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Abstract – In the context of global change, the aim of this study was to investigate the effects of
temperature on the survival rate and various variables (development time, morphometric measures, energy
values) for both embryos and post-hatch stages until first food intake of northern pike (Esox lucius). We
applied five constant temperatures (8, 10, 12, 14 and 16 °C) and their effects were analyzed during the entire
endogenous feeding period at three stages: hatching, emergence and first food intake. Around 80,000 eggs
from five females and five males were used. As expected, the development time was three times longer at 8
than at 16 °C. The survival rate of well-formed post-hatch stages at the end of the endogenous feeding period
was similar between temperatures: 76% (10 °C), 73% (12 °C), 72% (14 °C), 72% (16 °C), except at 8 °C
(70%). Also at 16 °C, post-hatch stages were larger and had the highest energy value when starting feeding
exogenously. These results are in accordance with current models that predict an increase of the distribution
area of northern pike in France in coming decades associated with climate change projections (1 to 5 °C
increase by 2100 for France).
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1 Introduction

According to the report of the International Panel of climate
change IPCC (2018), the average temperature at the Earth
surface could rise between 0.5 and 5.5 °C during the coming
decades. A recent synthesis shows that whatever the thermal
range of the fish species considered, they will be affected by
climate change (Myers et al., 2017). In this context, an important
scientific challenge is to try to predict how fish species could be
impacted (Araùjo and Peterson, 2012).

The most commonly used model to predict the effect of
climate change is the species distribution models or SDMs
(Robinson et al., 2017; McMahan et al., 2020). Three types of
data are generally considered, those related to species (presence/
absence in a given area), environment (structure of rivers,
physical and chemical parameters), and climate (temperature,
precipitation, sunshine). Nevertheless, the potential role of
phenotypic plasticity in the acclimation andadaptive potential of
an organism to global change is not currently accounted for in
prediction models (Vagner et al., 2019).
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In France, the modeling of the impact of global change on
freshwater fish distribution was made by Buisson (2009) based
on the presence/absence of 35 species sampled in more than
1000 stations in the last 30 years. This study forecasted that the
effects of climate change could be rather positive during the
next century (e.g., 87% increase for chub, Squalius cephalus),
except for cold-water species (e.g., a 76% decrease for
common trout, Salmo trutta). Northern pike (Esox lucius L.
1758), which is classified as “Vulnerable” (VU) in the French
IUCN red list (2019) and Least Concern in the world IUCN red
list, could increase its distribution area by 30% in France by the
end of the century (Buisson, 2009).

Northern pike spawns from late February to March
under optimal weather conditions, such as a temperature
between 8 and 15 °C for France (Machniak, 1975; Dubé and
Gravel, 1978), an increasing photoperiod (Bruslé and
Quingnard, 2001), and flooding periods (Hennessey, 2011).
After fertilization, the stickyeggsdevelopattachedonvegetation
or on other firm surfaces (Teletchea et al., 2007; 2009a;
Teletchea and Teletchea, 2020). After hatching, post-hatch
stage remains attached to plants, and start swimming when
their yolk reserves are exhausted (Teletchea and
Teletchea, 2020).

For embryos, the thermal range is between 8 and 15 °C
(Machniak, 1975; Dubé and Gravel, 1978) with lower lethal
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temperature close to 3 °C while the upper limit was found to be
19 °C (Hassler, 1982). In addition, Lillelund (1966) observed a
50% decrease in 2–4 cell-stage survival at a temperature of
19.8 °C, and a 12% decrease in survival when temperature
fluctuated daily between 15 and 20 °C for post-hatch stage.
Hassler (1982) observed after a thermal shock (10–5 °C)
during five hours applied 34 h after fertilization a 80% decrease
in survival. This stage therefore appears very sensitive to
temperature increased (Chauveheid and Billard, 1983). It is
also well known that incubation time decreases when
temperature rises (Teletchea et al., 2009b); it varies from 36
and 43 days at 3 °C to 2.5 to 3.8 days at 18 °C for northern pike
(Bondarenko et al., 2015). For post-hatch stage, the maximal
survival rate was obtained between 6 and 10 °C (Bondarenko
et al., 2015), the upper limit being 24 °C (Hassler, 1982).
Bondarenko et al. (2015) also found that the total length at
hatching decreased from 10.61 ± 0.37mm at 10 °C to
9.21 ± 0.29mm at 18 °C.

The present study aimed at evaluating the effects of five
constant temperatures on the survival rate and the phenotypic
plasticity of different traits, such as size (and other
morphological parameters), developmental duration and
energy value (yolk sac, body, and whole fish) of the early
life stages of northern pike. Three key stages were studied:
hatching, emergence, and first food intake. Based on these
results, we discuss possible ecological consequences and
predictions (Buisson, 2009) for both policymakers and aquatic
biodiversity managers.

2 Materials and methods

2.1 Eggs

Local brood stock were sampled from the same pond
(Neuf-Etang, 8 ha, Domaine de Lindre, Moselle, France),
which were fed live prey (forage fish such as roach Rutilus
rutilus, bleak Alburnus alburnus) throughout their life.
Temperature in the Domaine de Lindre ponds varies between
8 and 12 °C between February andMarch. When sampled from
the pond in mid-February, the water temperature was 12 °C and
the oxygen concentration was 9.0mgL�1. Brood stock was
then put in tanks at a constant temperature of 12 °C for artificial
reproduction; offspring are also usually kept at 12 °C for up to
100 days. Thus, for this study we took 12 °C as our reference
temperature for the rearing of early life stages. Five egg
batches (approximately 500 g per batch by female) were
obtained the same day (March 18, 2015 at 9:30 am) by
stripping and artificial fertilization of oocytes of five females
(mass of 2.87 ± 1.02 kg and total length of 75.4 ± 22 cm) with
the sperm of five males (no information on the mass and total
length). The average age of brood stock was four years.
Females were anesthetized with an anesthetizing solution
(0.1mLL�1) composed of 10% eugenol and 90% ethanol.
After anaesthesia, oocytes were obtained by stripping. The milt
of the males was obtained, after their euthanasia using an
overdose of eugenol and ethanol, by grinding their gonads.
Fertilization was carried out on site.

To avoid a male effect related to polyandry, the oocyte
batch of each female was fertilized with the milt of one male to
obtain five families. Just after fertilization, oocyte batch of
Page 2 o
each female from each family was transported in separate
plastic bags with water supplied from the stocking earthen
ponds and oxygen and put into polystyrene boxes to maintain
the temperature close to 12 °C. Eggs were transferred to the
University of Lorraine, in Nancy, the same day (about one hour
by car). Upon arrival, eggs were treated with iodine solution
(Romeiod, 20ml L�1) for 10 minutes to prevent stickiness and
were washed three times with water from incubators at 12 °C.

The exact number of eggs used here was calculated at the
end of the experiment by summing dead (collected and counted
on a daily basis) and alive individuals. Overall, 79,129 eggs
were used for all females: 14,264 (8 °C), 16,389 (10 °C),
18,381 (12 °C), 15,943 (14 °C), and 14,152 (16 °C).
2.2 Experimental conditions

The whole experiment was performed in a dedicated room
with an air temperature fixed at 15 °C (these facilities are
conforming to the French legislation with agreement number
C54-547-18). Incubators were made by the company Lorraine
Chaudronnerie Plastique (410 rue Henri Moissan 54710
Ludres) directed by M. Henrion (Réalis-Doyelle et al., 2016).
One incubator (110� 64� 186 cm) per temperature was used
(five in total) with recirculating water systems. About 1/3 of
the total volume of each incubator (90 L) was periodically
renewed every two days. Each incubator contained nine
separated trays (45� 7� 12 cm, these trays include rigid parts
on the sides and a flexible lower part made of a synthetic
material net with a 200mm mesh). Eggs coming from the five
females were mixed and then distributed within each of the
nine trays of the five incubators. The initial number of eggs was
n= 1670 ± 170 eggs per tray.

After 1 h of their arrival at the laboratory, i.e. around five
hours after fertilization, the temperature was modified from
12 °C to the experimental temperatures targeted with a 1 °C
incremental step per hour (Peterson and Martin-Robichaud,
1989; Réalis-Doyelle et al., 2016). Five temperatures (8, 10, 12,
14, 16 °C) were tested according to IPPC (2018) predictions.

The temperature was monitored by two different systems,
via a probe integrated into the water heating/cooling system,
and manually by a probe (ODEON, accuracy range for the
probe is 0.1 °C). To maintain temperature, each incubator was
equipped with an individual thermostat allowing the water
temperature to be varied from 1 to 28 °C. Temperatures were
obtained using a chiller with a power of 550W (no storage
tank). If a difference of ±0.5 °C occurred, the system regulated
the temperature. In addition, to ensure optimum temperature
maintenance, the rearing tanks were covered with a
removable transparent PETG cover. This system also has
an integrated UV lamp (16W) for the regulation of the
microbial load.

Oxygenation of the water was ensured by means of a
cascade to the filtration tank (Réalis et al., 2016). Water was
circulated by a pump integrated into the incubators (flow rate
of 4 m3 h�1). Five luminous lights (LED bulbs) were installed
above each incubator, with the possibility to control the light
intensity (45 and 450 lux). The photoperiod was 16 hours’
light/8 hours’ dark throughout experiment. Light intensity was
100 lux at the water surface of each incubator.
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Water quality (ammonia, nitrite and pH) was checked twice
per week. Total ammonia and nitrite concentrations in each
incubator were kept below 0.05 and 0.01mgL�1 respectively
and pH remained at 8 ± 0.4.

2.3 Events and periods studied

Three events (hatching, emergence and first food intake)
were analysed when 50% of the individuals passing to the next
developmental stage was determined by visual observation.
These events delimitate three periods: P1 from fertilization to
hatching (post-hatch stage left the eggshell); P2 from hatching
to emergence (post-hatch stage began swimming in the water
column), and P3 from emergence to first food intake (ffi): onset
of exogenous feeding when the yolk sac was completely
consumed). Artemia nauplii were given just after emergence
twice a day (8:00 a.m and 2:00 p.m) and the ffiwas determined
when at least 50% of post-hatch stages started feeding by direct
observation. For each incubator, random samples of embryos
and post-hatch stages were checked every 1 h between 8 a.m
and 6 p.m.

The total duration of the endogenous feeding period was
defined as the time from fertilization to the onset of external
feeding. The relative time (RT) of each period (P1, P2, and P3)
was calculated as follows: RT =Number of days between two
consecutive stages� 100/ total duration of the endogenous
feeding period (days).

2.4 Parameters studied
2.4.1 Survival rate

The unfertilized eggs were not taken into account as dead;
they were removed from the analysis. The unfertilized eggs
were easily identified as they became white and opaque (within
24H) (Bondarenko et al., 2015) In addition, following these
24 hours, we took a sample in order to determine the
fertilization rate and then determine the real morality rate, the
result obtained was 98%. Dead eggs and post-hatch stages
were removed daily and counted per tray and temperature.

The survival rate (SR) for the entire experiment (from
fertilization to first food intake) and at each period was
calculated as follows: [SR= 100 � (Number of dead
individuals cumulated over a period of time� 100) / Number
of viable eggs at the beginning of the studied period of time].
Dead individuals (embryos or post-hatch stages) were counted
every day to calculate the daily survival rate (DSR, in
percentage) for each of the three periods (P1, P2, and P3) as
follows: [DSR= (Number of dead individuals cumulated over
a period / Number of days within this period)� 100 / Total
number of viable eggs].

2.4.2 Malformation rate

Post-hatch stages were classified as either well-formed or
malformed. The observations were performed under a
binocular microscope (OPTIKA microscope, SZP-10)
equipped with a camera (MICROVISION Instruments,
Lw1235C-GT1). We randomly sampled 54 post-hatch stages
(six post-hatch stages per tray, temperature and stage), which
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represent about 10% of the total population. Malformed post-
hatch stages had visible malformations defined as structural
abnormalitiesof thebody (Boglioneet al., 2013;DeClercqet al.,
2017) such as axial deviations (lordosis, kyphosis and scoliosis)
(Holm et al., 2005; Jezierska et al., 2009; Lahnsteiner, 2012).
The malformation rate (MF) was calculated as follows:
MF=Number of malformed post-hatch stageX100/54.
Subsequently, all post-hatch stages were photographed and
were not used for measurements.

2.5 Morphometric and morpho-anatomical parameters

Post-hatch stages were euthanized by an overdose of
Ethyl 3-aminobenzoate methanesulfonate salt (MS-222,
Tricaine). The morphological parameters analyzed were
selected based on Osse and Van den Boogaart (1995),
Trabelsi et al. (2012), and Lahnsteiner (2012). The
morphometric measurements were performed on well-
formed post-hatch stages only per temperature and per
stage (n = 6 per tray). All images were taken with a binocular
(OPTIKA microscope, SZP-10) connected to a camera
(MICROVISION Instruments, Lw1235C-GT1). All measu-
rements were obtained by processing the images with the
Archimed software (MICROVISION Instruments 6.0.14).
Four parameters were measured (precision of 0.01mm):
total length (TL), which is the distance between the snout to
the tip of the tail; height of the myotome (HM)
corresponding to the distance perpendicular to the body
axis between the anus and the base of the dorsal fin, and eye
diameter (ED) obtained as the mean of the maximum and
minimum diameter of the eye orbit, and height (HSV) and
length (LSV) of the yolk sac (Fig. 1). The diameter of the
yolk sac (YSD) was then calculated by averaging these two
measures (Trabelsi-Zouari, 2011).

2.6 Dry mass and Energy value

The dry mass (0.01mg) was obtained for 27 post-hatch
stages per incubator (n= 3 per tray, representing 5% of the
population) at the three developmental stages (hatching,
emergence and first food intake; n= 405 samples). For each
post-hatch stage, the yolk sac and tissue were first separated,
dried at 60 °C for 72 hours, and then weighed using a Denver
Instrument S-114 balance (with a precision of 0.01mg). This
allowed obtaining the separate mass of the yolk and tissue (MY
and TM, respectively), as well as the energetic values of each
by elemental analysis. The total energetic value of post-hatch
stage tissue was obtained by combining the values of the yolk
and tissue.

Elemental analyses, carbon (C), hydrogen (H), nitrogen (N)
and sulfur (S), were performed using a Flash EA 1112
(ThermoFinnigan 2003) elemental analyzer at the Laboratory
of Physical Measures (LMP) at the University of Montpellier 2
(France). The oxygen fraction (O%of drymatter)was computed
as follows: O= 100-(CþHþNþS). Caloric values (Jmg�1dry
mass) were computed from C, H, O and S fractions (% dry
matter). The following formula was used to calculate the caloric
values: [CV (Jmg�1)= 0.004184� [88�% Cþ 344�
(% H � 0.125�%O)þ 25�%S] (Kamler et al., 1998).
f 13



Fig. 1. Schematic Northern pike larval or post-hatch stages showing morphometrics parameters: TL: total length, HM: height of the myotome,
ED: eye diameter, HSV: height of the sac yolk, LSV: yolk sac length (Trabelsi, 2011). Malformation rate (a) normal phenotype, (b) and
(c) malformed phenotype.
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Individual energyvalue(EVInd. J�1)wasobtainedbymultiplying
the calorific value (CVJ�1mg) by the dry mass (TMmg):
EV (J ind.�1) =CV�TM, as described in Kamler (2002).

2.7 Statistical analyses

The normality of the distributions (Kolmogorov–Smirnov
test) and the homogeneity of variances (Levene’s F test) were
tested. Generalized Linear Models (GLMM) were used to
determine differences in survival rate, daily mortality rate,
malformation rate, survival rate ofwell-formedpost-hatch stage,
total length, and energy value. In all analyses, temperature and
stagewere thefixedfactors and trays (nestedwithin temperature)
were considered as random factor; TheGLMMwas followed by
a post-hoc Tukey test to calculate pairwise differences, when the
interaction between factors was not significant. All parameters
were expressed as mean± S.D. For development time, we used
an exponential model. The effect of temperature on the
percentage of time between two consecutive stages was tested
with a log linearmodel.All resultswere considered significant at
the level of p < 0.05.

A Principal Component Analysis (PCA) was used at both
hatching and emergence to investigate the relationships
between the six morphometric parameters and body mass.
For first food intake, because the yolk sac was exhausted, we
treated four morphometric parameters: eye diameter (ED),
total length (TL), height of the myotome (HM) and tissue mass
(TM). For all stages, the means of morphometric parameters
and mass (6 post-hatch stages sampled per tray that gave 54
means per temperature and per stage) were calculated. PCA
was followed by a hierarchical cluster analysis (Euclidian
distance) to identify groups of post-hatch stage sharing similar
morphometric characteristics. All statistical analyses were
performed using the software Statistica (version 10).
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3 Results

3.1 Development duration

The total duration of the endogenous feeding period differed
significantly between temperatures (X2 = 28.0, p < 0.05). It
decreased exponentially with increasing temperature (Fig. 2).
Relative duration time was significantly impacted by tempera-
ture (X2 = 92.8, p< 0.001) but not by stages (X2 = 8.4, p= 0.74).
The relative duration of the period P1 was similar between
temperatures: between 45% and 52% (Fig. 3). However, the
temperature had an effect on the two other periods P2 was the
shortest at 12, 14 and 16 °C and inversely P3 was the longest for
these three temperatures, compared with 8 and 10 °C (Fig. 3).
3.2 Survival rate

During incubation, an important peak of mortality was
observed between three and eight days post-fertilisation
according to the temperature tested (Fig. 4): three days at 16 °C
(number of dead embryos, n= 107 ± 10 per tray), and at three
days at 14 °C (n= 156 ± 29 per tray), six days at 12 °C
(n= 180 ± 40 per tray), seven days at 10 °C (n= 87 ± 24 per
tray), and eight days at 8 °C (n = 132 ± 38 per tray). The
survival rates differed significantly between temperatures
(F1,4= 122.53, p < 0.0001) and stages (F1,2= 3.29,
p < 0.0001), and were also influenced by the interaction
between temperatures and stages (F1,8 = 3.4, p= 0.002). There
was no effect of trays (F1,35= 0.86, p= 0.64). The survival rate
at the end of the endogenous feeding period was between 70%
and 75% for all temperatures (Fig. 4).

The daily mortality rate (in percentage) during each of the
three studied time periods (P1, P2, P3) was significantly
different between temperatures (F1,4 = 18.8, p < 0.0001) and
f 13



Fig. 2. Effect of temperature on time between fertilization to first food
intake (in days). The indicated model was exponential and R2

indicates the correlation between temperature and duration in days.
Each point represents one value per temperature.

Fig. 3. Effect of temperature on number of days during each period.
(P1: from fertilization to hatching; P2 from hatching to emergence; P3
from emergence to first food intake). Only one value was used per
temperature because we summed the number of days for each
temperature

Fig. 4. Effect of temperature on survival rate (%). Only one value was
used per temperature.
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stages (F1,2= 353.8, p < 0.0001), and was also influenced by
the interaction between temperatures and stages (F1,8 = 8.1,
p< 0.0001). There was no effect of trays (F1,35= 0.9, p= 0.49).
The daily mortality rate was the highest for P1 compared to the
other periods and at 16 °C compared to the other temperatures
(Tab. 1). No difference was found between temperatures for P2
and P3 (Tab. 1).

3.3 Malformation rate

The malformation rate was less than 4% for all stages
and temperatures. The rare malformations observed were
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whole body curvatures. The malformation rate was
influenced by the interaction between temperatures and
stages (F1,8 = 410.5, p < 0.0001). There was no effect of
trays (F1,35 = 0.9, p = 0.48). The percentage of malformed
post-hatch stages was highest at 16 °C at hatching compared
to other temperatures (Fig. 5a).

3.4 Survival rate of well-formed post-hatch stage

The survival rate of well-formed post-hatch stages was
significantly influenced by the interaction between tempe-
ratures and stages (F1,8 = 4.8, p< 0.0001). There was no effect
of trays (F1,35= 1.0, p= 0.48) (Fig. 5b). For the three stages, the
survival rate was the lowest at 8 °C and highest at 10 °C
compared to the three other temperatures (Fig. 5b).

3.5 Total length

The total length was significantly influenced by
the interaction between temperatures and stages
(F1,8= 12.2, p < 0.0001). There was no effect of trays
(F1,35= 1.1, p = 0.33). Post-hatch stages were the smallest at
8 °C at hatching and at 16 °C at emergence (Fig. 6). At first
food intake, the longest post-hatch stages were in the 16 °C
group (Fig. 6).

3.6 Morpho-anatomical changes

At hatching, the two first PCA axes explained 75% of the
total variance (Fig. 7a). The first axis (55% of the variance)
was correlated with four morpho-anatomical parameters:
TL (r = 0.92), HM (r = 0.79), ED (r = 0.78), and
TM (r = − 0.88). The second axis explained 20% of the
total variance and was correlated with MY (r = −0.79), and
YSD (r = −0.61). Two clusters were identified by the
hierarchical cluster analysis, based on larval size and tissue
mass (Fig. 7a). This analysis separated post-hatch stage at
the lowest temperature (8 °C)whichwere the smallest individuals
with the smallest yolksac andhighest tissuemass, separated from
the other four other temperatures (10, 12, 14, 16 °C) that grouped
longer and bigger post-hatch stages.
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Table 1. Effect of temperature on daily mortality rate for each period. (P1: from fertilization to hatching; P2 from hatching to emergence; P3
from emergence to first food intake). Differences obtained by the post-hoc Tuckey test were considered significant at P < 0.05. The same letter
indicates no significant difference between temperatures in each of the three stages.

P1 P2 P3

8 °C 1.64 ± 0.65a 0.22 ± 0.07a 0.03 ± 10�3a

10 °C 1.53 ± 0.41a 0.12 ± 0.04a 0.11 ± 0.05a

12 °C 2.29 ± 0.57b 0.29 ± 0.07a 0.04 ± 10�3a

14 °C 2.74 ± 0.78b 0.45 ± 0.26a 0.12 ± 10�3a

16 °C 3.58 ± 1.10c 0.43 ± 0.15a 0.41 ± 0.16a

Fig. 5. Effect of temperature on (a) malformation rate, and (b) survival rate of well-formed individuals compared between different
developmental post-hatch stages. Mean (±S.D.). Significant differences obtained by X2 are indicated by different letters (P < 0.05).
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At emergence, the two first PCA axes explained 73% of the
total variance (Fig. 7b). The first axis (47% of the variance)
was correlated with four morpho-anatomical parameters:
TL (r= 0.75), HM (r= 0.86), ED (r= 0.90), and with
MY (r=−0.80). The second axis explained 26% of the
variance and was principally correlated with YSD (r= 0.83)
and TM (r=−0.81). Two clusters were identified based on
larval size and tissue mass (Fig. 7b). This analysis separated
the highest temperature (16 °C) corresponding to the smallest
individuals with the highest yolk sac mass, separated from the
other temperatures (8, 10, 12, 14 °C) that grouped the longest
post-hatch stages with the smallest yolk sac.

At first food intake, the two first PCA axes explained 77%
of the total variance (Fig. 7c). The first axis (54% of
the total variance) was correlated positively with
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three morpho-anatomical parameters: TL (r= 0.88),
HM (r= 0.77), and with ED (r= 0.80). The second axis
explained 23% of the total variance and was correlated with
TM (r= 0.92). Three main clusters were identified. This
analysis separated post-hatch stages at 16 °C from fish at 10 °C
displaying an average body mass from the other three
temperatures (8, 12 and 14 °C) that regrouped post-hatch
stages with lower body masses.

3.7 Energy value

The energy value of whole post-hatch stages was
significantly influenced by the interaction between tempe-
ratures and stages (F1,8 = 3.8, p< 0.0001). There was no effect
of trays (F1,35 = 5.0, p= 0.94). For all stages, the total energy
f 13



Fig. 6. Effect of temperature on total length at hatching, emergence and first food intake on total length. Mean (±S.D.). Significant difference
between temperatures in each of the three stages are indicated by differents letters (P < 0.05).

Fig. 7. Principal component analysis performed with six morphometric parameters measured on northern pike (a) at hatching, (b) at
emergence, (c) at first food intake (TL= total length, HM= height of myotome, ED= eye diameter, TM= dry wet tissue, MY= dry wet yolk sac,
and YSD= yolk sac diameter).
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value was highest at 16 °C. At emergence, the total energy
value was lowest at 8 °C (Fig. 8a).

The energy value of the body only (J.ind�1) was
significantly different between temperatures and stages
(F1,8 = 8.9, p < 0.0001). There was no effect of trays
(F1,35 = 1.3, p= 0.13). At hatching, the body only energy
value was lowest at 12 °C and highest at 8 and 10 °C. At
emergence, the body only energy value was lowest at 8 °C and
highest at 16 °C. At first food intake, the body only energy
value was highest at 16 °C (Fig. 8b).

Theyolk sacenergyvalue (J.ind�1)was significantlydifferent
between temperatures and stages (F1,8 = 8.1, p < 0.0001). There
was no effect of trays (F1,35= 0.9, p=0.52). At hatching, the
energy value of the yolk sacwas lowest at 8 and 10 °Cand highest
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at16 °C.Atemergence, theyolksacenergyvaluewasnotdifferent
between temperatures (Fig. 8c).

4 Discussion

4.1 Effect of temperature on the early life stages
4.1.1 Embryological period

This study highlights that the daily mortality rate was
higher during the embryological period compared to the two
other periods. This phenomenon was also observed in other
species suggesting that the earliest ontogenetic stages between
fertilization and hatching, in which cell fate determination
predominates over growth, may be more sensitive to
f 13



Fig. 8. Effect of temperature on energy value (J.ind�1) at each stage of development (a) for whole post-hatch stage (b), for body only, and (c) for
yolk sac (data are mean ±S.D.). Differences obtained by post hoc (test Tukey) are considered significant at P < 0.05.
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unfavourable thermal conditions (Boglione et al., 2013;
Dionısio et al., 2012; Takle et al., 2005; De Clercq et al.,
2017). In addition, as expected (Kamler, 2002; Teletchea and
Fontaine, 2010), the incubation duration strongly decreased
when temperature increased, as already described for northern
pike (Billard, 1996), as well as many other species, among
which bream Abramis brama (Kucharczyk et al., 1997), brown
trout Salmo trutta (Lahnsteiner, 2012, Ojanguren and Braña,
2003; Réalis-Doyelle et al., 2016), pikeperch Sander
lucioperca (Ott et al., 2012), and burbot Lota lota maculosa
(Barron et al., 2012).

4.1.2 Hatching

At hatching, post-hatch stages were not strongly affected
by temperature, except at 8 °C where the survival rate was
lower, the total length was smallest and fish displayed lowest
energy; the highest malformation rate was obtained at 16 °C.
Page 8 o
Bondarenko et al. (2015) found a similar pattern of survival at
hatching for northern pike with 56% (at 6 °C) vs 65% (at
10 °C). Previous studies found an optimum temperature
between 6 and 10 °C for northern pike in the Czech Republic
(Bondarenko et al., 2015) or below 12 °C in St. Lawrence
River (Cooper, 2000; Farrell et al., 2006). These differences of
optimum temperature might reflect local adaptation (Berggren
et al., 2016), particularly when comparing populations living
in different environments (Sunde et al., 2019) or at different
latitudes (France, Czech Republic or Canada). Such local
adaptations were highlighted for Eurasian perch (Perca
fluviatilis) with differences in growth and survival rates
between several populations (i.e.Belgian, Finnish, French, and
Italian) corresponding to genetically differentiated groups
(Toomey et al., 2019, 2020, 2021).

The malformation rate was low (<4%) for all tempe-
ratures. These results were similar to those obtained previously
for northern pike: 2% (at 6, 18 and 21 °C) by Hassler (1982)
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and 6% (at 10 °C) by Bondarenko et al. (2015). The size at
hatching was smaller for the two extreme temperatures tested.
Similar results were already described in northern pike
between 3 and 18 °C (Bondarenko et al., (2015) as well as for
other species (Kamler et al., 1998; Martell et al., 2005;
Kaminski et al., 2006). The decrease of size at extreme
temperatures might be due to a less efficient use of the yolk
reserves (Bondarenko et al., 2015). This hypothesis seems
confirmed by the fact that at hatching, post-hatch stage at 8 °C
had an energy value (whole larva) lower than at the other
temperatures (Fig. 8). The extended incubation time could lead
to an over-consumption of the yolk sac (Ojanguren and Braña,
2003). The second hypothesis would be a less efficient use of
the energetic reserves beyond the optimum growth range
(Bondarenko et al., 2015). Moreover, at 8 °C, the hatching
period was longer than at other temperatures (7 days at 8 °C vs
1 day at the other temperatures). This difference could lead to a
much higher energy value heterogeneity. Trabelsi et al. (2016)
showed within the same cohort a difference for biochemical
and energy value (yolk sac and body) between early, middle
and late hatching post-hatch stages. They found a better
efficiency of yolk conversion in terms of energy for early and
mid-hatched compared to the late hatched post-hatch stage. At
8 °C, the size and energy differences might result from diverse
incubation times between early and late hatching post-hatch
stages. These differences of size and energy could increase
intra cohort cannibalism (Baras et al., 2011; Barron et al.,
2012).

4.1.3 Emergence

At emergence, post-hatch stages were moderately impac-
ted by temperature. No impact was observed for survival rate,
except at 8 °C where it was significantly lower and fish had
lower energy; the highest malformation rate and energy value
were obtained for post hatch-stage at 16 °C. This increased
growth between hatching and emergence for post-hatch stages
at 16 °C might be explained by a compensatory growth
(Korwin-Kossakowski, 2008). This phase would allow a
smaller and perhaps less developed hatched fish to catch up
with other individuals with an average size just prior to the
onset of exogenous feeding (Kamler, 2008). This compensa-
tory growth has already been observed for northern pike
(Trabelsi et al., 2012, 2016) as well as other species such as
Atlantic cod (Gadus morhua) (Jordaan et al., 2005) and
common carp (Cyprinus carpio) (Korwin-Kossakowski,
2008). It is the result of an accelerated development for a
very short period after hatching. At emergence, post-hatch
stages reared at 16 °C had the highest energy value. During the
endogenous feeding period, growth rate is related to the
quantity and quality of the yolk and the metabolic capacity of
the post-hatch stage to effectively use their yolk sac (Cavalli
et al., 1997). Increasing the efficiency of yolk utilisation is
possible if the cost of protein synthesis is reduced or if energy
is reallocated from maintenance functions to growth (Wieser
et al., 1992). Therefore, post-hatch stages at 16 °C, which had
the highest energy value, are probably due to the better use of
their vitelline reserve to create new tissues (Kaminski et al.,
2006; Kamler, 2008). In contrast, for the pike reared at 8 °C, the
energy in the yolk sac was used less efficiently for tissue and
more for both respiration and maintenance, and consequently
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could explain the smaller size at emergence (Pepin, 1991;
Jaworski and Kamler, 2002).
4.2 Possible ecological consequences

The survival rate of well-formed post-hatch stages at the
end of the endogenous feeding period was impacted by
temperature, ranging from 60% (at 8 °C) to 75% (10 °C); at
8 °C, post-hatch stages were also the smallest with the lowest
energy value. At 16 °C, 70% of post-hatch stages were well-
formed, were the longest, and they showed the highest energy
content. Post-hatch stages reared at higher temperatures could
have an advantage during dispersion, reducing the exposure to
predation and unfavorable environmental conditions, and a
better access to food resources. In contrast, at 8 °C, post-hatch
stages could be disadvantaged because they were the smallest
and had a lower energy value. Previous studies showed that
during the dispersal phase, smaller post-hatch stages have to
move over relatively greater distances to acquire resources
while larger post-hatch stages disperse less (Skov and Koed,
2004; Kobler et al., 2009). The dispersal phase of small post-
hatch stages could also be due to social stress (Edeline et al.,
2010), such as avoiding or reducing the risk of cannibalistic
attacks and intimidation interference with conspecifics
(Nilsson, 2004). Laboratory experiments on pike have also
shown that more social stress increases energetic costs and
induces growth depression (Edeline et al., 2010). In addition,
the time to reach first food intake stage was strongly reduced
when temperature increased, so post-hatch stage developing at
higher temperatures could potentially reduce their exposure
time to predators or to unfavorable environmental conditions,
which are important sources of mortality in nature (Houde,
1989; O’Connor et al., 2009).

In addition, the temperatures during embryonic develop-
ment can continue to shape the phenotype of organisms beyond
the incubation period, via developmental plasticity. Georga
and Koumoundouros (2010) showedmorphological changes in
adult zebrafish to be due to different incubation temperatures,
including fish shape and position of anal, caudal and dorsal
fins, as well as gill covers and lower jaws. Durtsche et al.
(2021) also suggest an onset of the plastic response to
temperature during the embryonic period allowing the adult to
better cope with subsequent temperature variations. One
possible future study would be to investigate the mechanism
underlying the plastic response via trait variations (Toomey
et al., 2019, 2020, 2021) and molecular techniques (Sunde
et al., 2019; Massey and Hutchings, 2020) in order to predict
how populations will be affected by natural and anthropogenic
environmental variability (Oomen and Hutchings, 2015).

If post-hatch stages are unable to feed exogenously before
the exhaustion of their yolk reserves, they could die from
starvation, known as the Point of No Return (Dou et al., 2005).
Yet, post-hatch stage may still survive by using energy
normally dedicated to growth, swimming and predation
(Kamler, 1992; Dou et al., 2002, 2005), but this would
ultimately affect growth, making these post-hatch stage more
vulnerable to predation (Miller et al., 1988). Important
differences in development time to reach the first food intake
(Fig. 2) could reduce the “window of opportunity” for post-
hatch stages to find appropriate prey, a phenomenon known as
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“match-mismatch” (Rahel et al., 1996; Gustafsson et al.,
2010). For instance, a change in zooplankton and fish
communities has affected the growth of juvenile pikeperch
(Sander lucioperca) in Lake Võrtsjärv (Ginter, 2012). Growth
decreased by 1.5 times when prey (large cladocerans and
smelt: Osmerus eperlanus eperlanus m. spirinchus (Pallas))
were less abundant (Ginter, 2012). In addition, it was shown
that the collapse of the prey population (smelt) was triggered in
lakes Võrtsjärv and Peipsi (in central Estonia) by an increase in
water temperature (Kangur et al., 2002). Ginter (2012)
concluded that it is very likely that global warming has
influenced the recruitment of pikeperch juveniles because of its
impact on their potential prey. Nevertheless, other studies on
northern pike in Sweden and Norway, where a strong decline
of the populations occurred, concluded that the “match-
mismatch” phenomenon alone could not explain the decline in
recruitment (Leggett and Deblois, 1994; Nilsson et al., 2004;
Kallasvuo et al., 2010).

4.3 Implications for management and responses to
environmental change

Our results suggested that higher water temperatures
favour the survival and development of early life stages of pike
and thus could favour the increase of its distribution area in
France in the coming decades (Buisson, 2009). Conversely,
local cooling could also have significant consequences on the
early life stages of pike (in the present study, survival rate was
lower), which has become an important model species in both
ecology and evolution (Forsman et al., 2015). Individuals,
populations and species could have various strategies to
acclimate (Ghalambor et al., 2006) or adapt (Burger et al.,
2005) to novel conditions, or to disperse to habitats with more
suitable conditions, which might result in range shifts and
expansions. For instance, Tibblin et al. (2016) showed that
pike could adjust its time of spawning between years to ensure
that its embryos and post-hatch stages develop when
temperature conditions are most favourable. Here, our results
demonstrated the sensitivity to temperature of a local French
pike population (only 5 families); the species showed also a
high plasticity to temperature and salinity variations (Sunde
et al., 2018, 2019), which varies between families (female/
male pairs) (Sunde et al., 2019). Sunde et al. (2019) concluded
that those plasticity and genetic variation could be key to
resilience and long-term survival in the face of global change.

Kallasvuo et al. (2010) proposed that recruitment is also
influenced by several other abiotic factors such as water level
fluctuations during the spawning season, causing temporary
drying out of suitable spawning areas and habitats for the early
life stages in lakes and rivers. It seems that the main obstacle
for the future recruitment of pike in France will therefore
probably not be the increasing water temperature itself, but
more likely the negative effect of the increasing water
temperature on macrophytes present in the shallows
(Casselman and Lewis, 1996; Kallasvuo et al., 2010). This
cover of macrophytes is crucial for two main reasons: i) at
hatching, post-hatch stages are stuck on submerged wetland
plants in shallows near riverbank habitats where spawning
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took place (Casselman and Lewis, 1996), ii) it increases
zooplankton density (cladocerans and cyclopoid copepods)
known to be the most important prey for early exogenous
feeding pike (Telesh, 2004). In France, the main factor
affecting pike recruitment was the degradation of the water
flow regime (Denys et al., 2014; Keith et al., 2020) . Thus,
floodable areas should be better taken into account in order to
preserve the breeding and rearing areas for pike.

In conclusion, this study showed that the survival rate of
well-formed post-hatch stages at end of endogenous feeding
period (around70%)wasnot strongly impactedby temperatures,
except at 8 °C (60%). At higher temperatures, first-feeding post-
hatch stages are larger and have the highest energy value, which
could be better for recruitment. This result is in accordance with
currentmodels that predict an increase of the distribution area of
pike in France in the coming decades due to climate warming.
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