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ABSTRACT: The effects of thermal conditions of coastal and estuarine nurseries, both in the present and in the near future, on juvenile fish were compared. The response of the European
seabass Dicentrarchus labrax was investigated through a long-term experiment in captivity,
where 0-group juveniles were exposed to temperatures that reflect the average summer temperature that they encounter in coastal (18°C) and estuarine nurseries (24°C), and also the temperature that they endure inside estuaries during heat waves (28°C). The combined expression of
2 heat shock proteins (Hsc/Hsp70) in white muscle was assessed throughout a long-term experiment (30 d). Growth and condition were determined at the end of the experiment. Hsc/Hsp70 levels were constant throughout the first 15 d at 18°C, and then decreased steeply. At 24 and 28°C,
Hsc/Hsp70 levels increased considerably after 15 d, particularly at 28°C, and decreased at the end
of the experiment. Daily growth was 0.20 mm d−1 at 18°C, it increased to 0.34 mm d−1 at 24°C, and
was lowest at 28°C, at 0.16 mm d−1. Condition, assessed by Fulton’s K, was 0.95 at 18°C, 1.00 at
24°C and 0.83 at 28°C. The Hsc/Hsp70 increase at 24 and 28°C is an indication that molecular
reparation processes were underway. The peak growth and condition values registered at 24°C
suggest that estuarine average summer temperatures are more beneficial for this species’ juveniles than coastal temperatures. Acclimation was observed at 24°C, yet growth rates and condition
values indicate that prolonged heat waves (28°C) may result in lower fitness.
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Elevated water temperature is generally considered one of the most problematic stressors that will
affect fish as a result of climate change. As temperature increases, metabolic rate, heart rate, gastric
evacuation and growth increase linearly but only
until the optimal temperature is reached (Pörtner

2002). If temperature is increased above the species
optimum, the available energy for other activities decreases because of a temperature-dependent reduction of the active metabolic rate (Iwama et al. 2004).
Maintenance of homeostasis occurs at several
levels: cell, tissue and systemic. At the cell level, the
production of heat shock proteins (HSPs) is an important mechanism in the heat shock response (Iwama
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et al. 2004). HSPs are ubiquitous and evolutionally
highly conserved, occurring in all organisms from
bacteria and yeast to fish and humans (Feder &
Hofmann 1999). The Hsc/Hsp70 family of proteins is
the most temperature sensitive of the heat shock
response. They are thought to have a molecular
chaperone function that prevents intramolecular and
intermolecular interactions that can result in the misfolding or aggregation of proteins (Welch & Feramisco 1985). The chaperone functions of Hsp70 appear to be closely related to stress tolerance in animal
cells, and overexpression of Hsp70 enhances antiapoptotic activity (Mosser et al. 1997).
The analysis of HSPs has been used in ecology as a
biochemical indicator for the degree of protein unfolding that a cell is experiencing and an indirect
measure of protein damage (e.g. Viant et al. 2003,
Hofmann 2005). However, a complete understanding
of the mechanisms underlying the regulation of HSPs
is far from clear (Iwama et al. 2004), particularly in
what concerns the effects of chronic stress. The integrated assessment of whole-animal indicators, such as
growth and condition, along with HSPs in fish under
chronic thermal stress can be used to concomitantly
evaluate cellular stress and general fitness, allowing
important insights into processes of thermotolerance
and acclimatization, as well as the detrimental effects
at the whole-animal level. However, such studies
have not been carried out for juvenile marine fish.
The juveniles of coastal fish species often use
coastal and estuarine areas as nurseries where they
spend their first year of life (Haedrich 1983). Along
with food availability, one of the main reasons why
juveniles concentrate in these areas is their warm
temperatures, which are favourable to rapid development (Haedrich 1983). However, the temperature
range found in estuarine nurseries is generally considerably higher than that found in coastal nurseries
(Poxton & Allouse 1982). Several marine fish juveniles use both coastal and estuarine nurseries, yet the
effect of the differential temperature over the juveniles’ fitness is generally untested.
It is accepted that the higher temperatures attained
by the estuarine waters will enable faster growth
rates; however, heat waves are predicted to become
more frequent and prolonged (IPCC 2001), which
may lead to estuarine water temperatures above the
optimum thermal interval of some fish species, with
concomitant negative effects on cellular stress,
growth and general fitness. Other factors may also be
at play, such as food availability and salinity. This is
why the effect of temperature should be investigated
in experimental studies performed in captivity, which

are lacking for the 0-group juveniles of marine fish
species.
The European seabass Dicentrarchus labrax is
one of the marine species whose juveniles use both
coastal and estuarine nurseries. This is a highly
valued fish whose distribution extends from North
Africa to Norway, including the Mediterranean and
the Black Sea (Smith 1990). Adults migrate to coastal
areas during the spawning season; larvae develop
near the coast and then migrate to sheltered coastal
or estuarine nurseries where they spend their first
years of life (Holden & Williams 1974). The investigation of the effect of temperature on this species’
0-group juveniles is particularly important in its
southern range where temperatures are higher and
more likely to be over the optimum thermal interval.
The optimum thermal interval for this species’ adults
has been reported as being 20 to 25°C (Claireaux &
Lagardère 1999). Dicentrarchus labrax are highly
eurythermic and adults can occur in water colder
than 5°C, although they show a preference for temperatures above 10°C and can withstand temperatures as high as 32°C (Pickett & Pawson 1994).
Madeira et al. (2012) recently reported that this species’ critical thermal maximum is 33.3°C.
The present work aimed to investigate and compare
the combined expression of Hsc/Hsp70, growth and
condition in 0-group juveniles of Dicentrarchus labrax
at different temperatures, reflecting the average
summer temperature that juveniles of this species
encounter in coastal (18°C) and estuarine nurseries
(24°C) along the Portuguese coast, as well as the
temperature that they endure inside estuaries during
heat wave events (28°C). This is the first time that
Hsc/Hsp70 and whole-animal fitness indicators have
been simultaneously investigated in a long-term thermal stress experiment with 0-group fish. The proteins
analysed were 73-kDa constitutive heat shock cognate protein (Hsc70) and stress-inducible72-kDa heat
shock protein (Hsp70) (referred to collectively as
Hsc/Hsp70).

MATERIALS AND METHODS
Juvenile Dicentrarchus labrax (mass range: 4.6 to
7.5 g; total length range: 75 to 86 mm) were obtained
from a local hatchery (A. Coelho e Castro, Lda, Póvoa
doVarzim, Portugal) that uses local progenitors.
Water is taken directly from the environment, with
no heating. Upon arrival at the laboratory the fish
were kept in 3 indoor re-circulating water systems,
each comprising four 70 l tanks, in a total of 12 tanks,
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supplied with aerated seawater. The water dissolved
O2 level varied between 95 and 100%. The work was
conducted in re-circulating water systems, so all
tanks in each system had the same conditions because they are inter-connected. Also, all tanks were
the same size and were exposed to similar light and
temperature conditions. The number of individuals
per tank was 8 (3 systems, each with 4 tanks, 8 fish
per tank = total of 96 fish). Fish were allowed to acclimate for 3 wk at 16°C, the same temperature found in
the hatchery upon collection. They were fed twice a
day with commercial dry food ad libitum. After 3 wk,
temperature was raised at a rate of 1°C every 2 h
until reaching the experimental temperatures of 18,
24 and 28°C. These temperatures were chosen to
reflect: (1) the mean western Atlantic coastal water
temperature (at ~38°N) in summer (18°C), (2) the
mean summer estuarine water temperature (24°C)
(Centro de Oceanografia Database) and (3) the water
temperature registered during summer heat waves
in Portuguese estuarine nurseries (28°C) (Centro de
Oceanografia Database).
Fish were kept at the experimental temperatures
for 30 d. To study individual growth each fish was
tagged with an external numbered fine T-bar anchor
tag (Hallprint). Fish were measured at the beginning
of the experiment and on the last day (to the nearest
0.1 mm). Growth increment was registered and divided by 30 d to estimate daily growth rate.
At the end of the experiment fish mass (wet mass,
measured to the nearest 0.01 g) was measured to calculate Fulton’s K, a condition factor, which was directly determined from the morphometric data with
the formula:
K = 100M t /L t3

(1)

where Mt is total wet mass (mg) and Lt is total length
(mm) (Ricker 1975).
At t = 0, 15, and 30 d, 3 fish were randomly sampled
at each temperature and killed by cervical transection
following the European Food Safety Authority recommendations. Samples of dorsal white muscle were
excised, immediately frozen in liquid nitrogen and
stored at −20°C. The total number of muscle samples
was 27 (3 replicates, 3 times, 3 temperatures).

Hsc/Hsp70 extraction and quantification
Muscle samples were processed in cold buffer solution (sodium phosphate buffer solution, pH 7.4) to
extract the cytosolic Hsc/Hsp70 proteins, using a
glass/teflon Potter Elvejhem tissue grinder. The
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samples were then centrifuged for 5 min at 16 000
× g. The supernatant of the homogenate was removed to a new Eppendorf tube and frozen immediately to await further analysis. Fish samples
were diluted 1:200 in carbonate-bicarbonate buffer
(Sigma-Aldrich C-3041). Hsc/Hsp70 proteins were
quantified by ELISA (Njemini et al. 2005) using 96well microplates (Nunc-Roskilde). Three replicates
of 50 µl were taken from each diluted sample and
transferred to the microplate wells. Following an incubation period overnight at 4°C, the microplate was
washed in PBS 0.05% Tween-20 and 200 µl of 1%
bovine serum albumin (BSA) blocking solution was
added to each well. The microplate was left in the incubator at 37°C for 1 h 30 min and washed again as
described previously. Then, the primary antibody
(anti-Hsc/Hsp70, Acris) detecting 72 and 73 kDa proteins corresponding to the molecular mass of inducible hsp70 and hsc70 was diluted to 0.5 µg ml−1 in
1% BSA solution and loaded in each well (50 µl
each). The microplate was incubated for another 1 h
30 min and then washed. Secondary antibody (antimouse IgC-fab specific, alkaline phosphatase conjugate, Sigma-Aldrich) was diluted to 1 µg ml−1 in 1%
BSA solution and added to the microplated wells. After incubating for 1 h 30 min, the microplate wells
were washed and 100 µl of substrate (SIGMAFAST™
p-nitrophenyl phosphate, Sigma-Aldrich) was added
to each well and incubated for 30 min at room temperature. Then 50 µl of stop solution (3 N NaOH)
were added and absorbance was read at 405 nm in a
microplate reader (Bio-Rad, Benchmark). The total
protein in samples was calculated following the
Bradford method (Bradford 1976) and expressed as
micrograms of total protein.

Statistical tests
A 2-way ANOVA was performed to test for the
effect of sampling time and temperature on Hsp70
values, after the data were tested for normality
and homocedasticity. This analysis was followed by
Tukey’s post hoc tests whenever the null hypothesis
was rejected. ANOVAs were performed to test for
the effect of temperature on growth and condition,
followed by Tukey’s post hoc tests whenever the null
hypothesis was rejected. A significance level of 0.05
was used in all test procedures. All statistics were
performed using the software Statistica (Version 9.0,
StatSoft). Tank effect was not included in the statistical analysis because preliminary investigations
showed that it was not significant.
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0.016

a

0.014

Table 1. Two-way ANOVA results for Hsc/Hsp70 (µg Hsc/
Hsp70 µg−1 total protein) accounting for temperature and
sampling time (significant values are in bold)

0.012

df

F

p

2
2
2

379.90
4.86
42.77

< 0.05
< 0.05
0.17

0.010

Temperature
Time
Temperature × Time

0.008

Hcs/Hsp70 concentration (µg Hsc/Hsp70 µg–1 total protein)

0.006
0.004
0.002
0.000

0

15

30

0.016

b

0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

0

15

30

0.016

c

0.014

with the initial level. At 24°C, there was a considerable increase in Hsc/Hsp70 levels after 15 d, and
at 28°C this increase was even higher. After 30 d,
Hsc/Hsp70 levels decreased at all temperatures to
considerably lower values (Fig. 1). Post hoc tests only
showed differences in Hsc/Hsp70 levels between t =
0 d and t = 30 d and between t = 15 d and t = 30 d.
Temperature significantly affected growth of Dicentrarchus labrax (Table 2). Growth was 0.20 mm
d−1 (SD = 0.03) at 18°C; it increased to 0.34 mm d−1
(SD = 0.07) at 24°C and decreased to 0.16 mm d−1 (SD
= 0.04) at 28°C (Fig. 2). Post hoc tests showed that
growth was significantly different among all temperatures (p < 0.05).
Condition of Dicentrarchus labrax was also significantly affected by temperature (Table 2). Fulton’s K
was 0.99 (SD = 0.07) at 18°C, 1.00 (SD = 0.06) at 24°C
and 0.89 (SD = 0.04) at 28°C, to (Fig. 3). Post hoc tests
showed that condition was significantly different
between 18 and 28°C, and 24 and 28°C (p < 0.05).

0.012
0.010

DISCUSSION

0.008
0.006
0.004
0.002
0.000

0

15

30

Sampling time (d)
Fig. 1. Hsc/Hsp70 (µg Hsc/Hsp70 µg−1 total protein) levels
throughout the duration of the experiment (30 d) at (a) 18°C,
(b) 24°C and (c) 28°C (bars represent each individual)

RESULTS
Hsc/Hsp70 concentration in the white muscle of
Dicentrarchus labrax was significantly affected by
sampling time and temperature (Fig. 1, Table 1). The
production patterns throughout time were different
according to the tested temperatures (Fig. 1). At
18°C, Hsp70 levels were stable after 15 d compared

The exposure of 0-group Dicentrarchus labrax to
18, 24 and 28°C in this long-term experiment showed
that the induction of Hsc/Hsp70 was higher at the
highest temperature tested. Our results indicate that
this species’ juveniles face thermal stress at 24 and
28°C because the peak in Hsc/Hsp70 shows that
molecular repair processes were underway (Kregel
2002). The much higher peak in Hsc/Hsp70 at 28°C is
indicative that this temperature elicits higher stress
and thus higher demands in molecular repair.
The ability of HSP families to confer thermotolerance in animals is well documented (Kregel 2002,
Viant et al. 2003). Thermotolerance refers to the ability of the organism to survive heat stress and is characterized by elevated cellular HSPs (Moseley 1997).
This adaptation has a relatively short duration (hours
to days) and is correlated with the high concentrations of HSPs in the cells. Thermotolerance undergoes a rapid decay that correlates with the decline in
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Table 2. ANOVAs results for growth (mm d−1) and condition
(K ) of Dicentrarchus labrax registered at 18, 24 and 28°C
(significant values are in bold)

Growth
Condition

df

F

p

2
2

30.82
6.20

< 0.05
< 0.05

HSPs (Moseley 1997, Kregel 2002). This process
was observed in the present experiment, where
Hsc/Hsp70 peaks were not maintained long-term
and were followed by a steep decline at the end of
the experiment.
In contrast to thermotolerance, which is a shortlived process, heat acclimation is indefinite, as long
as the individual continues to be exposed to periodic
elevations in temperature (Moseley 1997). A growing
body of literature shows that Hsp70 is also involved
in the process of heat acclimation (e.g. Moseley 1997,
Hofmann 2005). Various studies have shown that
ecthoterms such as lizards present higher constitutive Hsp70 levels according to the environmental
niche they occupy (Ulmasov et al. 1992).
Heat acclimation was not observed in the present
study at 28°C, the temperature attained in estuarine
nurseries during heat waves. At this temperature,
Dicentrarchus labrax juveniles present low levels of
Hsp70, slightly lower condition and an important
decline in growth, which indicates that prolonged
heat waves are detrimental for juveniles that occur in
estuarine areas. In addition, Vinagre et al. (2012)
found increased levels of oxidative stress in this
species at 28°C, which are also indicative of cellular
damage and reparation processes.

Although the primary response of fish to stress is
characterized by the rapid release of stress hormones, e.g. catecolamines and cortisol, into the circulatory system (Gamperl et al. 1994) and the secondary
response comprises a wide range of changes in the
blood, organs and tissues (Vijayan et al. 1994, Barton
et al. 2002), which includes HSP production, the tertiary response occurs at the whole-animal and population levels. If fish are unable to acclimate, wholeanimal changes will occur, with the repartitioning of
energy caused by the increase energetic demands
associated with stress (Iwama et al. 2004). Thus
chronic exposure to stressors can lead to decreases in
growth, disease resistance, swimming performance,
etc. (Iwama et al. 2004). The growth arrest observed
in Dicentrarchus labrax at 28°C appears consistent
with a tertiary response to chronic stress at the
whole-animal level. At a population level, the effects
of chronic stress may result in lower recruitment,
lower survival and a decline in the adult stocks.
At 24°C, growth was high, as was condition, and
although Hsp70 levels were low at the end of the
experiment, we must conclude that there was acclimation to this temperature, because no detrimental
effects could be observed at the whole-animal level.
The peak growth and condition values registered at
24°C indicate that the average summer temperatures
registered in estuarine nurseries are more beneficial
for this species’ 0-group juveniles than coastal average summer temperatures (18°C). A similar pattern
of Hsp70 production was reported for steelhead trout
Oncorhynchus mykiss at 20°C. Hsp70 induction was
strong during the first days and then dropped to very
low values, with no effect on growth, suggesting
acclimation (Viant et al. 2003).
1.2

0.50

a

a

1.0

b
0.40

b

0.30
a
c

0.20
0.10
0.00

n = 29
n = 32

18

n = 26

24

28

Temperature (°C)
Fig. 2. Growth rates of Dicentrarchus labrax at 18, 24 and
28°C (significantly different values are marked with different letters)

Fulton’s K

Growth rate (mm d–1)
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0.8
0.6
0.4

n = 29
n = 32

n = 26

0.2
0.0

18

24

28

Temperature (°C)
Fig. 3. Condition of Dicentrarchus labrax at 18, 24 and 28°C
(significantly different values are marked with different
letters)
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Other authors have shown that temperatures between 20 and 25°C encompass the thermal optimum
for Dicentrarchus labrax. Claireaux & Lagardère
(1999) observed that in this thermal interval the
metabolism of D. labrax becomes less susceptible to
temperature fluctuations, allowing complete thermal
compensation in metabolism (Precht et al. 1955).
Claireaux & Lagardère (1999) and Claireaux & Lefrançois (2007) also concluded that homeostasis was
reached at 25°C, as at this temperature only small
changes in fish metabolic capacity were observed.
Person-Le Ruyet et al. (2004) observed an arrest in
growth at 29°C and concluded that 26°C is the temperature for maximal growth for 20-mo-old (82 g)
Dicentrarchus labrax in the range from 13 to 29°C,
which is in accordance with the results from the present study. These authors also report an increase of
8% in metabolic rate from 25 to 29°C related to maintenance costs due to thermal stress.
In Portugal, Dicentrarchus labrax juveniles concentrate in coastal and estuarine areas. On the coast
they are exposed to temperatures of approximately
18°C during summer, whereas in an estuary such as
the Tagus estuary, the average summer temperature
is 24°C. This means that juvenile sea bass are well
within their thermal optimum in both environments
at this latitude. However, estuarine waters in the
Tagus estuary reach 28°C during heat waves (atmospheric temperature can surpass 40°C), not only in
the shallows but also in the main channel, where we
sample sea bass juveniles for ecology studies.
Because this is a well-mixed estuary, there is no thermal refuge in these areas. From the 2000s onwards,
we have observed estuarine water temperatures of
28°C for periods of more than 2 wk, which led to the
design of this 30 d experiment, as heat waves are
expected to be more prolonged and frequent in the
future. Our experiment indicates that at this temperature the juveniles of sea bass face thermal stress.
Shallow estuarine habitats that reach high temperatures are also the most productive in terms of prey
and thus are traditionally regarded as excellent nursery areas. However, they will be hard hit by climate
change in some parts of the world, such as southern
Europe (IPCC 2001). Alterations in various abiotic
parameters will occur in synergy, leading to even
higher temperatures: not only are shallow habitats
more prone to high temperatures because of high
surface/volume ratio and low thermal inertia, but
river flow will also decline because of more severe
droughts (IPCC 2001). For some highly commercial
species such as Dicentrarchus labrax, this may
change the value of this habitat in comparison to

other coastal habitats less vulnerable to climate
change, as suggested by the present study.
The ability of Dicentrarchus labrax juveniles to
continue to thrive in estuarine nurseries may depend
on how the temperature increase will take place. If
water temperature increases gradually at decadal,
yearly and seasonal scales, this and other fish species
may be able to acclimatize to higher temperatures
than they can currently tolerate. It has been suggested that the benefit of acclimatization to elevated
temperatures is to prepare the animal for the possibility of a further increase in temperature (Huey et al.
1999).
Nevertheless, knowledge on the relative value of
each habitat will be crucial for prioritizing management and/or conservation actions that affect fish
nurseries for this and other species (Johnston et al.
2002, Vinagre et al. 2006, 2008) in a global change
scenario. Information on the ability of species to tolerate short-term temperature elevations and/or acclimatize to long-term heat elevation is fundamental for
the understanding of the effect of climate change
upon biota.
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