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Abstract

This study determined the optimum thermal conditions to induce gonad maturity in female The aim of the study was to
verify which of the three studied water temperatures: 15°C, 18°C or 21°C is the most suitable for inducing gonad maturation
and reaching maturity by the female European eel. The thermal regime during the period of female eel maturation should be
established nearly individually, depending on the degree of maturation of spawners and it should be lower than that proposed
until recently. The study found that 15°C is the best temperature to bring females of European eel to maturity. Excessively
high temperatures were found to cause accelerated gonad maturation and to result in a lower oocyte quality. Moreover, the
fish kept at higher temperatures (18°C, 21°C) consume their energy resources (for example, for formation of gonads) faster
than those kept in water at 15°C. The highest quality was noted for eggs obtained from females kept at lowest tested

temperature.
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Introduction

In general, fish grow, reproduce and function
best within a specific temperature range (Elliot 1981).
For every species, there is a strictly-defined optimum
temperature range in which life processes run with the
greatest effectiveness and outside of which they are
disrupted (they can act as a stressor, which disrupts
the physiological and behavioural activity), leading to
death in extreme conditions (lethal temperature) (Fry
et al., 1942; Kamler 1992; Kucharczyk et al., 1997;
1998; Kujawa et al., 1997; Kupren et al., 2011). In
many fish species, the optimal thermal regimes for
any life period are known. But for some species, like
European eel Anguilla anguilla (L.), data on thermal
regimes for migration and spawning are still lacking.

European eel is a species which is susceptible to
degradation caused by climatic changes. According to
Bonhommeau et al., (2008), of great importance is the
effect of decreased recruitment in eel populations (not
only in those of European eel, but also in those of
American eel Anguilla rostrata and Japanese eel
Anguilla japonica), which is a result of changes in the
primary production in oceans caused by climatic
changes, for example, an increase in the average
water temperatures in spawning grounds. Changes in

the water temperature in the north Atlantic and
possible loss of strength of the Gulf Stream, caused
by melting Arctic ice, may also be a problem for eel
(Wirth and Bernatchez, 2003).

The information about the thermal requirements
during eel spawning migration is only residual,
especially during the beginning and middle part of it.
No adult fish (spawners) were found in the North
Atlantic before, during or after spawning and there is
no data on European eel eggs found in nature (Van
Ginneken and Maes, 2005). Initially, the females
swim at a mean temperature between 10°C (day) to
11°C (night) (Aarestrup et al., 2009). Under
controlled conditions during European eel maturation
usually high temperature of about 20 °C was applied
(e.g. Pedersen, 2003; 2004; Palstra et al. 2005) but
last research showed that lower temperature might be
much more useful (Perez et al., 2011; Nowosad et al.
2014a, 2015).

The aim of the study was to verify which of the
three water temperatures under study (15°C, 18°C,
21°C), at which females were kept during the gonad
maturation process, is the most suitable for inducing
gonad maturation and reaching maturity by the female
European eel.
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Materials and Methods
Fish

Eel brooders were caught during commercial
fishing activities in freshwater in the Mazury region
(north-eastern Poland) as fish which start their spawn
migration. After being caught, the fish were
transported to the laboratory of the Department of
Lake and River fisheries, University of Warmia and
Mazury, Olsztyn, where they were put into a 1 m3
tank, operating in closed water circulation (Kujawa et
al., 1999). The initial water temperature was 12° +
0.2°C. The photoperiod applied was natural and
photo-cell-controlled. The oxygen level in the water
was at least 6 ppm. The fish stayed in the freshwater
tank until the start of the experiment.

Handling the Fish

All fish handling was conducted in a state of
anaesthesia (MS-222 (300 ppt), Finquel, USA). After
being anesthetized, the fish were measured (TL, eye
diameter), weighed and labelled with individual PIT
labels (Biomark, USA). The fish handling was
conducted in a slightly-dimmed room. The fish, with
a mean body weight (BW) of 0.5 - 1.2 kg, were
transferred to 1m3 tanks operating in closed water
circulation. The circulation had controllable physico-
chemical conditions (temperature, photoperiod) and
the system was also equipped with a polygeser filter
and UV lamps (2 x 36 W each). The initial water
temperature was set at 12°C and the photoperiod was
0 L: 24 D. The initial water temperature was set at
12°C and the photoperiod was 0 L: 24 D.
Subsequently, the water was salted (Aqua Nova,
Australia) over 7 days to the level of 33-35%. and the
water was heated to the level of 15°C, 18 °C and 21°C
(£0.1°C). The fish were not fed throughout the
experiment.

Hormonal Stimulation

The hormonal stimulation was started after the
desired water salinity level was achieved. After being
taken out of the tanks, the fish were put in a container
with an anaesthetic. After being anesthetized, the fish
were weighed and had their eye diameter measured.
Subsequently, they had an intraperitoneal injection of
carp pituitary homogenate (CPH, Agrent, USA) at 18
mg kg (Nowosad et al., 2014a, b) per injection. The
hormones were not given to the fish in the control
group. The fish handling was conducted at 5-day
intervals, for up to 17 weeks.

Spontaneous Ovulation
Females which body weight index (BWI)

increased after 30% were moved to additional tank.
The water temperature was slowly changed to the

18°C. They were checked daily for possible
ovulation. Also, in the water out-flow from the tank,
the basket from small mesh (200 pm) was installed,
and the presence of the eggs in the basket were verify.
The percentage of ovulated females, and eggs quality
was noted.

Data Analysis and Statistics

The data were analyzed by means of a one-way
analysis of variance (ANOVA) and subsequently with
Duncan’s post-hoc test (¢=0.05). The statistical
analysis was conducted with Microsoft Excel and
Statistica v.10 (StatSoft Inc.2011, USA).

Results

It was confirmed that the temperature has a
strong effect on the maturation process of female
European eel gametes. Although maturation was the
fastest in the females which were kept at 21°C (Figure
1.), the obtained gametes indicated that the process of
maturation at this temperature was too fast — the
oocytes obtained in it, with a very large diameter
(over 2 mm), were clearly over-matured. Individual
females spontaneously secreted small amounts of
spawn, frequently with a very large diameter, which
looked as if they were swollen (Table 1).

The body weight of the fish in the control group
was found to decrease during the experiment (Figure
2). The decrease depended on the temperature and it
was proportional to the increasing metabolism rate —
it was the fastest at 21°C; the females in this group
lost about 15% of their initial weight by the end of the
experiment (after 25 weeks). The decrease was
considerably slower in the group of fish kept at 15°C
— the females lost a little more than 5% of their initial
body weight during the same time.

The rate of the body weight increase in the
females stimulated hormonally was proportionate to
the temperature — it was the fastest in the females in
the group kept in water at 21°C (Figure 3). The body
weight of the fish in that group was the lowest at the
end of the experiment. The slowest body weight
increase was recorded in the group kept at 15°C, but
their final weight increase was the highest. The
differences in the body weight increase (Figure 4)
indicate temperature dependence.

Temperature have a strong impact for possibility
to spontaneous ovulation and simple parameters
described the eel egg quality (Table 1). The ovulation
rate of females kept at the lowest tested temperature
was the highest.

Discussion

Fish, as poikilotherms, are animals whose entire
life is greatly affected by the temperature of the water
(Herzig and Winkler 1986; Kucharczyk et al., 1997;
1998; Davies and Bromage, 2002; Anguis and
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Figure 1. The rate of achieving sexual maturity (understood here to mean the achieving of BWI of over 15%) by female

eels kept in water at different temperatures.

Table 1. The results (mean £+ SD) of spontaneous spawning of European eel females kept in different temperatures

Group/temperature 15°C 18°C 21°C
Spontaneous ovulation rate (%) 78 44 22
Transparent eggs (%) 97.8 £1.42 98.0 £2.12 64.5£3.5°
Floating eggs (%) 92.1+2.3% 86.1 £2.7° 56.1 +£3.5¢
Number of oil droplets in oocytes 4.8 +4.02 6.5+3.3% 10.2 +2.5P
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Figure 2. Changes in the body weight of female European eel in the control group (without hormonal stimulation) kept in

water at different temperatures (T) (15°C, 18°C and 210C).

Canavate, 2005). Temperature is one of the factors
with the strongest effects on metabolism. It affects
fish nutrition and, consequently, their growth (growth
rate and, indirectly, the size of fish) very strongly.
Reproduction is another part of a fish’s life which is
strongly affected by temperature. Both the
temperatures at which fish live before spawning (and
their changes), as well as the water temperature in
which spawn is incubated, may affect whole
populations and fish species on a global scale. Hence,
the weather changes observed in recent years (and
perhaps climate changes in future) are potentially one
of the elements with the greatest effect on the
biodiversity of aquatic ecosystems (including fish)
(Targonska et al., 2014).

Failure to develop an effective method of
eel reproduction under controlled conditions may be

the result of an inadequate thermal protocol. Haro
(1991) described that American eel (Anguilla
rostrata) in saltwater preferred the temperature of
17.5 °C for both: matured and unmatured breeders.
The most frequently used temperatures in experiments
with Japanese eel are between 20°C and 23°C (Ohta et
al., 1995; Kagawa et al., 2003; Abe et al., 2010).
Similarly, the water temperature for the stimulation of
gamete maturation in European eel was close to 20°C
(Pedersen, 2003, 2004; Palstra et al., 2005; van
Ginneken et al., 2005; Pérez et al., 2011). However,
such temperatures deviate greatly from those
established for the beginning of a European eel’s
journey under normal conditions (8 - 13°C)
(Aarestrup et al., 2009). In a study conducted by
Pérez et al., (2011) in two thermal variants, the effects
of reproduction of fish kept at lower (and variable)
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Figure 3. Changes in the body weight of female eel in the study group (with hormonal stimulation) kept in water at

different temperatures (T) (15°C, 18°C and 21°C).
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Figure 4. Relative body weight increase (BWI1) in female eels at different water temperatures (T).

temperatures were much better than those in fish kept
at a constant temperature of 20°C. The authors
suggest that temperatures should be maintained below
15°C at the initial stage of stimulation of female
European eel (until week 8). An increase in GSI in the
females kept at 15°C is larger than in those kept at
20°C. After week 12, a much larger GSI increase was
observed in females kept at higher temperatures.
Moreover, Mordenti et al., (2013) showed that
temperatures below 20°C are more suitable for the
stimulation of eel females. The findings of this study
are similar. Although fish matured the fastest at 21°C,
this temperature proved too high for normal gonad
development. At the same time, weight loss in the fish
in the control group was the greatest at this
temperature. Of the two temperatures applied in the
experiment, 15°C seems the most suitable if the
thermal protocol of reproduction is to maintain a
constant temperature. However, it seems that during
the final gamete maturation, water temperature should
be raised by 2 — 3°C (Pérez et al., 2011; Mordenti et
al., 2013). Also, the simple markers for oocyte
quality, such as percentage of transparent eggs or
percentage of floating eggs showed that the lowest
tested temperature (15°C) resulted the highest egg
quality. Recent research has shown that the thermal
protocols applied in the reproduction of Japanese eel
should also be lower than those applied to date. Sudo

et al., (2011) have shown that a high water
temperature at the beginning of the female maturation
period inhibits the development of ovaries and
oocytes. On the other hand, Unuma et al., (2011)
proposed a different thermal protocol: 15°C, and
raising the water temperature to 20°C when oocytes
reach a size exceeding 0.6 mm and the body weight
increase reaches at least 5%. Yoshikawa (2012)
claimed that if the final gamete maturation took place
at 18°C instead of 20°C, then the quality of eggs was
better (survival rate above 45% versus 17%). Utoh et
al., (2013) found that temperature manipulations in a
species related to eel, Japanese conger (Conger
myriaster), may bring about final gamete maturation
without hormonal stimulation. However, other factors
should also be taken into account when developing a
reproductive protocol for eel which takes temperature
into consideration. Okamura et al., (2008) found that
the body weight increase in Japanese eel at 20°C
depends on the degree of maturity. The yellow form
of eels lost weight when subjected to hormonal
stimulation, whereas the maturation (body weight
increase) of silver eel largely depended on the oocyte
maturation. There is still a lack of knowledge of the
spawning temperature of the European eel. Van
Ginneken and Maes (2005) reported full sexual
maturation in European eel male takes about 20 days
at 25°C and three times longer at 15°C. At lower
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temperatures, gonadal development does not progress.
On the other hand, Bast and Klinkhardt (1988)
reported that a migrating maturing female eel has
been caught at a depth of 500 m close to the Azores.
This eel had a GSI of 10 and gonads containing
advanced oocytes. Gallego et al., (2012) and Baeza et
al., (2014) suggest that the temperature of the
probable spawning area in the Sargasso Sea is about
20°C. However, because the European eel migration
takes several months, it seems likely that gonadal
development happens during the journey, at low
temperatures, whereas the spawning probably takes
place at high temperatures.

Conclusions

In conclusion, the thermal regime during the
period of female eel maturation should be established
nearly individually, depending on the degree of
maturation of spawners and it should be lower than
that proposed until recently. It seems that the
temperature during the initial phase of stimulation can
range from 10°C to 15°C and it can be raised slightly
during the final gamete maturation (Pérez et al., 2011,
Mordenti et al., 2013, this paper). Excessively high
temperatures result in faster gonad maturation, but
also probably in lower quality oocytes. It is also
important that fish kept at higher temperatures (18°C,
21°C) consume their energy resources faster than
those kept in water at 15°C, which manifests itself in
greater weight loss in the former. An excessively high
temperature may favour the development of parasitic
(Horvath et al., 2011) and bacterial (Pérez et al.,
2011) infections, which may result in high brooder
mortality.

Acknowledgements

This study was financed by the program
“Innovations in finfish aquaculture with special
references to reproduction”, Operational Programme
Sustainable Development of the Fisheries Sector and
Coastal Fishing Areas 2007-2013" (OR14-61724-
OR1400003/09/10/11).

References

Aarestrup, K., Okland, F., Hansen, M.M., Righton, D.,
Gargan, P., Castonguay, M., Bernatchez, L., Howey, P.,
Sparholt, H., Pedersen, M.l., McKinley, R.S. 2009.
Oceanic spawning migration of the European eel
(Anguilla anguilla). Science 325: 1660.

Abe, T. ljiri, S., Adachi, S., Yamauchi, K. 2010.
Development of an in vitro culture system for
producing eel larvae from immature ovarian follicles in
Japanese eel Anguilla japonica. Fisheries Science 76:
257-265.

Anguis, V., Canavate, J.P. 2005. Spawning of captive
Senegal sole (Sole asenegalensis) under a naturally
fluctuating temperature regime. Aquaculture 243: 133—
145.

Baeza, R., Mazzeo, 1., Vilchez, M.C., Gallego, V.,
Pefiaranda, D.S., Pérez, L., Asturiano, J.F. 2014. Effect
of thermal regime on fatty acid dynamics in male
European eels (Anguilla anguilla) during hormonally-
induced spermatogenesis. Aquaculture 430: 86 — 97.

Bast, H.D., Klinkhardt, M.B. 1988. Catch of a silver eel
(Anguilla anguilla (L., 1758)) in the Iberian Basin
(Northeast ~ Atlantic)  (Teleostei:  Anguillidae).
Zoologischer Anzeiger 221: 386-398.

Bonhommeau, S., Chassot, E., Planque, B., Rivot, E., Knap,
AH., Le Pape, O. 2008. Impact of climate on eel
populations of the Northern Hemisphere. Marine
Ecology Progress Series 373: 71-80.

Davies, B., Bromage, N. 2002. The effects of fluctuating
seasonal and constantwater temperatures on the
photoperiodic advancement of reproduction in female
rainbow trout, Oncorhynchus mykiss. Aquaculture 205:
183-200.

Elliott, J.M. 1981. Some aspects of thermal stress on
freshwater teleosts. In Stress and Fish (ed. A. D.
Pickering), pp. 209 — 245 Academic Press, London.

Fry, F.E.J., Brett, J.R., Clawson, G.H. 1942. Lethal limits of
temperature for young goldfish. Reviews of Canadian
Biology 1: 50-56.

Gallego, V., Mazzeo, 1., Vilchez, M.C., Peflaranda, D.S.,
Carneiro, P.C.F., Pérez, L., Asturiano, J.F. 2012. Study
of the effects of thermal regime and alternative
hormonal treatments on the reproductive performance
of European eel males (Anguilla anguilla) during
induced sexual maturation. Aquaculture 354 — 355, 7 —
16.

Haro, AJ. 1991. Thermal preferences and behaviour of
Atlantic eels (genus Anguilla) in relation to their
spawning migration. Environmental Biology of Fishes
31:171-184.

Herzig, A., Winkler, H. 1986. The influence of temperature
on the embryonic development of three cyprinid fishes,
Abramis brama, Chalcalburnus chalcoides and Vimba
vimba. Journal of Fish Biology 28:171-181.

Horvath, L., Székely, C., Boczonadi, Z., Mészaros, E.,
Bercsényi, M., Urbanyi, B., Miiller, T. 2011. Induced
oogenesis of the European eel (Anguilla anguilla L.) in
freshwater condition. Acta Biologica Hungarica 62:
485-488.

Kagawa, H., Tanaka, H., Unuma, T., Ohta, H., Gen, K.,
Okuzawa, K. 2003. Role of prostaglandin in the control
of owvulation in the Japanese eel Anguilla japonica.
Fisheries Science 69: 234-241.

Kamler, E. 1992. Early Life History of Fish. An Energetics
Approach. Chapman & Hall, London.

Kucharczyk, D., Luczynski, M., Kujawa, R., Czerkies, P.
1997. Effect of temperature on embryonic and larval
development of bream (Abramis brama L.). Aquatic
Sciences 59: 214 — 221.

Kucharczyk, D., Luczynski, M., Kujawa, R., Kaminski, R.,
Ulikowski, D., Brzuzan, P. 1998. Influences of
temperature and food on early development of bream
(Abramis brama L.). Archiv fur Hydrobiologie 141:
243-256.

Kujawa, R., Kucharczyk, D., Mamcarz, A. 1997. Effect of
temperature on embryonic development of asp (Aspius
aspius L.). Polskie Archiwum Hydrobiologii 44: 139—
143.

Kujawa, R., Kucharczyk, D., Mamcarz, A. 1999. A model
system for keeping brooders of wild and domestic fish
before artificial spawning. Aquacultural Engineering
20: 85-89.



482 D. Kucharczyk et al. / Turk. J. Fish. Aquat. Sci. 16: 477-482 (2016)

Kupren, K., Mamcarz, A., Kucharczyk, D. 2011. Effect of
variable and constant thermal conditions on embryonic
and early larval development of fish from the genus
Leuciscus (Cyprinidae, Teleostei). Czech Journal of
Animal Science 56: 70-80.

Mordenti, O., Biase, A.D., Bastone, G., Sirri, R., Zaccaroni,
A., Parmeggiani, A. 2013. Controlled reproduction in
the wild European eel (Anguilla anguilla): Two
populations compared. Aquaculture International 21:
1045-1063.

Nowosad, J., Kucharczyk, D., Czarkowski, T.K., Kwasek,
K. 2014a. Changes in body weight and eye size in
female European eel kept in fresh and saltwater. Italian
Journal of Animal Science 13: 382 — 386.

Nowosad, J., Targonska, K., Chwaluczyk, R., Kaszubowski,
R., Kucharczyk, D. 2014b. Effect of temperature on the
effectiveness of artificial reproduction of dace
[Cyprinidae  (Leuciscus leuciscus  (L.))] under
laboratory and field conditions. Journal of Thermal
Biology 45: 62-68.

Nowosad, J., Kucharczyk, D., Luczynska, J., Targonska, T.,
Czarkowski, T.K., Bitas, M., Krejszeff, S., Horvath, L.,
Miiller, T. 2015. Changes in European eel ovary
development and body and ovary chemistry during
stimulated maturation under controlled conditions.
Aquaculture International 23: 13 — 27.

Ohta, H., Kagawa, H., Tanaka, H., Okuzawa, K., Hirose, K.
1995. Changes in fertilization and hatching rates with
time after ovulation induced by 17, 20B-dihydroxy-4-
pregnen-3-one in Japanese eel, Anguilla japonica.
Aquaculture 139: 291-301.

Okamura, A., Yamada, Y., Horie, N., Utoh, T. Mikawa, N.,
Tanaka, S., Tsukamoto, K. 2008. Effects of silvering
state on induced maturation and spawning in wild
female Japanese eel Anguilla japonica. Fisheries
Science 74: 642-648.

Palstra, A.P., Cohen, E.G.H., Niemantsverdriet, P.R.W., van
Ginneken, V.JT., van den Thillart, G.E.E.J.M. 2005.
Acrtificial maturation and reproduction of European
silver eel: Development of oocytes during final
maturation. Aquaculture 249: 533-547.

Pedersen, B.H. 2003. Induced sexual maturation of the
European eel Anguilla Anguilla and fertilisation of the
eggs. Aquaculture 224: 323-338.

Pedersen, B.H. 2004. Fertilisation of eggs, rate of
embryonic development and hatching following
induced maturation of the European eel Anguilla
anguilla. Aquaculture 237: 461-473.

Pérez, L., Penaranda, D.S., Dufour, S., Baloche, S., Palstra,

A.P., Van Den Thillart, G.E.E.J.M., Asturiano, J.F.
2011. Influence of temperature regime on endocrine
parameters and vitellogenesis during experimental
maturation of European eel (Anguilla anguilla)
females. General and Comparative Endocrinology 174:
51-59.

Sudo, R., Tosaka, R., ljiri, S., Adachi, S., Suetake, H.,
Suzuki, Y., Horie, N., Tanaka, S., Aoyama, J.,
Tsukamoto, K. 2011. Effect of temperature decrease on
oocyte development, sex steroids, and gonadotropin b-
subunit mMRNA expression levels in female Japanese eel
Anguilla japonica. Fisheries Science 77: 575-582.

Targonska, K., Zarski, D., Kupren, K., Palinska-Zarska, K.,
Mamcarz, A., Kujawa, R., Skrzypczak, A., Furgata-
Selezniow, G., Czarkowski, T.K., Hakué¢-Btazkowska,
A., Kucharczyk, D. 2014. Influence of temperature
during four following spawning seasons on the
spawning effectiveness of common bream, Abramis
brama (L.) under natural and controlled conditions.
Journal of Thermal Biology 39: 17-23.

Unuma, T., Hasegawa, N., Sawaguchi, S., Tanaka, T,
Matsubara, T., Nomura, K., Tanaka, H. 2011. Fusion of
lipid droplets in Japanese eel oocytes: Stage
classification and its use as a biomarker for induction of
final oocyte maturation and ovulation. Aquaculture 322
—323: 142-148.

Utoh, T., Horie, N., Okamura., A., Mikawa, N., Yamada,
Y., Tanaka, S., Oka, H.P., Tsukamoto, K., 2013. Water
temperature manipulation can induce oocyte maturation
and ovulation in the common Japanese conger, Conger
myriaster. Aquaculture 392-395, 120-127.

van Ginneken, V.J.T., Maes, G.E. 2005. The European eel
(Anguilla anguilla, Linnaeus), its lifecycle, evolution
and reproduction: a literature review. Reviews in Fish
Biology and Fisheries 15: 367-398.

van Ginneken, V., Vianen, G., Muusze, B., Palstra, A.,
Verschoor, L., Lugten, O., Onderwater, M., van Schie,
S., Niemantsverdriet, P., van Heeswijk, R., Eding, E.,
van den Thillart, G. 2005. Gonad development and
spawning behaviour of artificially-matured European
eel (Anguilla anguilla L.). Animal Biology 55: 203-
218.

Wirth, T., Bernatchez, L. 2003. Decline of North Atlantic
eels: a fatal synergy? Proc R Soc London B 270: 681 —
688.

Yoshikawa, M. 2012. Improvement in hatching rates in the
Japanese eel Anguilla japonica by the control of rearing
temperatures in the late stage of maturation in the
female parents. Aquaculture 338-341: 223-227.



