confidence intervals were calculated using the same
bootstrapping method for a simple linear egg protein model without
random effects. The 95% Cl values from the linear model were nearly
identical with the confidence intervals obtained for the original
mixed-effect model containing the tank and parental ID random
effects. For the egg protein model, the reported confidence intervals
are those obtained from the simplified linear model. Data manage-
ment and visualization were done using the tidyverse version 1.3.2
package (Wickham et al., 2019).

210 | Ethical statement

The experiments were approved by the Project Authorisation Board
(ELLA) on behalf of the Regional Administrative Agency for Southern
Finland (ESAVI) under experimental licence ESAVI/2778/2018.
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3 | RESULTS

3.1 | Maturity

Of the 800 female Atlantic salmon in the warm-water treatment,
59 matured during the 2020-2021 spawning season (7.4%; Support-
ing Information Table S5). None of the 1059 females in the cold-water
treatment matured and therefore they were not included in further
female or egg trait analyses.

We found marked differences in the maturation rates of the two
populations included in the study (x> = 29.82, d.f. = 1, P = <0.001;
Figure 1). Of the mature females, 44, originating from 20 different
families, were from the Neva population and 11 (from three families)
from the Oulu population (Supporting information Table S5). The mat-
uration rates of the Neva females were similar, 13.0% and 12.4%, in
the control and low-fat feed treatments, respectively (Figure 1). Oulu
females had lower maturation rates than Neva females, but these
rates were also relatively similar (2.3% and 2.6%) in the two feed
treatments (Figure 1). Due to the low number of Oulu females that
matured compared to Neva, additional statistical analyses of female
and egg traits with a reduced data set including only the Neva females
were conducted to test for population effects. Removal of the Oulu
females did not change the overall inference of the results (data not
shown), and therefore data for females of both populations were
included in the final statistical analyses. Based on the pooled data, diet
did not influence maturation rate and there were similar proportions
of mature females in both feed treatments, with 28 mature out of
383 and 31 mature out of 417 individuals in control and low-fat treat-
ments, respectively (x> = 4.20 e=2%, d.f. = 1, P = 1.00; Figure 1).

3.2 | Female traits

At the time of the study, the females in the cold-water treatment
were, on average, smaller, with a mean body weight of 0.41 + 0.01 kg
(mean * s.e.) compared to the females in the warm-water treatment,
which had a mean body weight of 1.23 + 0.02 kg (Figure 2). The

FIGURE 1 The proportion of mature
female Atlantic salmon of the Neva
(n = 44) and Oulu (n = 11) populations in
0.026 the control (orange) and low-fat (blue)
feed treatments. The value above the bar
indicates the exact proportion of mature
females found within each population and
feed treatment. m, control; m, low-fat
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FIGURE 2 Body weight density distribution of mature (purple) and immature (green) female Atlantic salmon during the 2020-2021 spawning
season in cold-water (left panel) and warm-water (right panel) treatments. The body weight distributions for the maturation stages in both
temperature treatments are calculated separately, with the area under each curve being equal to 1. There were a total of 1059 females in the
cold-water treatment, none of which matured. In the warm-water treatment, there were 800 females of which 59 matured during the spawning

season. [, mature; &, immature

females in the warm-water treatment showed a slightly wider range
of body size compared to the females in the cold-water treatment
(Figure 2). The body weight of the mature females ranged from 0.77
to 2.20 kg (Figure 2 and Supporting Information S3). The mature
females were slightly heavier, with a mean weight of 1.39 + 0.04 kg
compared to the average weight of all the females in the warm-water
treatment. The weight of the mature females was similar between the
control and low-fat feed treatments (Tables 1 and 2). Similarly, the
length and condition factor of the mature females was not influenced
by the energy content of the diet (Table 2). Female fecundity varied
little between the two feed treatments, ranging from 1321 to 6885
eggs per female (Supporting Information Figure S1) with mean fecun-
dity in both feeding treatments being above 3000 (Table 1). There
was a significant, positive correlation between female body weight
and fecundity (Table 2 and Supporting Information Figure S3), with
every additional 100 g in female weight resulting in 256 + 18 and
240 + 12 additional eggs in the control and low-fat feed treatments,
respectively. Female diet, however, did not influence the number of

eggs mature females produced (Table 2).

3.3 | Eggtraits

Egg size (PC1) was not significantly affected by either female diet or
body weight (Table 3 and Figure 3). Likewise, female body weight had
no marked effect on egg lipid or protein content (Table 3). The abso-

lute amount of lipid and protein in the eggs was, however, influenced

by egg size, with smaller eggs containing less lipids and proteins
(Table 3). The differences between the energy content of the female
diet were reflected in the egg molecular composition. The total mean
egg lipid content of the female salmon receiving the higher energy
control diet was significantly greater at 2.4 + 0.1 mg x egg™! com-
pared to the females on the low-fat diet, who had a mean egg lipid
content of 1.6 + 0.1 mg x egg™* (Tables 1 and 3, and Figure 3). On
the other hand, feed treatment had no significant effect on the pro-
tein content of the eggs (Table 3 and Figure 3). On average, the lipid-
to-protein ratio of the eggs was greater for the females fed on the
higher energy content control diet (Figure 3).

4 | DISCUSSION

In this study, we investigated how the environment experienced by
maturing female Atlantic salmon influenced age of maturation,
fecundity, and egg traits. We demonstrated that temperature
affected female maturation rate at 3 years of age. Energy reduction
in the diet, on the other hand, had no effect on female maturation
over the time frame of the study. Diet did, however, affect egg traits.
Specifically, a higher energy maternal diet resulted in greater egg
lipid content compared to a 22% lower energy diet. These results
suggest that female salmon with a lower energy diet may have
reduced reproductive fitness if the diet has an adverse effect on the
development, growth, and subsequent survival of the offspring via

maternal egg provisioning.
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TABLE 1 Female and egg traits of mature Atlantic salmon females
in each feeding treatment. All values are presented as mean * s.E. and
egg traits as mg x egg L. Relative fecundity indicates the number of
eggs a female Atlantic salmon produces per 100 g of body wet mass.
The percentage of the different egg components is given as the
percentage of egg wet weight. Other represents the residual weight
after subtracting water, lipid and protein from the egg wet weight.
The table includes female and egg trait information on mature females
that were included in the final statistical analyses (see ‘Maturity’)

Feed treatment

Control Low-fat
n=22 n=27

Female traits

Weight (kg) 1.5+0.1 14 +£0.1
Length (cm) 47.1+0.7 457 £ 0.6
Condition factor (K) 14 +£0.0 1.4 +0.0
Fecundity (egg n) 3740 + 257 3317 + 208
Relative fecundity (egg n x 100 g~%) 256 + 18 240+ 12
Egg traits

Diameter (mm) 45+0.1 4.4 +0.0
Wet weight (mg) 464 +14 447 £ 1.0
Dry weight (mg) 16.3+0.5 142+ 04
Lipid (mg) 24+01 1.6 +0.1
Protein (mg) 1.6+0.1 1.6 +0.1
Water (mg) 302+11 30.5+0.8
Other (mg) 12.3+04 11.0+04
%Lipid 52+0.2 3.6+0.1
%Protein 35+0.1 37+02
%Water 64.8 £ 0.6 68.1+0.8
%Other 26.5+0.5 24.7 +0.7

This study was part of a larger experiment investigating the effect
of temperature on sexual maturation in Atlantic salmon. No females
matured in the cold-water temperature treatment during our study
period. The females in the cold-water treatment were on average
smaller and exhibited less variation in body weight compared to the
females in the warm-water treatment. The absence of mature females
in the cold-water treatment is likely due to reduced growth rate and
lower rate of lipid accumulation, and consequently lower somatic lipid
stores at cooler temperatures (Jonsson & Jonsson, 2011;
Thorpe, 1994). Mature females had likely acquired sufficient somatic
energy reserves allowing for maturation whereas the immature
females had not. Because no females matured in the cold-water treat-
ment, we could not assess the effect temperature may have on egg
traits. The Atlantic salmon in our study represented two different
genetically distinct Baltic Sea populations (Séisa et al., 2005). The two
populations exhibited different rates of maturation with the females
of the Neva population showing higher rates of maturation compared
to the Oulu females. These population differences could, in part, be

due to the lower growth rate and smaller body size of the Oulu fish as

has been observed for the males in this study population (Asheim
et al., 2023). Although the body size of the Oulu fish overall was smal-
ler compared to the Neva population, we did not find significant dif-
ferences between the populations in the size of the females that
matured. The lack of body size differences in maturation may indicate
that the two populations share a similar threshold for body size and
accumulated energy store necessary for maturation in females
(Thorpe et al., 1998).

Contrary to our expectations, the reduction in energy content of
the diet initiated about 1.5 years before maturation assessments was
not associated with female maturation rate in our study. These results
are somewhat surprising as previous studies that have modified the
energy content of the diet have shown clear associations between
diet and maturation in salmonid for both males and females (Jonsson
et al., 2013, 2012; Shearer & Swanson, 2000). The absence of a die-
tary effect on maturation is potentially due to the specific energy
restriction strategy employed in our study. Rather than reducing food
amount, we provided feed of lower energy content ad libitum to limit
the potential for behavioural differences contributing to differences in
feed intake. This may have resulted in the fish acquiring adequate lipid
stores for maturation regardless of the energy content of their diet.
Alternatively, the reduction in feed energy content in this experiment
might not have been severe enough for any dietary effects on matura-
tion to be detected.

It is well established that female body size and fecundity are
highly correlated in fishes (Bagenal, 1969; de Eyto et al., 2015;
Heinimaa & Heinimaa, 2004; Millner et al, 1991; Reid &
Chaput, 2012; Smalas et al., 2017; Thorpe et al., 1984). A similar pat-
tern was found in this study, where fecundity increased with female
body size. The females in our study produced more eggs per unit of
body weight compared to some previous studies (e.g., de Eyto
et al., 2015; Heinimaa & Heinimaa, 2004; Reid & Chaput, 2012). This
difference is likely due to the mature females in our study being smal-
ler (mostly under 2 kg) compared to the aforementioned studies (body
weight range from ~2 kg to up to 16 kg) as smaller Atlantic salmon
females often have higher fecundity per unit of body size
(Fleming, 1996).

Feed energy content did not affect female fecundity in our exper-
iment. The effects of diet on salmonid fecundity vary as there are mul-
tiple opportunities to alter the fish's diet, ranging from reducing the
feed amount to making various nutritional changes, and such studies
are showing varying results on fecundity. Bagenal (1969) and Scott
(1962) found that decreasing the ration size led to a decrease in
fecundity in brown trout (Salmo trutta) and rainbow trout
(Oncorhynchus mykiss) even after taking female body size into account.
The importance of ration size on fecundity has also been demon-
strated for many nonsalmonid species of fish (reviewed in Fernandez-
Palacios et al., 2011). Diet studies on Atlantic salmon and rainbow
trout that have altered the micronutrient or lipid composition of the
female diet, on the other hand, have shown an effect on fecundity in
some (Eskelinen, 1989; Washburn et al., 1990) but not all cases
(Rennie et al., 2005; Sandnes et al., 1984; Yildiz et al., 2020). The
effect diet may have on female fecundity appears to vary not only
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TABLE 2 Results of the linear mixed models for mature Atlantic salmon female traits

Body weight (kg) Fixed effects Estimate + s.E. Cl (95%) t-value P
Intercept 1.53 + 0.09 (1.35,1.71) 16.80 <0.001
Feed (LF) -0.14 £0.11 (-0.36,0.07) -1.32 0.266
Random effects Variance Cl (95%)
Tank 0.01 (0.00, 0.20)
Sire 0.00 (0.00, 0.25)
Dam 0.04 (0.00, 0.33)

Body length (cm) Fixed effects Estimate + s.E. Cl (95%) t-value P
Intercept 47.23 £0.82 (45.56, 48.87) 57.37 <0.001
Feed (LF) -1.52+1.07 (-3.62,0.59) -1.42 0.242
Random effects Variance Cl (95%)
Tank 0.50 (0.00, 2.03)
Sire 0.00 (0.00, 2.17)
Dam 1.28 (0.00, 2.33)

Condition factor (K) Fixed effects Estimate + s.E. Cl (95%) t-value P
Intercept 1.42 £ 0.02 (1.38, 1.46) 69.88 <0.001
Feed (LF) 0.01 +0.02 (-0.03, 0.04) 0.37 0.713
Random effects Variance Cl (95%)
Tank 0.00 (0.00, 0.03)
Sire 0.00 (0.00, 0.07)
Dam 0.00 (0.00, 0.09)

Fecundity Fixed effects Estimate * s.E. Cl (95%) t-value P
Intercept 1047.39 + 744.69 (—448.04, 2510.52) 141 0.170
Body weight (kg) 1807.51 + 440.10 (938.98, 2718.56) 4.11 <0.001
Feed (LF) —174.95 + 482.65 (—1119.26, 755.00) -0.36 0.734
Random effects Variance Cl (95%)
Tank 231,500 (0.00, 953.33)
Sire 0 (0.00, 602.93)
Dam 22,298 (0.00, 591.74)

Note: Estimates are presented as treatment contrasts with control feed treatment as the intercept. The estimate and random effect 95% confidence
intervals (Cls) were calculated using parametric bootstrapping with 5000 iterations. Bold P values indicate statistical significance at the a = 0.05 level. LF,
low-fat feed treatment. The t-value is a test statistic obtained from the linear mixed effects model.

between species but also between the diets' nutritional composition
(reviewed in Fernandez-Palacios et al., 2011). The results from our
study and the varied results from previous dietary nutritional content
and ration size studies indicate that the total energy acquired may
have a greater influence on female fecundity than the feed's specific
nutritional composition.

In this experiment, we measured a variety of egg traits to
understand how diet may influence maternal provisioning of off-
spring via egg size and nutritional composition. Diet did not affect
egg size in our study. This is in line with previous studies that have
also failed to observe an effect of the female diet nutritional compo-
sition on egg size in Atlantic salmon and rainbow trout
(Eskelinen, 1989; Rennie et al., 2005; Sandnes et al., 1984; Yildiz
et al., 2020). In contrast, we expected to see an effect of dietary
energy content on egg molecular composition as nutrients are allo-

cated to the eggs from the maternal somatic resources during gonad

development (Brooks et al., 1997; Wootton & Smith, 2015). In our
study, reduction in dietary energy content was reflected in the lipid
content of the eggs, where the eggs from females fed the low-fat
diet produced eggs with lower lipid content. Egg protein content, on
the other hand, was not significantly affected by diet (although esti-
mated as somewhat higher under the low-fat diet) which led to a
higher lipid-to-protein ratio in the eggs in the control feed treat-
ment, on average. Both egg lipid and protein content were influ-
enced by egg size, with larger eggs holding a greater amount of lipid
and protein. Decrease in dietary quality in terms of energy content
may lead to a female salmon having lower somatic energy stores
from which to allocate resources to their eggs without compromis-
ing their own survival (Jonsson & Jonsson, 2011; Klemetsen
et al., 2003). Moreover, lipids and proteins present in eggs are a cru-
cial energy source and a material source for biosynthesis of various

molecules for the developing embryos and alevins (hatched
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Egg size (PC1) Fixed effects Estimate # s.E. Cl (95%)
Intercept -0.11+1.11 (—2.39, 2.18)
Body weight (kg) —0.48 +0.67 (—1.90, 0.87)
Feed (LF) 0.96 + 0.44 (0.06, 1.86)
Random effects Variance Cl (95%)
Tank 0.07 (0.00, 0.84)
Sire 0.58 (0.00, 1.52)
Dam 0.70 (0.00, 1.57)

Egg lipid (In(mg)) Fixed effects Estimate * s.E. Cl (95%)
Intercept 092 +0.16 (0.59, 1.22)
Body weight (kg) —0.04 £ 0.08 (—0.20, 0.13)
Feed (LF) -0.38 £0.13 (—0.65, —0.11)
Egg size (PC1) —-0.03 £ 0.02 (—0.07, 0.00)
Random effects Variance Cl (95%)
Tank 0.02 (0.00, 0.28)
Sire 0.01 (0.00, 0.16)
Dam 0.00 (0.00, 0.13)

Egg protein (mg) Fixed effects Estimate # s.E. Cl (95%)
Intercept 1.77 £ 0.29 (1.19, 2.35)
Body weight (kg) -0.15+0.18 (-0.52,0.22)
Feed (LF) 0.13+0.12 (—0.11,0.38)
Egg size (PC1) -0.13+£0.04 (-0.21, —0.05)
Random effects Variance Cl (95%)
Tank 0.00 -
Sire 0.00 -
Dam 0.00 -

t-value p TABLE 3 Results of the linear mixed
models for egg traits of mature Atlantic
-0.10 0918 salmon females
-0.72 0.476
2.18 0.096
t-value P
5.80 <0.001
—0.46 0.651
-2.81 0.050
—2.06 0.046
t-value P
6.16 <0.001
—0.83 0.409
1.10 0.279
-3.40 0.001

Note: Estimates are presented as treatment contrasts with control feed treatment as the intercept. The
estimate and random effect 95% confidence intervals (Cls) were calculated using parametric
bootstrapping with 5000 iterations. 95% Cls are not presented for the egg protein model as the model
with random effects failed to converge (see ‘statistical analyses’). Bold P values indicate statistical
significance at the a = 0.05 level. LF, low-fat feed treatment; PC1, principal component. The t-value is a

test statistic obtained from the linear mixed effects model.

juveniles with vyolk still attached) (Berg et al., 2001; Brooks
et al., 1997; Finn & Fyhn, 2010; Kamler, 2008; Thorstad
et al.,, 2010). For example, alevins with greater energy stores may
have lower starvation-induced mortality and an initial growth
advantage over alevins whose mothers are unable to provide them
with higher energy resources (Berg et al, 2001; Einum, 2003;
QOjanguren et al., 1996; Thorn et al., 2019). Thus, our results suggest
that female salmon experiencing a lower energy diet may experi-
ence a potential reproductive fitness disadvantage via lower egg
energy provisioning of the offspring in the form of lipid content.
Female body size or condition did not affect egg composition in
our study. Previously, larger Atlantic salmon females have been shown
to produce eggs of higher energy content in a wild population
(Heinimaa & Heinimaa, 2004). In the study by Heinimaa and Heinimaa
(2004), the mature females were from a wild population and repre-
sented a wide range of body sizes (~5.0-16.0 kg). The size range of
the mature females in our study, on the other hand, was much nar-
rower (~0.80-2.20 kg) and the salmon represented F2 generation

hatchery individuals. In addition, the previous study compared across
age classes whereas we compared within a common age class. Any of
these differences could potentially explain why we were unable to
find an effect of female body size on egg composition.

Understanding how environmental variables shape reproductive
traits is a fundamental role of evolutionary ecology. Our results pro-
vide evidence for the link between maternal diet and the potential
quality of their eggs through egg lipid content. Additionally, the dif-
ferences in maturation rates between the two temperatures
observed in this study may have implications for Atlantic salmon
population dynamics if warmer water temperatures experienced due
to climate change lead to earlier maturation ages and thus shorter
generation times. In the future, multigeneration experiments com-
bining measurements of egg nutritional content, fertilization, hatch-
ing success, and juvenile survival rates while taking genetic and
environmental factors into consideration would further our knowl-
edge on salmon reproduction and the role parental effects play in

offspring fitness.
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