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Summary

European sturgeon sensitivity to oxygen depletion at two
different temperatures was evaluated with embryos from
fertilization to hatching time that were exposed to 90% O2

saturation (% O2 sat), 50% O2 sat and 30% O2 sat at 20
and 26°C; and three-month-old juveniles (12 cm length, 7.3 g
width) exposed to oxygen challenge from 70% O2 sat to

10% O2 sat at 20 and 25°C. Parameters measured included
embryonic survival rate (ESR) and hatch rate (HR); in juve-
niles the opercular beat frequency (OBF), altered swimming

behavior, loss of equilibrium (LOE), and death were
recorded. ESR did not differ between oxygen saturation lev-
els for a single temperature but decreased between 20 and
26°C from 60.7 to 21.4% mean survival, respectively. No

hatching was observed in embryos exposed to oxygen deple-
tion at 50 and 30% O2 sat, regardless of temperature. The
HR was lower at 26°C (15.4% mean) than at 20°C (75.8%)

at 90% O2 sat. In embryos, all three oxygen concentrations
allowed embryonic survival at the tested temperatures but
were insufficient for increased activity such as hatching

except at 20°C and 90% O2 sat. In juveniles, OBF peaked at
40% O2 sat at 212 beats per minute at 25°C and at 40–30%
O2 sat at 182–183 beats per minute at 20°C. For LOE and

death no significant differences were observed with regard to
oxygen saturation at 20 and 25°C. Altered swimming behav-
ior appeared at a significantly higher oxygen saturation at
25°C (43.5%) compared to 20°C (34.5%). Anaerobic metab-

olism was initiated after the OBF peak, which would repre-
sent a PO2crit for European sturgeon juveniles under 30 and
40% at 20°C and 25°C, respectively. Temperature increase

also adversely affected the threshold of altered swimming
behavior, which could be considered as a behavioral indica-
tor of metabolic stress. The probability that the sturgeon

embryos are being exposed to harmful temperatures and
hypoxic conditions remains a true threat in the Gironde
catchment basin.

Introduction

Environmental changes can be critical for the survival of

endangered species such as the European sturgeon, Acipenser
sturio. Although historically present in most large European
catchments (Lassalle et al., 2010), A. sturio populations

decreased dramatically during the 20th century due to human

activities (Lepage et al., 2000; Williot et al., 2002), with only a
single wild population remaining in the Gironde Garonne
Dordogne (GGD) basin (Williot and Castelnaud, 2011; Willi-

ot et al., 2011a). A restoration program was launched with
stocking operations managed in the GGD basin. To date more
than 1.6 million young fish have been released since 2007

(Acolas et al., 2012). During their downstream migration,
juveniles have to cross a maximum turbidity zone (MTZ)
where sediment particulate matter exceeds hundreds of g L�1

near the sediment layer (Sottolichio and Castaing, 1999). This
high turbidity area temporarily leads to hypoxic conditions on
both a diurnal and neap-tide time scale by decreasing the gas
exchange between air and water (Abril et al., 2009). Between

1962 and 1994, the MTZ moved upstream (Sottolichio et al.,
2013) in response to the decreased river flow.
Mean air surface temperature of the earth rose 0.85 � 0.2°C

over the period 1880–2012 and according to RCP (Representa-
tive Concentrations Pathways) scenarios, projections expect an
increase of 1.1–4.8°C by the end of the 21st century (IPCC,

2013). Around 2050, warmer temperatures (between 0.5 and
3.5°C) can be expected in southwestern France, in conjunction
with a dryer climate and lower stream flow in summer (Stahl

et al., 2010; Sauquet and Catalogne, 2011). As a result, severe
hypoxia events are expected to increase in the upstream part of
the Gironde estuary (Lanoux et al., 2013). Lassalle et al. (2010)
carried out model projections on the effects of increasing tem-

peratures and altered precipitations regarding the suitability of
river catchments for sturgeons. The present study was targeted
to provide more detailed background data on the tolerance of

A. sturio embryo-larval and juvenile stages to temperature and
oxygen concentrations. The effect of high temperatures has
been studied in other sturgeon species (Niklitschek and Secor,

2009; Silvestre et al., 2010; Linares-Casenave et al., 2013), but
no study has been carried out on hypoxia tolerance in relation
to temperature in sturgeon. Moreover, there are very few stud-
ies about tolerance to hypoxic stress in fish from the larval to

the juvenile stages (Ishibashi et al., 2005).
Both embryo-larvae and juveniles could be impacted by

elevated temperatures and low oxygen levels during their stay

in freshwater habitats. The aim of this study was to simulate
relevant temperature and hypoxia conditions that embryo-
larvae and juveniles could currently encounter in the GGD

basin in order to determine stage-sensitivity specificity to
these two major environmental parameters. According to the
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IPCC (2007), a scenario have been established to simulate
putative conditions in the coming years.

Materials and methods

Two distinct protocols were performed, one for embryos and
larvae and one for juveniles. Because of its conservation sta-

tus, A. sturio are subjected to regulations minimizing the
number of juveniles available for experiments. A behavioral
approach was chosen for the experiment, reducing the num-

ber of individuals required for comparison in an experiment
on survival. On the other hand, prior to total resorption of
their yolk sac, embryos and larvae are not covered by the

EU regulation on animal testing (2010/63/EU) and can be
used in higher numbers for acute toxicity assays.

Biological material

Acipenser sturio embryos (5066 individuals) and juveniles (36
individuals) were obtained from assisted reproductions of the

French ex-situ broodstock (Williot et al., 2011b). Gametes of
two different genetic crosses were collected from spawners
after hormonal stimulation (Williot and Ch�evre, 2011). In

the experiment using juvenile fish, larvae were reared at 18°C
and fed Artemia nauplii for 3 weeks following hatching and
then blood worms until the experiments were carried out.

Embryonic exposure

Oxy-thermal conditions. Temperature and oxygen saturation
data for the GGD were provided by the Migado Association

(1993–2008) and the Magest consortium (2005–2011) (http://
www.magest.u-bordeaux1.fr) for stations located upstream
and downstream of the sturgeon spawning areas in the
Garonne and the Dordogne rivers, respectively.

Embryos used in this study were aged from fertilized eggs
(stage 1) to hatched larvae (stage 31), according to Dettlaff
et al. (1993). Since embryos depend on cutaneous respiration

with low gas exchange due to their limited surface area
(Rombough, 1988a), 90% O2 sat was considered as the
acceptable limit to prevent adverse effects on embryos.

Considering the historical reproduction period of the
European sturgeon in May and June in this basin (Magnin,
1962), two temperatures (mean and max values observed in

the GGD basin) and three oxygen saturation values were
selected (90% O2 sat, min observed 50% O2 sat, and min
predicted considering a 2°C increase in temperature 30% O2

sat). Altogether, six oxy-thermal conditions were tested

(Table 1). Duration of hypoxia was limited to 48 h in order

to reproduce events observed in the wild during the stur-
geon’s incubation period.

Exposure design. An original incubator of 1-L in polyethyl-
ene terephtalate glycol-modified was designed for this experi-

ment, with a bottom up water flow through a stainless steel
floor grid where the embryos adhered (Fig. 1). Six 45-L buf-
fer tanks of dechlorinated tap water (Fig. 2), corresponding

to the six conditions tested, were thermally controlled
throughout the experiment using thermistors (Shego 200W,
Offenbach am Main, Germany) and chillers (TECO TC10,
Ravenna, Italy). Oxygen saturation was maintained by add-

ing O2 and N2. Carbon dioxide was used to establish a stable
pH at 7.63 � 0.03 (mean � SE). Conditions were established
and controlled automatically using a parameter control and

recorder unit (SOFREL, S550; LACROIX, Vern sur Seiche,
France) and real time data were collected from oxygen and
pH probes (respectively, WTW FDO IQ Sensor and WTW

SensoLyt 700IQ, WTW, Weilheim, Germany). Temperature
and oxygen saturation levels were controlled and recorded
every 2 min.

Water was added by peristaltic pumps delivering
34 ml min�1 corresponding to two incubator volume renewals

Table 1
Exposure conditions selected for experiments with European stur-
geon (Acipenser sturio) larvae and juveniles. Temperature and oxygen
saturation combined to obtain six oxy-thermal conditions

Observed mean Observed extreme Scenario

T°C 20°C 26°C 30°C (data not shown)
O2 sat 90% 50% 30%

Water input

Upstream wall

Floor grid
Downstream wall

Drainin
g grid

Cover

Water
output

Fig. 1. Incubators for rearing Acipenser sturio eggs under desired
conditions. Arrows = water flow direction

Fig. 2. Exposure system for a single condition, embryo and larvae
experiment. I.a: feedback circuit; I.b: supply circuit; I.c: peristaltic
pump; I.d: buffer tank. II.a: control and recorder units; II.b: pH
meter; II.c: oxymeter; II.d: pH and oxygen probes. III.a: thermistor;
III.b: UV lamp; III.c: chiller. IV.a: electrovalve; IV.b: diffusor
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per hour. Each buffer tank filled six incubators and outflow
was collected in the buffer tank. Every day, 10% of the total
volume of each system was replaced.

Experimental procedure. Egg fertilization and handling were

performed at 18°C (gamete collection temperature). Immedi-
ately after fertilization, each egg batch from a single genetic
cross (150 eggs) was placed in an incubator. Because of egg

adhesiveness occurring within 4 min after fertilization, eggs
were separated from one another before being stuck on the
stainless steel grid. During the entire experimentation period
a 12h light/12h dark cycle was maintained. Each of the six

oxy-thermal conditions was tested in triplicate for each
genetic cross (36 batches). Both genetic crosses were tested
simultaneously to determine parental effects.

After fertilization, the water temperature was gradually
increased at the rate of 1°C per hour to reach the targeted
exposure temperature of 20 and 26°C. Embryos were

exposed to these temperatures for 15 days. Once the expo-
sure temperature was reached, hypoxia exposure was initi-
ated to reach the targeted O2 level (30% O2 sat, 50% O2 sat

and 90% O2 sat). Hypoxic conditions were maintained from
12 h post-fertilization (hpf) to 60 hpf, then oxygen levels
were increased, at a rate of 10% per hour, to reach 90% O2

sat in all incubators in 4–6 h.

Hatch rate (HR) for each incubator was recorded every
2 h from the first hatching event and up to 12 h after the last
one. Dead embryos were counted and removed every day in

order to evaluate mortality.
Mortality during the first day of the experiment was not

taken into account, because it may have been due to han-

dling and unfertilized oocytes. ESR was calculated by using
the number of living larvae for each condition and each
genetic cross. HR was evaluated and compared between
conditions and between each genetic cross.

Juvenile exposure

The closed system was filled with well-water of constant
quality (pH = 7.8; conductivity = 420 lS cm�1). Four 14-L
experimental tanks (three hypoxic challenges and one con-

trol) were supplied with oxygen and temperature-controlled
water (Fig. 3). Temperature and oxygen levels were main-
tained as described above.

Three-month-old juveniles (Lt 12 � 0.1 cm – W
7.3 � 0.3 g) were exposed to a gradually decreasing oxygen
level (Fig. 4), following a similar approach to determine the
Critical Thermal Limit (CTL) (Becker and Genoway, 1979)

and critical swimming speed (U-Crit) (Plaut, 2001; Cai et al.,
2013).
Secor and Gunderson (1998) set their normoxic condition

to 75% O2 sat in their study on hypoxia tolerance of juvenile
Atlantic sturgeon. In our preliminary test no behavioral
modification was observed in juveniles of European sturgeon

exposed to 70% O2 sat for 2 h; this oxygen level was there-
fore selected as a control level for the juvenile experiment.
Three individuals were introduced into each tank and

acclimated for 60 min at 70% O2 sat while the control tank

was maintained at 70% O2 sat throughout the experiment.

All tanks were hermetically covered to prevent O2 diffusion via

the water surface. An oxygen probe was set in one of the tanks
to record dissolved oxygen concentration. Differences were
noted towards the end of the experiments where low levels of
oxygen were recorded. A time-lag of around 5 min was

observed to reach the targeted concentration. Minimum O2

levels reached were 11 and 12% at 20 and 25°C, respectively.
Three replicated experiments were performed for each tem-

perature tested. Before each experiment, 12 fish were caught
from the rearing tank (18°C) and placed in a 30-L aquarium
at 20°C for temperature acclimation for 20 min. For the

hypoxic test at 20°C, fish were placed directly in the 4 experi-
mental tanks. For tests at 25°C, fish were placed successively
in aquaria at 22 and 24°C for 20 min. At the end of the last
step, fish were allocated to the 4 tanks at 25°C. Video

recordings lasting at least 15 s were made in each tank, dur-
ing each oxygen level step. Opercular beats were counted
from these video recordings for one to two different fish per

tank, in order to calculate the opercular beat frequency
(OBF).

Fig. 3. Exposure system for oxygen challenge in experiments with
juveniles. I.a: supply circuit; I.b: experimental tank; I.c: feedback cir-
cuit; I.d: regulation tank for control condition; I.e.: water-tower.
II.a: control and recorder units; II.b: oxymeter; II.c: oxygen probe.
III.a: thermistor; III.b: chiller. IV.a: electrovalve; IV.b: diffusor

Fig. 4. Decrease in oxygen saturation of rearing water in the closed
circuit during the experiment on juveniles
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Response to hypoxia was characterized according to
three indicators: altered swimming, loss of equilibrium
(LOE), and death. Jerky (erratic) swimming and gulping
air at the surface were regarded as visual signs of altered

behavior. LOE is an expression of functional and meta-
bolic disturbances, preventing fish from escaping danger
(Beitinger et al., 2000). Loss of equilibrium would deter-

mine the lower limit of the O2 level to preserve the likeli-
hood of fish survival. LOE was recorded when fish
adopted an oblique swimming position or if they were roll-

ing. Death was recorded when the opercular beats
stopped.

Statistics

Statistical analysis was performed using R software Vienna,
Austria. Replicated conditions were considered as indepen-

dent experiments. Data normality was checked using the
Shapiro–Wilk test and equality of variance was verified using
the Bartlett test. In the case of a normal distribution of data

and equality of variance, an analysis of variance was per-
formed (ANOVA) followed by a Tukey post hoc test. When
one of these criteria was not respected, a non-parametric

Kruskal–Wallis test was performed, followed by a Wilcoxon
test for the embryo-larval experiment.

Results

Embryonic experiment

Genetic crosses did not show any significant difference in
HR (Table 2) independently of exposure conditions (Wilco-

xon test, P = 0.776). In contrast, a significant difference in
survival rate was observed between tested conditions
(Wilcoxon test, P = 0.008).

Hatching rate (HR). At 30% O2 sat and 50% O2 sat, which-

ever the temperature
condition considered, the HR was close to 0%. At 90% O2

sat there was a drastic decrease in HR between 20 and 26°C
(Fig. 5), which collapsed from 75.8 � 3.7% at 20°C to
15.4 � 4.7% at 26°C. Hatching time 50% at 20°C was
104.5 � 3.1 hpf and 78.9 � 3.7 hpf at 26°C. The Wilcoxon

test showed a significant difference between conditions
(P < 0.002).

Embryo survival rate (ESR). For the same oxygen condition,
the ESR was lower at 26 than at 20°C (Fig. 6). The Wilco-

xon test highlighted that ESR differed significantly according
to temperature conditions (P = 3.4 9 10�7). In contrast, no
significant difference was observed between the different O2

conditions, whatever the temperature considered (Wilcoxon
test, P = 0.262 for 20°C and P = 0.236 for 26°C) (Fig. 5).

Juvenile experiments

At the temperatures tested, no change was recorded in OBF
in the control tank (Fig. 7) that was maintained at 70% O2

sat during the course of the experiment (KW, P > 0.5). At
both temperatures, OBF in fish exposed to hypoxia was sig-
nificantly different from that of the control fish (KW, P = 0)

except at 20% O2 sat for 25°C (P > 0.05).
At 25°C at each oxygen stepwise reduction, OBF was

higher in both hypoxia (Fig. 7) and control groups compared

to the respective groups at 20°C (Mann–Whitney, P = 0).
Regardless of temperature, OBF exhibited a similar pat-

tern, increasing significantly with decreasing O2 levels to
40% O2 sat, and then significantly decreasing beyond this

point (Mann–Whitney U-test, P < 0.05).
Whatever the temperature, fish in the control tank exhibited

no significant modification of their survival and behavior.

Table 2
Genetic cross effects on larvae hatching and survival

Cross 1 Cross 2

ESR (%) 30.5 � 22.7 51.6 � 22.9
HR (%) 13.4 � 25.6 18.9 � 31.6

ESR, embryonic survival rate; HR, hatch rate.

Fig. 5. Acipenser sturio Hatch Rate (HR) (mean + SE) of embryos
as a function of temperature and oxygen saturation levels. Let-
ters = significant differences between O2 conditions (KW tests) at
same temperature (n = 6 replicates per condition)

Fig. 6. Acipenser sturio Embryonic Survival Rate (ESR)
(mean + SE) at 6 dpf as a function of temperature and oxygen satu-
ration levels. Letters = significant differences between O2 conditions
(KW tests) at same temperature (n = 6 replicates per condition)
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At 20°C, the first signs of erratic swimming were observed
at 34.5 � 1.1% O2 sat (mean � SE) compared to
43.5 � 0.9% O2 sat at 25°C (Mann–Whitney, P = 0), while

no effect of temperature was recorded in the threshold of the
appearance of LOE and death (Fig. 8).
LOE appeared at 18.8 � 0.6% O2 sat and 22.1 � 0.7%

O2 sat at 20 and 25°C, respectively, and was significantly dif-
ferent for both temperatures from altered swimming and
death, which appeared at 13.2 � 1.4% O2 sat and

14.6 � 0.2% O2 sat 20 and 25°C, respectively (Mann–Whit-
ney, P = 0). All surviving fish were fed a few hours after the
experiments and no subsequent mortality was recorded.

Discussion

In the context of global change, European sturgeon’s young

stages will be increasingly exposed to drastic physico-
chemical conditions during their fresh water life stage in the

Gironde catchment basin. This leads us to address the
tolerance of these stages to temperature and oxygen concen-
tration.
Because of their different life history traits and habitat

utilizations, embryonic developmental phases and juveniles
are exposed to riverine conditions with high variations in
temperatures and oxygen levels, depending upon the location

in the river (Abril et al., 1999; Travade and Carry, 2008).
The experimental device used for juveniles does not allow

fish to use flight response. Thus the reactions to hypoxia we

observed were probably not potentially occurring in the wild,
since fish could escape when oxygen saturation is decreasing.
Only 36 juveniles were used for this experiment, which only

allows proposed hypotheses.

Embryonic phase

Lack of oxygen was reported to be a limiting factor in fish
hatching (Rombough, 1988b). In Acanthopagrus butcheri
exposed to hypoxia during the embryonic stage, no hatching

was observed below 30% O2 sat and with a 100% mortality
rate after 72 h exposure below 55% O2 sat (Hassell et al.,
2008). In Coregonus lavaretus and C. albula, as well as in

Neoceratodus forsteri, exposure to hypoxia induced preco-
cious hatching (Czerkies et al., 2001; Mueller et al., 2011).
Whichever indicator was considered, an increase in tem-

perature resulted in a negative impact. Early exposure to

hypoxia had no immediate impact on embryonic survival but
did impair hatching success, and the effect of hypoxia seemed
to be delayed. It is interesting to note that at 20 and 26°C,
embryonic survival was not impacted by oxygen depletion
regardless of the oxygen level applied. It is well known that
the embryonic oxygen consumption increases with tempera-

ture (Barrionuevo and Burggren, 1999). In Oncorhynchus
mykiss, an increase in energy expenditure was described
during hatching (Ninness et al., 2006). Thus, at 26°C, oxygen
concentration is likely insufficient to satisfy oxygen demand
during the hatching process.

Juveniles

Considering Critical Thermal Maximum (CTM) between 33
and 35°C (Sardella et al., 2008; Zhang and Kieffer, 2014)

and temperature range for optimal growth of different stur-
geon species (A. brevirostrum, A. medirostris, A. sinensis)
between 20 and 26.2°C (Ziegeweid et al., 2008; Feng et al.,

2012), it is reasonable to assume that the two temperatures
tested in this study were also within the safety range for
A. sturio juveniles.
It has been shown here that ventilatory frequency is influ-

enced by temperature, as a result of increased metabolism
evidenced by the results of the control group at 20 and 25°C.
This phenomenon is widely described (Issartel et al., 2005;

Melzner et al., 2006) and off-sets the decrease in oxygen
saturation in water to maintain a constant blood PO2.
The ventilatory frequency increases with the decrease in dis-

solved oxygen content in water until at a threshold beyond
which OBF decreases. This OBF response pattern has already
been described in other sturgeon species categorized as

Fig. 7. Acipenser sturio Opercular Beat Frequency (OBF) in juve-
niles (n = 3) at 20°C (mean � SE) at different levels of oxygen satu-
ration. Letters = significant differences between oxygen saturation
steps (Mann–Whitney, P < 0.05) or within a temperature experiment
(KW, P < 0.05)

Fig. 8. Acipenser sturio threshold of appearance of adverse effects in
juveniles according to levels of oxygen saturation and temperature
(mean � SE). Different letters = significant differences (Mann–
Whitney, P = 0, n = 3)
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oxyregulator (Ruer et al., 1987; Randall et al., 1992; Maxime
et al., 1995; Kieffer et al., 2011). According to Nonnotte et al.
(1993), anaerobic metabolism is initiated after the OBF peak,
which would set the PO2crit for European sturgeon juveniles

under 30% O2 sat and 40% O2 sat at 20 and 25°C, respec-
tively. Despite differences in the tested temperature range and
in the body mass of the fish used, our results are consistent

with data published for other sturgeon species (Nonnotte
et al., 1993; McKenzie et al., 2007; Kieffer et al., 2011).
Hypoxia tolerance decreases with increasing temperature

(see review in Vaquer-Sunyer and Duarte, 2011), but our
results did not clearly illustrate this relationship. Increased
temperatures had only an effect on the appearance of the

altered swimming threshold (erratic swimming, burst and
glide), which could be considered as a behavioral indicator
of metabolic stress. On the other hand, no temperature influ-
ence was recorded for LOE and death thresholds.

Khakimullin (1987) just mentioned LOE as a behavioral
consequence of hypoxia, and to our knowledge there is no
publication reporting LOE data in Acipenseridae subjected

to hypoxia. Similar LOE threshold values have been reported
in another acipenseriform fish, Polyodon spathula (Aboagye
and Allen, 2014) and in Atlantic salmon juveniles (Barnes

et al., 2011).
The experimental approach used in this study enabled us

to assess hypoxic tolerance in A. sturio juveniles using two
endpoints – LOE and death – both used because of the few

references in the literature dealing with this aspect in stur-
geon and more generally in fish. Taking into account the ani-
mal welfare and because of the threatened status of sturgeon

with a restricted number of individuals for experiments, we
can propose to use LOE as a suitable endpoint to qualify
hypoxic tolerance in sturgeon juveniles. With these first

behavioural results and following a conservative positioning,
we can propose a safety threshold for sturgeon juveniles at
35 and 45% O2 Sat and a vital threshold at 19 and 22% O2

Sat for 20 and 25°C, respectively.

Conclusions

A rise in temperature had a drastic effect on embryonic survival
and hatch rate of A. sturio. In juveniles, the effects were not as
obvious as in the embryo-larval stage. Temperature had no

effect on loss of equilibrium, and caused only a slight change in
opercular beat frequency. The tolerance of A. sturio juveniles
to elevated temperatures (25°C) seems higher than that of

embryos.
Even with a moderate hypoxia (50% O2 sat) during the

first 2 days of embryonic development, there was a negative
effect on the hatch rate.

Embryo exposures to temperature and oxygen levels
resulting from the IPCC forecasts could potentially cause
adverse impacts on fish performances and fitness of the fish.

Our data indicate that current summer superficial tempera-
tures and oxygen levels in the Gironde-Garonne-Dordogne
basin area are a real threat to the native European sturgeon

population. With temperatures forecasted to rise and an
expected increase in hypoxic events, even for a short-term
period, the restoration of A. sturio in the Gironde-Garonne-

Dordogne basin is considered to be more difficult than ini-
tially expected. Concerning the juveniles, the current maxi-
mum turbidity zone with low oxygen contents in the lower
river section of the Gironde-Garonne-Dordogne basin does

not represent a serious threat. Administrative measures by
the Bordeaux urban community to restrict discharges of
organic matter into the Gironde-Garonne-Dordogne basin,

which causes hypoxic events, should have a significant
impact on the establishment of the hypoxic zone (Lanoux
et al., 2013), thus limiting its impact on the A. sturio juvenile

stage.
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