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In this study, the systematic development of a protocol allowing an effective advanced spawning of wild Eurasian perch with the use of salmon gonadoliberin analogue (sGnRHa) was undertaken. The novel approach used in this study involved the application of a strategy of the repeated administration of sGnRHa (i.e., the hormone was given in two doses: priming and resolving) along with an additional thermal stimulation of ovulation. Additionally, the developed protocol was tested for its suitability in the controlled reproduction of domesticated broodstock. The obtained results suggested that the best interval between the hormonal treatments is 7 days when a water temperature of 10°C is kept constant between the two injections and when the resolving injection is followed by rapid increments of temperature up to 12°C, at which spawning is expected. This study revealed that the most suitable priming dose of sGnRHa was 10 µg kg -1 , at which the highest embryonic survival rates (>80%) and spawning efficiency indexes (>500 larvae kg -1 ) (SEI: representing the number of larvae with an inflated swim bladder obtained from 1 kg of a spawned female) were recorded. Furthermore, in most cases, the application of the resolving injection yielded an embryonic survival rate of over 85% with the highest ovulation rate (100%) and SEI values observed in the group injected with 10 and 25 µg kg -1 at the priming and resolving doses, respectively. Repeated administrations of sGnRHa were more effective than a previous strategy typically applied for the induction of ovulation in Eurasian perch (a single application of sGnRHa or human chorionic gonadotropin). Moreover, the protocol applied to wild perch can be fully transferrable to domesticated broodstock, which makes it a valuable tool for the improvement of controlled reproduction of this species for intensive aquaculture purposes.

Introduction

Effective controlled reproduction protocols in percidsspecies that have high importance in the diversification of European freshwater aquaculture [START_REF] Fontaine | Développement de la pisciculture continentale européenne et domestication de nouvelles espèces[END_REF] are a key to the successful expansion of this developing sector (Żarski et al., 2015, 2019). Despite considerable progress observed within the last three decades, current practices (characterized by a high variability in spawning effectiveness and a considerable extension of the spawning period; Żarski et al., 2017b, 2015) are in need of improvement. This need for improvement is related to a lack of standardized protocols allowing human control over the entire process, which is an indispensable element of intensive aquaculture production planning.

In the controlled reproduction of percids, hormonal treatments are typically applied that allow for considerably synchronized ovulation [START_REF] Zakęś | Controlled reproduction of pikeperch Sander lucioperca (L.): a review[END_REF]Żarski et al., 2017b). This practice involves the application of spawning agents when the fish are entering the final oocyte maturation (FOM) stage, which is a process following the vitellogenesis that involves several changes in the oocytes of percids. These changes include germinal vesicle (GV) migration from the center of the oocytes toward the periphery and its subsequent breakdown (GVBD), as well as the creation of a single lipid droplet (Żarski et al., 2012b, 2011). An investigation of this phenomenon in Eurasian perch revealed that during this period, considerable changes in some fatty acids in eggs can occur (Żarski et al., 2012a).

Later, it was reported that the type of spawning agent used can modulate FOM and, consequently, affect the final composition of the ovulated eggs (reported to be linked to egg quality; [START_REF] Henrotte | Dietary n-3/n-6 ratio affects the biochemical composition of Eurasian perch (Perca fluviatilis) semen but not indicators of sperm quality[END_REF]. This finding indicates the need for careful reconsideration of the hormonal therapies for this species.

In the controlled reproduction of Eurasian perch, two types of hormonal preparations were used for the induction of ovulation, namely, gonadotropins (GtHs) and gonadoliberin analogs (GnRHa), both having different modes of action. The application of GtHs stimulates gonads to produce sex steroids that then control the FOM process, whereas GnRHa triggers the production of endogenous GtHs in the pituitary gland [START_REF] Mylonas | Broodstock management and hormonal manipulations of fish reproduction[END_REF]. The most widely applied GtHhuman chorionic gonadotropin (hCG)has a very long half-life (typically several days; [START_REF] Ohta | Relationship between serum levels of human chorionic gonadotropin (hCG) and 11-ketotestosterone after a single injection of hCG and induced maturity in the male Japanese eel, Anguilla japonica[END_REF] in the blood stream following injection compared to GnRHa with a half-life of up to several hours [START_REF] Zohar | Degradation of gonadotropinreleasing hormones in the gilthead seabream, Sparus aurata: II. cleavage of native salmon GnRH, mammalian LHRH, and their analogs in the pituitary, kidney, and liver[END_REF]. In effect, the application of hCG in percids requires using only a single injection. Interestingly, an additional application (second and even third injection) did not improve spawning effectiveness (for details see: Żarski et al., 2015). In freshwater finfishes, the application of GnRHa usually requires repeating the injection to trigger an additional surge of the hormone and increase the efficiency of such therapy (Kucharczyk et al., 2008b;[START_REF] Targońska | A review of the artificial reproduction of asp, Aspius aspius (l.), and nase, Chondrostoma nasus (l.)[END_REF].

Interestingly, in the scientific literature, a Eurasian perch double-injection strategy using GnRHa-based hormonal preparations was only studied with simultaneous injections of dopamine antagonists (Żarski et al., 2015). Importantly, the application of dopamine antagonists was reported to have an inhibitory effect on ovulation in Eurasian perch [START_REF] Rónyai | Effects of hormonal treatments on induced tank spawning of Eurasian perch (Perca fluviatilis L.)[END_REF]. Moreover, recent findings of [START_REF] Roche | D1, but not D2, dopamine receptor regulates steroid levels during the final stages of pikeperch gametogenesis[END_REF] indicate that the application of dopamine antagonists did not have any effect in a closely related species of pikeperch (Sander lucioperca). This result confirms the earlier reports that the application of GnRHa alone is effective in Eurasian perch [START_REF] Kouril | Induced spawning of perch by means of a GnRH analogue[END_REF]pikeperch (Křišt'an et al., 2013;[START_REF] Żarski | Time of response to hormonal treatment but not the type of a spawning agent affects the reproductive effectiveness in domesticated pikeperch, Sander lucioperca[END_REF]. However, to date, pure GnRHas were tested only when administered in a single injection in Eurasian perch (Żarski et al., 2015).

In commercial freshwater nonsalmonid Teleostei, the induction of ovulation is based on the application of the hormones in two separate doses, namely, an initial and resolving dose, with the first dose constituting 10-20% of the entire dose of the hormone applied (Kucharczyk et al., 2008b). This procedure aims at a gentle stimulation of the FOM process, allowing for "slow" maturation of the oocytes before ovulation is induced by the resolving dose of the hormone. However, in many cases along with the resolving dose, an additional inducing factor is applied, namely, thermal stimuli, i.e., the temperature is rapidly increased, making it the most probable enhancing potent effect of the hormone. This increased temperature typically leads to highly effective spawning results and high egg quality in a short period of time (e.g., Kucharczyk et al., 2008). To date, such a strategy was not tested in percids.

One of the main problems in the controlled reproduction of Eurasian perch is the synchronization of ovulation. This problem stems from the fact that individual fish, after having completed vitellogenesis, mature unevenly (Żarski, 2012). However, at the beginning of FOM, the vast majority of females are at the same maturation stage (Żarski et al., 2011), which suggests that this asynchronization in maturation between the females occurs mostly during the FOM, not before the FOM. Therefore, from the perspective of controlled reproduction, the beginning of FOM, i.e., maturation stage 1 (Żarski et al., 2011), is the best time to start procedures of hormonal therapy. Considerable synchronization of spawning can be expected by using this method. However, a previous study already reported that classical hormonal treatment strategies (i.e., with the use of hCG) applied to percids at maturation stage I led to reduced egg quality (Żarski et al., 2011), which was probably related to its negative effect on the oocyte composition (Żarski et al., 2017b). Moreover, the application of hCG was reported to increase the level of cortisol following administration [START_REF] Falahatkar | Effects of hormonal manipulation on stress responses in male and female broodstocks of pikeperch Sander lucioperca[END_REF], which creates extremely strong concerns for the application of this preparation in cultured fish. Therefore, testing alternative hormonal treatment strategies that lead to improved reproduction protocols and allow for the achievement of a high spawning performance and a high synchronization of ovulation is of highest importance.

Effective aquaculture of Eurasian perch relies on the reproduction of domesticated broodstock, which is grown exclusively in recirculating aquaculture systems (RAS). These systems allow for obtaining gametes during out-of-season reproduction and supply the juveniles all year round [START_REF] Fontaine | Broodstock management and control of the reproductive cycle[END_REF]. However, reproductive protocols were mainly developed with the use of wild or pond-reared fish (which is considered a wild-like fish due to its exposure to natural photothermal fluctuations and its foraging on live prey; Żarski et al., 2015) because of very limited access to domesticated breeders. The transfer of knowledge from wild to domesticated fish is often questioned due to the physiological differences reported between the two types of broodstock [START_REF] Khendek | How does a domestication process modulate oogenesis and reproduction performance in Eurasian perch?[END_REF][START_REF] Khendek | Rearing conditions and life history influence the progress of gametogenesis and reproduction performances in pikeperch males and females[END_REF]. To date, there have been no attempts to transfer the protocols developed for wild percids to domesticated stocks.

The aim of the study was to investigate the effectiveness of repeated administrations of GnRHa-based spawning agents, coupled with the thermal stimulation of ovulation, in wild Eurasian perch females during advanced (before the spawning season) reproduction.

Additionally, within the study, a validation of a developed protocol in out-of-season reproduction of the domesticated (RAS-grown) broodstock was performed.

Material and methods

The study complies with international and national regulations for experiments on animals and is in accordance with the permission of local ethical committees No. 76/2013 (issued on 27.11.2013 by the local ethical committee in Olsztyn, Poland, for experiments 1, 2 and 3) and No. 12482-2017120711508699 (issued by the French ethical authorities for experiment 4).

Fish origin and broodstock management applied to wild fish

For Experiments 1, 2 and 3, pond-reared Eurasian perch were obtained from the 'Żurawia ' Fish Farm (Biała Rawska, Central Poland) in the middle of October (Experiments 1 and 2, in the first and second year of the study, respectively) or early November (Experiment 3, in the third year of the study). Fish were transferred to the laboratories of the University of Warmia and Mazury in Olsztyn (northeastern Poland), where they were placed in RAS to allow for the automatic control of the temperature (±0.2°C) and photoperiod. The RAS where the fish were kept was composed of 6 holding tanks (300 L each) made of fiberglass and of a green color. The water was recirculated by passing through a sump tank (1200 L) in which the chilling system (made of stainless-steel pipes connected to a glycol-based central cooling system) was located. The water from the sump tanks was pumped through a PolyGeyser DF-3 (Aquaculture System Technologies, New Orleans, LA, USA) mechanical-biological filter.

The water exchange rate was between 10 and 30% daily. The system was supplied with tap water. After 7 days of acclimation, fish were exposed to a wintering period. The thermal conditions applied during this period are presented in Fig. 1. During the first two months of wintering, fish were kept in constant dimness (below 4 lx) to reduce stress. After that, light conditions gradually changed to reach the level of 100 lx at the water surface. During the acclimation of fish to the light conditions, a constant photoperiod was applied, i.e., 14 L:10 D, and these light conditions remained constant until the end of the experiment. Fish handling was performed each time following anesthesia in a MS-222 solution at a dose of 150 mg L -1 .

Experiment 1the effect of temperature on maturation kinetics following sGnRHa administration

This experiment was conducted without the presence of males in the tank to avoid potential pheromonal stimulation (Żarski, 2012). For Experiment 1, 50 fish (average weight [at the end of the wintering period] of 113 ±21 g) were used. After the wintering period when the temperature was 8°C, females were examined for maturation stages using the method described by Żarski et al. (2011). Briefly, a sample of oocytes was taken from each female with a catheter, and each sample was immersed in a clearing solution (a mixture of 70% ethanol, 38% formaldehyde and glacial acetic acid in the proportion of 6:3:1). Next, each sample was evaluated using a six-stage classification of oocyte maturation.

Following evaluation of the maturation stages of females, fish were separated according to sex, and for further experiments, only females representing maturation stage 1 were taken. Next, females were individually tagged and randomly divided into three different groups (n=5 for each group), and each group was put in a different tank with a controlled temperature. Each group was then exposed to a specific temperature, with 8, 10 and 12°C being target values. In groups intended to be exposed to 10 and 12°C, the temperature was adjusted with the kinetics of 2°C per day.

After two days following wintering, when the temperature reached the target level, fish were injected with 25 µg kg -1 of the salmon GnRH analogue (sGnRHa) (amino acid sequence: Pyr-His-Trp-Ser-Tyr-D-Arg-Trp-Leu-Pro-NHEt; Bachem, Switzerland). An average dose was applied in the controlled reproduction of freshwater teleosts (Kucharczyk et al., 2008b). Following hormonal injection, fish from each group were examined for maturation stages (as described above) every 2 days for 14 days. When ovulation was certified (i.e., the egg ribbons were found at the bottom of the tank) the eggs were removed, and the spawned fish were localized and removed from the tank.

Experiment 2identification of an optimal priming dose of sGnRHa

Experiment 1 revealed that fish treated at 10°C exhibited considerable progression in maturation, but the fish did not ovulate within 8 days, after which the maturation kinetics slowed. Therefore, for Experiment 2, a temperature of 10°C was chosen as optimal for the priming dose. Considering the maturation kinetics observed during Experiment 1, the period between the priming and resolving dose was established at 7 days. The photoperiod (14 L:10 D) was constant throughout the experiment.

For this experiment, 200 fish (with an average weight of 138 ±44 g at the end of the wintering period) were exposed to the wintering period (as described for Experiment 1). Next, after the temperature was increased to 10°C, fish were separated according to sex. Next, females were examined for maturation stages (as described earlier), and only females exhibiting stage 1 maturation were chosen for further procedures. At the time of manipulation, females were randomly assigned to one of 7 groups (n=10 for each group): 3 control and 4 experimental groups. Each group was kept in a separate tank (total volume of 300 L, the water in each tank was exchanged every hour) until the end of the experiment. Experimental groups were treated with different priming doses of sGnRHa, namely,: 10, 25, 50 and 100 µg kg -1 for E2-10, E2-25, E2-50 and E2-100, respectively, whereas control groups were injected with either 0.9% NaCl (C2-1 and C2-2) or with sGnRHa (C2-3) (see Tab. 1). The C2-3 group injected with sGnRHa allowed for verification of the effectiveness of such a treatment in only a single dose applied at either the priming or resolving injection. The dose of sGnRHa applied in the C2-3 group (100 µg kg -1 ) was targeted as the highest tested in this study and was chosen on the basis of already published data on the application of GnRHa in percids (Żarski et al., 2015).

After 7 days, the fish were injected with the resolving dose of sGnRHa fixed in all experimental groups at 100 µg kg -1 . The control groups received either NaCl (C2-1 and C2-3) or sGnRHa (C2-2) (see Tab. 1). Fifteen running males were placed next to each tank containing females. Males were treated with sGnRHa at a dose of 100 µg kg -1 5 days before the resolving injection of the females and maintained at 12°C, according to the previously described protocol (Żarski et al., 2017a). After the resolving injection, the fish were left to spawn spontaneously in the tank to exclude the effect of handling stress from the spawning time (as described by Żarski et al., 2017b). Each tank was examined every 6 h for the presence of the eggs. After the eggs were detected in the tank, the eggs were collected and put in floating plastic cages for incubation, allowing for effective separate incubations of each portion of the eggs. Observation of the spawning proceeded for 14 days after the resolving injection.

Experiment 3identification of the optimal resolving dose of sGnRHa

During this experiment, fish (n=265, average weight of 148 ±43 g at the end of the wintering period) were subjected to the same experimental conditions as in Experiment 2. In the case of the experimental groups (E2-1 to E2-4), the priming dose was chosen on the basis of the results coming from Experiment 2, where 10 µg kg -1 was the best. Furthermore, experimental groups were treated with different resolving doses of sGnRHa: 10, 25, 50 and 100 µg kg -1 for E3-10, E3-25, E3-50 and E3-100, respectively. Within the control groups, there were two additional groups introduced, treated with hCG (500 IU kg -1 ) at either the resolving (C3-1) or priming (C3-2) dose, alternating with the application of NaCl. These groups were introduced to compare the effectiveness of the application of alternatives to GnRHa spawning agents in the same conditions. The application of hCG was performed in a single injection, as the long-half-life of this preparation does not require repeated administration. The best control group from Experiment 2 was also included in the experimental design (injection of 100 µg kg -1 sGnRHa along with the resolving injection) (C3-3) along with the new group evaluating the effectiveness of the priming dose (10 µg kg - omitted, as no spawning was observed in the previous experiment. The doses and names of the groups are specified in Tab. 2.

2.5.Eggs incubation and larval rearing

In experiments 2 and 3, the eggs were incubated at 14°C. During the incubation, the embryonic survival rate (calculated from the total number of eggs fertilized) was determined at the eyed-egg stage by the direct counting of viable embryos under a stereo microscope (Zeiss Stereo Discovery V.20, Jena, Germany) in 3 subsamples (approximately 150 eggs) collected from each ribbon. After hatching, the larvae were subjected to the initial rearing procedure according to the protocol described by [START_REF] Palińska-Żarska | Effect of water hardness, temperature, and tank wall color, on the effectiveness of swim bladder inflation and survival of Eurasian perch (Perca fluviatilis, L.) larvae reared under controlled conditions[END_REF]. For that purpose, larvae were stocked in 20 L square-shaped, black rearing tanks at a density of 500 ind. L -1 connected to an RAS. The concentrations of ammonia and nitrites in each rearing tank were measured daily with a photometer DR5000 (Hach Lange, Berlin, Germany) and were always below 0.01 mg L -1 for both parameters. The oxygen level was measured twice a day with a Handy Polaris 2.0 (by OxyGuard, Farum, Denmark) and was always above 85% saturation throughout the rearing period. The pH values were measured daily with a Handy pH (by Oxyguard, Farum, Denmark) and varied between 7.8 and 8.2.

Larvae coming from different females were pooled within groups and then divided into 3 replicates. The larvae from each group were reared separately. The photoperiod was constant (24 L:0 D) with a light intensity of 1500 lx at the water surface. The temperature was 15°C during the first 12 days of rearing. Next, the temperature was gradually increased to 23°C (by 1°C per day). The larvae were fed with freshly hatched Artemia sp. nauplii ad libitum from 5 days after hatching. At 20 days post hatch (DPH), the swim bladder inflation effectiveness (SBIE; representing the percentage of larvae with an inflated swim bladder) was calculated for each rearing tank based on approximately 100 randomly caught larvae (in triplicate for each tank; in effect, for each group, a minimum of 900 larvae were evaluated) (for a detailed protocol see: [START_REF] Palińska-Żarska | Effect of water hardness, temperature, and tank wall color, on the effectiveness of swim bladder inflation and survival of Eurasian perch (Perca fluviatilis, L.) larvae reared under controlled conditions[END_REF]. The larvae total length (TL) and wet body weight (WBW) were determined at the beginning and at the end of the rearing trial.

WBW was determined (± 0.1 mg) with the use of a precision balance (Kern ABJ 120-4M, Germany) according to the method described by [START_REF] Krejszeff | Procedure for harmless estimation of fish larvae weight[END_REF], whereas TL was determined under a stereo-microscope (Zeiss steREO Discovery V.20, Jena, Germany) with the use of AxioVision (Zeiss) software. The entire larval rearing procedure allowed for calculating the spawning efficiency index (SEI), representing the number of larvae with an inflated swim bladder, which was obtained from 1 kg of ovulating females. This calculation was performed to estimate the final differences in the production of high-quality larvae from different groups during the entire operation.

Experiment 4application of the elaborated hormonal treatment protocol in an out-of-season reproduction of domesticated stock

Domesticated perch broodstock (F3 generation; age 2+; average weight 204 ±36 g) was obtained from the Asialor (Pierrevillers, France) fish farm. Fish that had never spawned before, after acclimation, were exposed to a 9 months photothermal program at the Aquaculture Experimental Platform (PEA) of URAFPA of the University of Lorraine (Nancy, France), where they were placed in 1500 L rectangular tanks operating in RAS. The photothermal program used was the program previously described by [START_REF] Fontaine | Broodstock management and control of the reproductive cycle[END_REF] with a small modification provided at the end of the program; this modification included an arresting temperature at 10°C following the wintering period, and the thermal regime was maintained during the spawning period analogous to the regime developed during Experiments 1 and 2 (Fig. 2). The doses applied (10 µg kg -1 and 25 µg kg -1 , for the priming and resolving doses, respectively) were based on the results of Experiments 2 and 3. Fish were fed until apparent satiation with commercial feed (47% protein, 13% fat, 1.9% cellulose, 11% ash, 14% starch, 1.5% phosphorus) throughout the study. Females, following the priming injection until the end of the experiment, were kept separate from males. At both the priming and resolving injections, the fish were examined for maturation stages (as described in Experiment 1). Males were injected along with the priming dose of the hormone at a dose of 100 µg kg -1 (as previously reported by Żarski et al., 2017a).

Following the application of the resolving dose, the fish were subjected to a typical commercial spawning operation involving examining the females for ovulation every 6 h.

When the ovulation was certified, fish were stripped into dry plastic containers, the spawning time was recorded, and the eggs were then fertilized with freshly collected pooled sperm coming from 3 males. For each 100 g of the obtained eggs, 1 mL of sperm was used.

From each egg portion obtained, following fertilization, two egg subsamples (n= ~150 eggs) were taken and then incubated separately at 14°C in experimental incubators (in duplicates for each fish). At 72 h post fertilization, direct counting of the developing and nondeveloping embryos in each egg sample was conducted under a stereomicroscope. Next, during the hatching period every day, hatched larvae were removed from the incubator and were counted and preserved in 4% formaldehyde for further evaluation of deformity occurrence (as described by [START_REF] Alix | Deformities in newly hatched embryos of Eurasian perch populations originating from two different rearing systems[END_REF]. This experimental procedure allowed for determining the latency time from the time of the priming injection until ovulation and determining the egg quality indicators (embryonic survival, hatching [both calculated from the total number of eggs fertilized] and deformity rates [calculated from the total number of larvae hatched]) that had not been assessed in the 3 previous experiments due to the necessity of performing tank spawning aimed at a reduction of the stress to the wild fish. In Experiment 4, conversely, the SEI was not determined due to the lack of a specific small-scale larvae rearing system allowing an application of the previously implemented (in Experiments 2 and 3) rearing procedure.

Data analysis and statistics

All the data are presented as the mean ±SD. Data expressed in percentages were arcsine-root-square-transformed prior to statistical analysis. Next, the data were examined for homogeneity of variance with the Levene test. If the data were normally distributed (tested with Shapiro-Wilk test), they were subsequently tested with analysis of variance (ANOVA) to determine their potential significant differences, followed by Duncan's post hoc test.

Otherwise, the data (maturation stages, ovulation rates, latency time, deformity rates, larval survival rates, SBIE, SEI) were analyzed with the Kruskal-Wallis nonparametric test followed by the Mann-Whitney test to determine whether the comparisons were significant.

The data were compared at the significance level of P<0.05. The data were analyzed with MS Excel for Windows and Statistica 13 software (StatSoft).

Results

Experiment 1the effect of temperature on maturation kinetics following sGnRHa administration

Females initially recognized at maturation stage 1 progressed in maturation following hormonal treatment in a temperature dependent manner. At 12°C, females progressed in maturation significantly faster (P<0.05) on days 2 and 4 when compared to fish maintained at 8 and 10°C, respectively. Two fish ovulated on day 6 following the hormonal injection. At this temperature (i.e., 12°C), all the females ovulated by day 12 following the injection. A lower temperature (i.e., 10°C) caused a slower progression in maturation and promoted ovulation in only one female on day 12 following the injection. Fish maintained at 10°C were already exhibiting a more advanced maturation stage (P<0.05) than the fish kept at 8°C on the second day following injection. At the lowest temperature applied (8°C), none of the females matured beyond stage 3 (Fig. 3). Therefore, for further experiments, the temperature of 10°C was chosen as a temperature suitable to promote FOM after the priming dose of the hormone, as it promoted considerable progression of maturation without ovulation within the first 10 days of a trial. Additionally, a rule was established that the resolving injection should be applied 7 days after the priming injection, which coincided with a slowed down progression in maturation noticeable after that period.

3.2.Experiment 2identification of the optimal priming dose of sGnRHa

Within the considered period of time, none of the nonhormonally treated fish ovulated. Therefore, this group was excluded from further analysis. Fish group C2-2 (injected with 100 µg kg -1 in a second injection) ovulated the latest (P<0.05), whereas group C2-3 (injected along with the priming dose) only ovulated at a time similar to the experimental groups (Tab. 1). In terms of the embryonic survival rate, the highest values (over 90%) (P<0.05) were recorded after the application of the lowest dose of sGnRHa (10 µg kg -1 ).

Among the remaining groups, only in group E2-50 was a comparable embryonic survival rate recorded. Despite there being no differences in the initial and final characteristics of the larvae (in terms of the WBW, TL, SBIE and survival rate of the larvae), the number of viable eggs obtained significantly affected the SEI, which was the highest in group E2-10. However, the SEI recorded in the E2-10 group was only significantly higher (P<0.05) than the C2-2 group, whereas no significant differences among the remaining groups were recorded (Tab. 1).

3.3.Experiment 3identification of an optimal resolving dose of sGnRHa

The application of hCG along with only the resolving dose (in group C3-1) allowed for the collection of eggs from 80% of the females within approximately 7 days post injection (i.e., ~14 days counted from the time of the priming injection), which was comparable to the latency time recorded for the C3-3 group (P>0.05) (Tab. 2). However, despite the eggs being characterized by a considerably high embryonic rate, the number of larvae obtained from the C3-1 group was insufficient to evaluate the larval performance. In effect, this group was excluded from further analysis. Fish treated with hCG at only the priming dose (C3-2) ovulated within a similar period of time as all the experimental groups, whereas the control group injected with 10 µg kg -1 of sGnRHa at the priming dose (C3-4) ovulated earlier than the C3-1 and C3-3 groups but later than the remaining groups (P<0.05). The highest embryonic survival rate (ranging between 86.3 and 92.3%) was recorded in experimental groups treated with 10, 25 and 50 µg kg -1 of sGnRHa in the resolving dose, whereas the lowest values were noted in the control groups as well as the group treated with the highest resolving dose (i.e., E3-100) (between 56.8 and 72.3%). Despite the lack of differences between all the groups in terms of WBW and TL (P>0.05) at the beginning and end of the rearing trial, there were considerable differences in terms of the recorded SBIE, where the highest values were observed in groups E3-10, E3-25 and E3-50 and among which no significant differences were noted (P>0.05). When considering SBIE, the lowest values were found in the C3-2 and E3-100 groups. The highest SEI values were recorded again in groups where fish were injected with 10, 25 and 50 µg kg -1 of sGnRHa during the resolving injection, and they were significantly higher than the values observed in the remaining groups (P<0.05) (Tab. 2).

Experiment 4application of the elaborated hormonal treatment protocol in out-of-season reproduction of domesticated stock

An applied photothermal program allowed the obtainment of fully functional spawners of Eurasian perch. The vast majority of the fish were at stage 1 of FOM at the time of the priming injection as was expected. At the time of second injection, fish were in maturation stage 4 or 5. Only 1 out of the 12 fish did not ovulate. The fish ovulated between 192 and 246 h from the moment of the priming injection. An evaluation of egg quality indices indicated high developmental competences of the obtained eggs (expressed in terms of the embryonic survival and hatching rates), although a considerably high deformity rate of hatched larvae was also observed (Tab. 3).

Discussion

In this study, the systematic development of a double-injection hormonal treatment strategy for the induction of ovulation during an advanced spawning operation in Eurasian perch is being described for the first time. Notably, this newly developed protocol allowed for obtaining high quality larvae from pond-reared fish in January (3 months prior to the spawning season), which has never been described before. In addition, the first ever transfer of a reproductive protocol developed for the wild-like population to a domesticated broodstock in percids has been successfully undertaken.

In the case of Eurasian perch, a double-injection strategy had so far only been tested with the use of either gonadotropins (hCG and carp pituitary homogenate [CPH]) or GnRH analogues, with the latter being always administered with dopamine antagonists (Żarski et al., 2015) and having a negative effect on the reproduction effectiveness in Eurasian perch [START_REF] Rónyai | Effects of hormonal treatments on induced tank spawning of Eurasian perch (Perca fluviatilis L.)[END_REF]. Interestingly, even among other percid species, a doubleinjection strategy was rarely tested. For example, the application of the mammalian GnRH analogue in yellow perch (Perca flavescens) was always administered along with pimozide (a dopamine antagonist) given in a first injection [START_REF] Ciereszko | Effects of temperature and photoperiod on reproduction of female yellow perch Perca flavescens: plasma concentrations of steroid hormones, spontaneous and induced ovulation, and quality of eggs[END_REF][START_REF] Dabrowski | Effects of hormonal treatment on induced spermiation and ovulation in the yellow perch (Perca flavescens)[END_REF]. Among all the percids, only in the case of walleye (Sander vitreum) [START_REF] Malison | Induction of outof-season spawning in walleye (Stizostedion vitreum)[END_REF] and most recently in pikeperch (Żarski et al., 2019) was GnRHa given in double injection without any additives. In all the papers published to date on the application of a double-injection strategy in percids, a lack of improvement of spawning effectiveness was observed. Therefore, for many years, a single injection was considered the most suitable way to stimulate ovulation in percids. However, in all the previous studies on Eurasian perch, the resolving injection was always given 24 h after the priming dose (Żarski et al., 2015).

Moreover, among the studies on reproduction of percid fishes, only in one study was the interval between injections longer than 48 h (i.e., 72 h; [START_REF] Lessman | Effects of gonadotropin mixtures and two steroid on inducing ovulation in the walleye[END_REF]. The results of Experiment 1 of this study have revealed that maturation kinetics following the priming dose are highly dependent on the temperature. Therefore, in determining the interval between injections, which is crucial in supporting the effectiveness of hormonal stimulation, two main factors should be consideredtemperature and the maturation stage upon injection. The typically applied temperature during the induced spawning of perch (i.e., 12°C) in this study promoted a considerably rapid maturation when compared to 10°C. However, even at 12°C, 24 h intervals seemed to be unsuitable for causing maturation to progress to ovulation, which excluded the need for repeated administration. Therefore, by applying two injections at 12°C with a 24 h interval, minimal improvement in terms of synchronization of ovulation can be expected.

In the case of percids, the thermal stimulation of ovulation coupled with the administration of hormones has never been tested, although it is common practice in other freshwater teleosts [START_REF] Krejszeff | Domestication affects spawning of the ide (Leuciscus idus)-preliminary study[END_REF]Kucharczyk et al., 2008b;[START_REF] Targońska | Controlled reproduction of asp, Aspius aspius (L.) using luteinizing hormone releasing hormone (LHRH) analogues with dopamine inhibitors[END_REF].

During the induced spawning of Eurasian perch, the temperature ranged between 10 and 19°C, depending on the study (Żarski et al., 2015). However, the most commonly recommended temperature in the last few years in this species is 12°C (e.g., Żarski et al., 2017b). Therefore, by evaluating the kinetics of maturation following the priming dose in Experiment 1 of this study, using 10°C during the administration of the priming dose was the most reasonable approach. At this temperature, the maturation stage of fish steadily grew for approximately 1 week, meaning that the effect of the administration of GnRHa was expected to last for such a period. In effect, the results of this study have revealed that when a doubled administration of the hormones is considered, much longer time intervals (than the 48 h interval that has been tested so far among percids) should be applied when temperatures between 10 and 12°C are chosen. However, other thermal regimes can be potentially suggested for application, although careful evaluation of the maturation kinetics following the priming dose should be performed first.

The results obtained in this study indicate that a double-injection strategy along with the thermal regimes applied allowed for synchronized ovulation in Eurasian perch during the advanced spawning where most of the fish ovulated within 24 h. When sGnRHa was administered in only 1 dose after the temperature rose (as in groups C2-2 and C3-3), as is typically done in Eurasian perch, a lower embryonic survival rate was observed, which is in accordance with previous reports on the advanced spawning of this species [START_REF] Szczerbowski | Artificial off-season spawning of Eurasian perch Perca fluviatilis L[END_REF][START_REF] Targońska | Comparison of different spawning agents in artificial out-ofseason spawning of Eurasian perch, Perca fluviatilis[END_REF]Żarski et al., 2017b). Therefore, the treatment protocol proposed in this study provided a considerable improvement of the entire spawning operation.

Notably, the results of SEI obtained in Experiment 2 were approximately 40 times lower than the values recorded in Experiment 3 (comparing Tab. 1 and Tab. 2). Such a large difference probably stemmed from the fact that fish in Experiment 2 were taken into the hatchery too early (almost 1 month earlier than in Experiment 3) as the overall wintering duration has a significant effect on the advanced spawning effectiveness in this species [START_REF] Szczerbowski | Artificial off-season spawning of Eurasian perch Perca fluviatilis L[END_REF]. Therefore, when the advanced spawning of Eurasian perch is considered, the spawning time should not be planned earlier than the end of January or the beginning of February.

Earlier attempts to induce ovulation may allow for obtaining eggs but with a high probability of lower performance from the larvae coming out of the eggs.

The application of only a single injection of sGnRHa coupled with increments of temperature (as it was performed in groups C2-3 and C3-4) caused delayed spawning compared to the experimental groups due to the lower temperature applied during the initial phases of FOM. The lower spawning effectiveness (i.e., a higher embryonic survival rate and SEI) observed in those groups when compared to the highest-performing groups (E2-10 and E3-25 in Experiment 2 and 3, respectively) suggests the lower efficiency of such a hormonal strategy. This observation additionally justifies the application of an advanced spawning Eurasian perch protocol where thermal stimulation following the application of GnRHa is coupled along with the additional application of the resolving dose of the hormone.

The application of hCG in a single injection, regardless of the thermal regime, allowed for obtaining eggs within a reasonably short period of time. However, a lower egg quality was the highest concern, especially in that the application of hCG after increments of temperature led to the hatching of very few larvae. Notably, this study aimed for obtaining not only eggs but also larvae in the earliest time ever reported (at the beginning or end of January, in Experiment 2 and 3 respectively), which has never been accomplished to date. Therefore, this typical hormonal treatment (single injection of hCG) allowed for obtaining viable embryos but very few larvae. This result is probably linked with the significant modulation of the biochemical composition of the ovulated eggs when hCG is applied at very early maturation stages in this species (Żarski et al., 2017b). However, although lower temperatures negatively affected egg quality, the results of this study allowed for suspicions that the thermal manipulation may improve the hormonal treatment protocols with the application of GtHs. Nonetheless, more studies are needed to verify whether a constant lower temperature may reduce the negative effect of hCG on egg quality when applied at maturation stage 1.

Previous studies on reproductive performance usually evaluated spawning effectiveness by investigating the ability of the eggs to be fertilized and develop to a certain developmental stage, mostly before larvae were capable of hatching [START_REF] Kouril | Induced spawning of perch by means of a GnRH analogue[END_REF][START_REF] Kucharczyk | Induced spawning in perch, Perca fluviatilis L., using FSH + LH with pimozide or metoclopramide[END_REF][START_REF] Kucharczyk | Induced spawning in perch, Perca fluviatilis L. using carp pituitary extract and HCG[END_REF]. This especially concerns studies on advanced or out-of-season spawning where the survival rates of embryos at the eyed-egg stage were usually investigated [START_REF] Szczerbowski | Artificial off-season spawning of Eurasian perch Perca fluviatilis L[END_REF][START_REF] Targońska | Comparison of different spawning agents in artificial out-ofseason spawning of Eurasian perch, Perca fluviatilis[END_REF]Żarski et al., 2017b). However, there is no report of how the larvae would possibly perform when obtained several months (in this case 3 months) prior to the natural spawning season. Kucharczyk et al. (2008a) reported that the larvae of common carp (Cyprinus carpio) obtained during the advanced spawning were significantly smaller than it was suggested they would be, which was related to the shorter period of gonadogenesis affecting the size of the larvae. However, in our study, freshly hatched larvae obtained along with the larvae from after 20 days of rearing had similar sizes to those obtained during the spawning season [START_REF] Palińska-Żarska | Effect of water hardness, temperature, and tank wall color, on the effectiveness of swim bladder inflation and survival of Eurasian perch (Perca fluviatilis, L.) larvae reared under controlled conditions[END_REF]. In effect, the results of this study indicate for the first time that larvae obtained in advance of the spawning season (several months before the natural spawning season) are fully functional material for intensive aquaculture purposes. In addition, the possibility of shortening the gonadal cycle by 3 months creates perspectives of much more efficient utilization of broodstock, which can be spawned more frequently than every 12 months. However, this possibility requires further studies with the use of domesticated stocks.

During the domestication process, fish, together with the adaptation to the culture environment, deviated in terms of gonadal development and physiological responses to photothermal manipulations [START_REF] Khendek | Rearing conditions and life history influence the progress of gametogenesis and reproduction performances in pikeperch males and females[END_REF][START_REF] Khendek | How does a domestication process modulate oogenesis and reproduction performance in Eurasian perch?[END_REF]. This phenomenon puts in question the effectiveness of the potential transfer of reproductive protocols developed based on wild (or wild-like, similar to the protocols used in this study) fish to the domesticated stocks. The most recent study by Żarski et al. (2019) suggested that domesticated pikeperch broodstock responded to hormonal treatment in a very similar manner to the wild fish. This suggestion is in accordance with the data presented in this study, where the protocol developed for wild fish was successfully implemented in a controlled reproduction of domesticated stock. The obtained eggs were characterized by high developmental competence, although the deformity rate of hatched larvae were quite high compared to the other studies on RAS-grown Eurasian perch (<5% was reported by [START_REF] Alix | Deformities in newly hatched embryos of Eurasian perch populations originating from two different rearing systems[END_REF]. However, a very similar deformity rate of the larvae (as in the present study) was reported by (Żarski et al., 2019) for domesticated pikeperch where ovulation was also induced by sGnRHa. In the study of [START_REF] Alix | Deformities in newly hatched embryos of Eurasian perch populations originating from two different rearing systems[END_REF], eggs were collected without hormonal treatments, which suggests the involvement of the hormonal treatment in inducing deformities of the larvae. However, following hormonal induction, over 90% fish ovulated, whereas there is no information about the ovulation rate in the study of [START_REF] Alix | Deformities in newly hatched embryos of Eurasian perch populations originating from two different rearing systems[END_REF]. In effect, following hormonal stimulation, most of the fish are likely capable of spawning, including the fish yielding lower egg quality and/or leading to high deformity of the larvae. The fish in both considered studies originated from different fish farms, which also suggests the involvement of either a genetic factor or husbandry practices.

Therefore, even though the controlled reproduction of domesticated stock in this study was fully successful, a specific validation procedure should be undertaken whenever any kind of reproductive protocol will be transferred to commercially grown fish, as some differences may still exist between the stocks, stemming from different photothermal regimes and/or other factors (including factors not recognized yet), potentially influencing the spawning performance and egg quality.

The results presented in this study clearly indicate that the combination of temperature and hormonal stimulation may be a very useful tool in the optimization and finetuning of reproductive protocols in percids. The protocol developed in this study is highly effective in inducing ovulation during an advanced spawning operation of Eurasian perch.

The application of GnRHa allowed for improving the spawning effectiveness when compared to the application of the typically-used hCG, which was found in this study to have reduced effectiveness. This result was also confirmed previously (e.g., Żarski et al., 2011).

Additionally, the protocol was also highly useful in the case of domesticated broodstock, which is the first proof of the transferability of reproductive protocols between wild and domesticated stocks in percids. 

Fig. 1 .

 1 Fig. 1. Thermal regime applied during the acclimation, wintering and spawning period of pond-reared Eurasian perch. Arrows indicate the time of the application of hormonal treatment. Wintering period refer to the period when the fish were exposed to the temperature below 10°C. Priming and resolving injections were different for different experiments (for details see Tab. 1 and 2).

Fig. 2 .

 2 Fig. 2. Photo-thermal applied during induction of gonadogenesis and spawning in domesticated Eurasian perch (after Fontaine et al. 2015modified). Arrows indicate the time of application of novel hormonal treatment elaborated during the study where 10 and 25µg kg - 1 of salmon gonadoliberine analogue (sGnRHa) was applied during the priming and resolving injection, respectively.

Fig. 3 .

 3 Fig. 3. Kinetics of maturation stages of females (n=5 for each group) injected 100 µg kg -1 of sGnRHa and kept at different temperatures. Maturation stages on axis 'y' represent six preovulatory stages and additional stage 7 represents ovulated eggs (as described by Żarski et al. 2011).

of sGnRHa) alone (C3-4). The negative control group (solely treated with 0.9% NaCl) was
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Tab. 1. Characterization of hormonal treatment protocols applied in Control (C) and Experimental (E) groups during the Experiment 2 as well as results obtained during the advanced spawning of pond-reared Eurasian perch and rearing trial of the larvae. For methodical details see Section 3.2. All the data are expressed as mean (±SD). Data in rows marked with different letter index were statistically different (P<0.05). Deformity rate (%) 20.9 16.7 5.7 57.9 *According to the 6-stage classification described by Żarski et al. 2011.